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ODREPIVANJE PRIONJIVOSTI PREVLAKE MEPUPOVRSINSKIM
INDENTACIJSKIM TESTOM

COATING ADHESION DETERMINATION BY INTERFACE
INDENTATION TEST

T. Aleksandrov, K. Grilec, 7. Alar

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb

Prethodno priopcenje / Preliminary note

SazZetak: Medupovrsinski indentacijski test sastoji se od mjerenja duljine pukotine
stvorene na medupovrsini prevlake i osnovnog materijala kao posljedica utiskivanja Vickers
metodom. Uporabom medupovrSinskog indentacijskog testa 1 definiranjem kriti¢nog
naprezanja potrebnog kako bi doslo do stvaranja pukotine, lomnom zilavosti uspjesno se
moze opisati prionjivost prevlake na supstrat tj. osnovni materijal.

U radu je opisana metodologija medupovrsinskog indentacijskog testa kao i primjena
istog na "medupovrSinski materijal", te analiza dobivenih rezultata. Svrha istrazivanja je
ispitivanje moguénosti odredivanja lomne zilavosti "medupovrSinskog materijala" na temelju
medupovrsinskog indentacijskog testa.

Kljuéne rijeci: medupovrsinski indentacijski test, Vickers metoda, prionjivost prevlake,
lomna zilavost

Abstract: Interface indentation test consists of measuring crack length which occurs on
the interface between coating and substrate as a result of Vickers indentation. It is possible to
determine coating adhesion on substrate by fracture toughness with the application of
interface indentation test and critical load definition under which no crack appears.

In this work methodology of interface indentation test is described. Application of
interface indentation test on the "interface material" and the results analysis are also carried
out. The purpose of the investigation is examination of the fracture toughness determination
ability as a consequence of the interface indentation test.

Key words: interface indentation test, Vickers method, coating adhesion, fracture toughness
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1. UVOD

Metode indentacije sve viSe se primjenjuju kako bi se odredila odredena mehanicka
svojstva prevlaka. Tako se Young-ov modul elasti¢nosti prevlake najces¢e odreduje
Knoppovom metodom, dok se Vickersovom metodom, osim §to je jedna od vode¢ih metoda
mjerenja tvrdoce, odreduje Zzilavost prevlake. Posljednjih godina predlaze se i istrazuje
primjena medupovrSinskog indentacijskog testa u svrhu karakterizacije prionjivosti prevlaka.
Medupovrsinski indentacijski test primijenjuje se na materijale na koje je nanesena prevlaka
naglasavaju¢i da se materijal u koji se vr$i utiskivanje naziva "medupovrSinski materijal".
"Medupovrsinski materijal" sastavljen od osnovnog materijala, prevlake i medusloja moze se
smatrati jedinstvenim krhkim materijalom.[1]

Metoda se sastoji od mjerenja duljine pukotine stvorene na medupovrsini prevlake i
osnovnog materijala kao posljedica utiskivanja Vickers metodom. Uporabom
medupovrsinskog indentacijskog testa i definiranjem kriticnog naprezanja potrebnog kako bi
doslo do stvaranja pukotine, lomnom Zilavosti uspjeSno se moze opisati prionjivost (adhezija)
prevlaka na supstrat tj. osnovni materijal.

U radu je opisana metodologija medupovrsinskog indentacijskog testa kao 1 primjena
istog na "medupovrSinski materijal", te analiza dobivenih rezultata. Svrha istrazivanja je
ispitivanje moguénosti odredivanja lomne zilavosti "medupovrSinskog materijala" na temelju
medupovrsinskog indentacijskog testa.

2. MEDUPOVRSINSKI INDENTACIJSKI TEST

Medupovrsinski indentacijski test primjenjuje se za nastajanje i propagaciju pukotine
na medupovrsini izmedu prevlake i supstrata tj. osnovnog materijala. Navedena metodologija
omogucuje definiranje medupovrSinske (meduslojne) Zilavosti koja ujedno predstavlja
prionjivost prevlake na osnovni materijal (supstrat).

Metoda se sastoji od mjerenja duljine pukotina stvorenih na medupovrsini izmedu
prevlake i1 osnovnog materijala kao posljedica primjene Vickersove metode provedene
primjenom razli¢itih optere¢enja. Shematski prikaz medupovrsinskog indentacijskog testa
prikazan je na slici 2.1.

F

Osnovni
materijal

Prevlaka

Slika 2.1. — Shematski prikaz medupovrsinskog indentacijskog testa [1]

Kao $to je prikazano na slici 2.1. indentor je dijamantna Cetverostrana piramida s
kutom od 136° izmedu stranica. Indentor se utiskuje u povrSinu materijala kojeg ispitujemo
uporabom propisane sile F (N). Opterecenje se primjenjuje bez ikakvih utjecaja i drzi se 10 -
15 sekundi. Nakon rastere¢enja mjere se polovica duljine dijagonale i duljina pukotine koja je
posljedica utiskivanja Vickersovog indentora. Prikaz otiska i1 pukotine nastalih nakon
utiskivanja indentora prikazani su na slici 2.2.
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Osnovni materijal

A
\ 4

d;

Slika 2.2. — Shematski prikaz otiska i pukotine

Gdje je:
d; — dijagonala otiska na medupovrsini
a — duljina pukotine na medupovrsini

Tijekom utiskivanja dolazi do stvaranja zone plastiéne deformacije kombinacijom
karakteristika prevlake i osnovnog materijala. Naposljetku, lokalna pukotina vjerojatno ¢e se
javiti na plohi medusloja ukoliko je dostignut iznos lomne Zilavosti kompozitnog materijala
medusloja. Svrha medupovrsinskog indentacijkog testa je odredivanje kvantitativne veli¢ine
lomne Zilavosti. Takoder ukljucuje i odnos izmedu modula elasti¢nosti i tvrdo¢e materijala.

Odnos modula elasti¢nosti i tvrdo¢e prevlake tj. medusloja na kojem se vrsi ispitivanje
moze se izracunati prema sljedecoj formuli:

1]

W = N(E/H)s N V(E/TH)p
H PSSy [(Hs/Hp) 1+ /(Hp/ Hs)

gdje je:
(E/H)s — odnos modula elasti¢nosti i tvrdo¢e po Vickersu za supstrata tj. osnovni materijal
(E/H)p — odnos modula elasti¢nosti i tvrdoce po Vickersu za prevlaku

Dobiveni odnos modula elasti¢nosti i tvrdo¢e za dobiveni medusloj bit ¢e potreban za
proracun lomne Zilavosti medusloja.

Kada je pukotina nastala, njezino S$irenje je potpomognuto savijanjem prevlake s
obzirom na indentor koji igra ulogu klina na medupovr$ini izmedu prevlake i osnovnog
materijala. Propagacija pukotine ovisit ¢e o debljini prevlake budu¢i da ¢e deblja prevlaka biti
otpornija na savijanje nego tanja prevlaka. Posljedi¢no, nagib pravca pukotine biti ¢e pod
utjecajem elasticnog ponaSanja prevlake. Jedina toCka na pravcu na koju ne utjece navedeni
fenomen upravo je kriti¢na tocka odnosno tocka nastanka pukotine.

Metodologija medupovrsinskog indentacijskog testa je slijedeéa:

- postizanje poliranog poprecnog presjeka prevucenog uzorka u svrhu izvodenja utiskivanja
Vickersovom metodom s razli¢itim vrijednostima opterecenja za koji dijagonala otiska mora
biti podudarna s meduslojem prevlake i osnovnog materijala

- mjerenje vrijednosti polovice dijagonale otiska (d/2) i duljina pukotine (1) na medusloju za
svaki otisak
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- izrada dobivenih rezultata kao funkcije primijenjenog optere¢enja u logaritamskoj skali kao
Sto je prikazano na slici 2.2. Odnos izmedu polovice dijagonale i sile je linearan i naziva se
meduslojna izdrzljivost prevlake-osnovnog materijala

- odredivanje koordinata kriti¢ne tocke ispod koje se ne javlja pucanje medusloja usprkos
utiskivanju 1 koji se koristi za izvodenje izdrzljivosti medusloja

Na temelju dobivenih rezultata duljine pukotine i pripadajuce vrijednosti sile formirat

¢e se funkcija u logaritamskoj skali kao §to je prikazano na slici 2.3. Odnos izmedu polovice
dijagonale i sile je linearan i naziva se meduslojna izdrzljivost prevlake-osnovnog materijala.

log d/2,
log a

an //

\ 4
A

»
>

Nema pukotine Pucanje medusloja

»
>

Fec Primijenjeno opterecenje, log F

Slika 2.3. — Graficki prikaz obrade rezultata [1]
Gdje je:
F. — kriti¢na sila, N
a, — kriti¢na duljina pukotine, um
————— logaritam od d/2
_— logaritam od a

Logaritamsko mjerilo omoguc¢uje uporabu pravca kako bi se prikazao odnos duljine
pukotine i opterecenja. Uporabom metode linearne regresije za eksperimentalnu tocku loma
(F,a) kao 1 za tocku tvrdoce (F,d/2) moguce je izraCunati kriti¢nu tocku (F,, a;). Na temelju
dobivenih vrijednosti kriti¢ne tocke i vrijednosti odnosa modula elasti¢nosti i tvrdoce moZe se
izracunati lomna zilavost medusloja prema izrazu:

Fc
Ka=0015 o B/ metustoi

Gdje je:

K., — lomna Zilavost medusloja

a — duljina pukotine na medupovrsini, um
F. — kriti¢na sila, N
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3. EKSPERIMENTALNI DIO

Eksperimentalni dio sastoji se od primjene medupovrSinskog indentacijskog testa u
svrhu odredivanja prionjivosti prevlake na osnovni materijal. Uzorak na kojemu je provedeno
ispitivanje ¢ine osnovni materijal i prevlaka koja je nanesena postupkom naStrcavanja
plazmom. Osnovni materijal je Celik, dok je prevlaka keramicka to¢nije aluminij oksid Al,Os.
Uzorak na kojem je provedeno ispitivanje prikazan je na slici 3.1.

Osnovni
materijal

Prevlaka Al,O3

Slika 3.1 — Uzorak na kojem je provedeno ispitivanje

Ispitivanje je provedeno na tvrdomjeru koji je smjeSten u Laboratoriju za ispitivanje
mehanickih svojstva, Fakulteta strojarstva i brodogradnje u Zagrebu. Uredaj je prikazan na
slici 3.2. i sljedecih je karakteristika:

- proizvodac: Zwick, Njemacka;

- tip: 3212001;

- serijski broj: 301011;

Slika 3.2. — Ispitni uredaj
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Ispitivanje se sastoji od utiskivanja dijamantnog indentora u povrSinu ispitnog uzorka.
Izvodenje zahtijeva veliku preciznost iz razloga §to dijagonala otiska mora biti podudarna s
meduslojem prevlake i osnovnog materijala.

Nakon utiskivanja provedena je analiza otisaka odnosno mjerenje vrijednosti polovice
dijagonale otiska (d/2) i duljine pukotine (a) na medusloju.

Osim navedenog utiskivanja u svrhu mjerenja vrijednosti polovice dijagonale i duljine
pukotine na tvrdomjeru je provedeno mjerenje tvrdofe osnovnog materijala i prevlake.
Mjerenje tvrdo¢e provedeno je u svrhu odredivanja odnosa modula elasti¢nosti i tvrdoce
medusloja. Rezultati mjerenja tvrdoc¢e prikazani su u tablici 3.1.

Tablica 3.1. — Vrijednosti tvrdo¢e osnovnog materijala i prevlake

Redni broj Osnovni materijal Prevlaka
mjerenja d, HV S d, HV 5
mm mm
1 0,200 232 0,108 795
2 0,204 223 0,116 689
3 0,206 219 0,106 825
4 0,207 216 0,120 644
5 0,206 219 0,118 666
Vrijednost tvrdoée HVS, =221,8 HVS, =723,8

Na temelju dobivenih tvrdo¢a 1 vrijednosti Youngovog modula elastiCnosti E
osnovnog materijala i materijala prevlake moze se izraCunati odnos modula elasti¢nosti i
tvrdo¢e medusloja na kojem se vrsi ispitivanje prema vec¢ ranije spomenutoj formuli:

W . JEH)s  EH)p
H Sy [(Hs/Hp) 1+ +/(Hp/ Hs)

S obzirom da je osnovni materijal ¢elik, a prevlaka aluminij oksid Al,Os, vrijednost
modula elasticnosti nam je poznata za oba materijala i prikazana je u tablici 3.2.

[1]

Tablica 3.2. — Vrijednost modula elasti¢nosti E osnovnog materijala i prevlake

Osnovni materijal, Prevlaka,
Celik AL O;
Youngov modul elzastlcnostl E, 210 000 390 000
N/mm

Odnos modula elasti¢nosti 1 tvrdoce predstavlja stupanj elastiénog povrata materijala 1
potreban je za izraCunavanje lomne Zilavosti medusloja prema ve¢ ranije spomenutom izrazu.

1/ % medusloja — 20,073

Medupovrsinski indentacijski test izveden je primjenom razli¢itih opterecenja.
Opterecenja primijenjena na uzorak iznosila su HVS §to odgovara vrijednosti sile od 49,03 N
te HV10 §to odgovara vrijednosti sile 98,07 N.
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Na medusloj je naneseno 12 otisaka od kojih su samo tri reprezentativna tj. jedino je
kod tri otiska doSlo je do pucanja medusloja izmedu prevlake i osnovnog materijala.

SEM MAG: 569 1 DET: BSE Detector Lt - — 1
Mame: slika11 DATE: 031 3/07 100 um Yega @Tescan
Sh: RESOLUTION Hy: 3000 kW Digital Microscopy Imaging

Tamara-inerface indentation test
Faculty of Mech. Eng, Dptfar Matetials, Zagreb, Croatia

Slika 3.3. — Otisak na SEM-u

Slika 3.3. prikazuje jedan od otisaka nanesenog Vickersovom metodom indentacije na
kojem je doslo do pojave pukotine na medusloju izmedu prevlake i osnovnog materijala. Sva
tri otiska prikazani su na slikama 3.4., 3.5.13.6.

a=108,2 um

SEM MAG: 558 DET: BSE Detector b
Marne: slika10 DATE: 031 3i07 100 um Vega@Tescan
Sh: RESOLUTION Hw: 30.0 kY Digital Microscopy Imaging
Tamara-inerface indentation test
Faculty of Mech. Eng, Dpt for Materials, Zagreh, Croatia

Slika 3.4. — Otisak 1 na kojem je doSlo do pojave pukotine
Na slici 3.4. prikazan je otisak 1 kod kojeg je doslo do pucanja medusloja izmedu

prevlake 1 osnovnog materijala. Nanesen je primjenom optere¢enja HV 5 §to odgovara
vrijednosti sile od 49,03 N. Na slici takoder je prikazana izmjerena vrijednost pukotine.
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SEM MAG: 401 x DET: BSE Detector ettt ]
Mame: slika3 DATE: 031 307 100 um Vepa @Tescan

Shi: RESOLUTION HY: 300 kv Digital Microscopy Imaging
Tamara-inerface indentation test

Faculty of Mech. Eng, Dpt for Materials, Zagreh, Croatia

Slika 3.5. — Otisak 2 na kojem je doSlo po pojave pukotine

Na slici 3.5. prikazan je otisak 2 kod kojeg je doslo do pucanja medusloja izmedu
prevlake 1 osnovnog materijala. Nanesen je primjenom opterecenja HV10 Sto odgovara
vrijednosti sile od 98,07 N. Na slici je takoder prikazana izmjerena vrijednost pukotine.

SEM MAG: 148 x DET: BSE Detector
Mame: slika2 DATE: 03137 A00 um Vega @Tescan
Shi: RESOLUTION HY: 300 kv Digital Microscopy Imaging

Tamara-inerface indentation test
Faculty of Mech. Eng, Dpt for Materials, Zagreb, Croatia

Slika 3.6. — Otisak 3 na kojem je doSlo do pojave pukotine

Na slici 3.6. prikazan je otisak 3 kod kojeg je doslo do pucanja medusloja izmedu
prevlake 1 osnovnog materijala. Nanesen je primjenom opterecenja HV10 Sto odgovara
vrijednosti sile od 98,07 N s pripadaju¢om vrijednos¢u duljine pukotine.
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Za vrijednost opterecenja 98,07 N dobivene su razli¢ite duljine pukotine Sto bi se
moglo povezati s nejednolikom prionjivosti prevlake na osnovni materijal kao i sa razli¢itom
debljinom nanesene prevlake.

Izmjerene vrijednosti nakon analize otisaka na svjetlosnom mikroskopu brojcano su
prikazane su u tablici 3.3. te graficki na slikama 3.7 1 3.8.

Tablica 3.3. — Izmjerene vrijednosti pukotina i dijagonala otisaka

Primijenjena sila F, N 49,03 98,07 98,07
Duljina pukotine, a 108.2 3120 536.7
um > > b
Duljina polovine dijagonale, d/2, 63.7 93.9 102.79
um b b b

Ranije u tekstu spomenuto je da se ovisnost duljine pukotine kao i dijagonale otiska o
primijenjenoj sili optere¢enja moze prikazati logaritamski. Logaritamsko mjerilo omogucuje
uporabu pravca kako bi se prikazao odnos duljine pukotine 1 opterecenja. Uporabom metode
linearne regresije za eksperimentalnu to¢ku loma (F,a) kao 1 za tocku tvrdo¢e (F,d/2) moguce
je izraCunati kriticnu tocku (F,, a.).

Kako su pri provedenim ispitivanjima primijenjene samo dvije razliite vrijednosti
opterec¢enja nije potrebno primijeniti logaritamske koordinate u svrhu postizanja linearnog
pravca. Na slikama 3.8 i 3.9 prikazana je linearna ovisnost uporabom jednadzbe pravca kroz
dvije tocke.

350
300 - /
250

c y = 4,1633x - 95,8/

3 200

150 /

50 A

di2, a

0 T T T T

0 20 40 EN 60 80 100

Slika 3.7. — Dijagram ovisnosti duljine pukotine a i dijagonale d o primijenjenom
opterecenju

Na slici 3.7. prikazana je linearna ovisnost duljine pukotine i dijagonale o
primijenjenom optere¢enju. Strmiji pravac prikazuje ovisnost duljine pukotine o primijenjenoj
sili dok poloZeniji pravac predstavlja vrijednost tzv. "prividne tvrdoce". Kriticna tocka (F.,
a.) bit ¢e na sjecistu tih dvaju pravaca. Shodno tome vrijednost kriti¢ne toc¢ke iznositi Ce:

y =4,1633x - 95,8
y=0,6163x +33.5

x =36,45

y =55,96

Fe; =(36,45 N, 55,96 pm)
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y =8,7449x - 320,3

200
./y = 0,7978x + 24,61
100 |

/

0 T T T T T
0 20 40 60 80 100 120
F,N

Slika 3.8. — Dijagram ovisnosti duljine pukotine a i dijagonale d o primijenjenom
opterecenju

Na slici 3.8 prikazana je linearna ovisnost duljine pukotine i1 dijagonale o
primijenjenom opterecenju, ali za duljinu pukotine koja se razlikuje od duljine pukotine na
slici 3.8. Strmiji pravac prikazuje ovisnost duljine pukotine o primijenjenoj sili dok poloZeniji
pravac predstavlja vrijednost tzv. "prividne tvrdoce". Kriti¢na tocka (F., a.) bit ¢e na sjecistu
tih dvaju pravaca. Shodno tome vrijednost kriti¢ne tocke iznosit cCe:

y = 8,7449x — 320,3
y=0,7978x + 24,61
x=434N

y =59,23 ym
Fe;=(43,4 N, 59,23 pm)

Na temelju dobivenih vrijednosti kriti¢nih tocaka ocitanih iz dijagrama to¢nije
izracunatih kao sjeciSte dvaju pravaca izracunata je vrijednost lomne zilavosti K., prema
izrazu ve¢ ranije spomenutom u tekstu:

Kca = 0,015 Fc/acy2 ﬂ % medusloja

Kea1 = 26,2 N/mm*?
Keaz = 28,66 N/ mm*?

Lomna Zzilavost kao 1 vrijednosti kriti¢ne tocke prikazane su u tablici 3.4.

Tablica 3.4. - Dobivene vrijednosti lomne Zilavosti

Fc’ ac’ Kcas
N pm N/mm*?
36,45 55,96 26,20
43,40 59,23 28,66

Iz dobivenih vrijednosti kriticne tocke i1 lomne Zzilavosti moze se zakljuciti da
vrijednost kriticne tocke ovisi o debljini prevlake. Pri jednakim vrijednostima sile dobivene su
razli¢ite duljine pukotine kao posljedica nejednolike debljine prevlake. Debljina nanesene
prevlake krec¢e se u rasponu od 290 do 320 um po cjelokupnoj duzini. Iz navedenog mozemo
zakljuciti da je prilikom nanoSenja prevlake na osnovni materijal u svrhu ispitivanja lomne
zilavosti potrebno posti¢i Sto jednolicniju debljinu prevlake po cjelokupnoj duzini.
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4. ZAKLJUCAK

Na temelju dobivenih rezultata istrazivanja moZze se zakljucCiti da se primjenom
medupovrsinskog indentacijskog testa mogu odrediti vrijednosti lomnih zilavosti koje ¢e
ukazivati na prionjivost prevlake na osnovni materijal. Dobivene vrijednosti lomne Zilavosti
razlikuju se od otiska do otiska §to se moze povezati s razli¢itom debljinom prevlake kao i sa
samim postupkom nanoSenja prevlake.

Nedvojbeno je da se na temelju lomne Zilavosti proracunate na osnovi duljine pukotina
na ispitivanom medusloju mogu donijeti relevantni zakljucci o adheziji prevlake na osnovni
materijal. Ispitivanje bi bilo puno reprezentativnije kada bi se mogao pratiti nastanak i
propagacija pukotine za viSe od dvije vrijednosti sile.

Iz provedenog ispitivanja moZze se zakljuciti koje su prednosti a koji nedostaci metode:

Prednosti:

- ne zahtjeva uporabu veziva (ljepila) kao $to je slucaj kod drugih metoda mjerenja
prionjivosti (vlacni ili posmicni test)

- moze se upotrijebiti na prevlake razli¢ite debljine; vise od 100 um za razliku od scratch testa
koji je primjenjiv samo za vrlo tanke prevlake

- raslojavanje koje je Cesto zamijeCeno u prevlakama koje se primjenjuju radi povecanja
otpornosti na troSenje 1 trenje bolje je predstavljeno rastom pukotine u medusloju izmedu
prevlake 1 osnovnog materijala

Nedostaci:

- metoda zahtijeva uporabu vrlo skupe i precizne opreme kako bi rezultati bili Sto
reprezentativniji

- vremenski dugotrajna metoda

- potrebna je kvalitetna metalografska priprema uzorka
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ECAP VS. DIRECT EXTRUSION
(HEAT RESISTANT ULTRA-FINE GRAINED PROFILES PREPARED
VIA CONSOLIDATION OF FINE AL POWDERS)
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Izvorni znanstveni rad / Original scientific paper

Abstract: Ultra-fine grained compacts were prepared via direct extrusion (DE) of fine (dso =
1,3 um) atomized Al 99,7 % powder wherein expensive procedures of powder encapsulating
and degassing (i.e. HIP) were avoided. Compact’s microstructures featured elongated grains
of initial monocrystallic powder particles stabilized with torn surface oxide’s pinning spots.
Such microstructures were found to be structurally stabile even after long term annealings up
to 500°C, yielding superior high temperature mechanical properties.

Upscaling of fine Al particles consolidation to industrial scale using DE is circumscribed
by extreme breakthrough pressing loads. Thus in this study, alternatively to DE, an original
approach utilizing equal channel angular pressing (ECAP) is proposed as consolidation
technique. ECAP consolidation without cross-sectional changes led to substantial 3 fold
pressing load decrease when compared to DE performed at equal temperature and meanwhile
yielding similar heat resistant microstructures as in a case of extrudants. Moreover ECAP,
with less normal stresses present, accommodated less pronounced compression of entrapped
gasses within compacted uncapsulated powder compacts. Two different ECAP tools were
applied - conventional tool with channel intersection angle of @ = 90° and to assure higher
backpressures and more homogenous microstructures zigzag tool with two shearing planes of
@ = 110°. Furthermore, to improve consolidation behavior and densification during ECAP,
backpressure within outlet channel was enhanced by use of bulk Cu stoppers of various length
placed in front of consolidated powder.

Technological feasibility and consolidation behavior of two different ECAP tool designs
with effect of backpressure and mechanical properties of resultant compacts at room and
elevated temperatures are presented. Foaming phenomenon of entrapped and compressed
gasses expanding during high temperature exposures, with negative effect on high
temperature ductility of compacts, was studied. Overall comparison of ECAP as prospective
consolidation technique to DE is made.

Key words: aluminium, metal matrix composites, dispersion strengthening, ultra-fine

grained, powder metallurgy, high strength, structural stability, thermal expansion, extrusion,
ECAP
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1. Introduction

The large surface area of fine Al powders gives a rise to possibility to introduce relatively
high amount of naturally formed surface oxide into the structure of subsequent powder
compacts. Hence bulk ultra-fine grained (UFG) metal matrix composites (MMC) of Al matrix
strengthened with nano-metric torn surface oxide dispersions (i.e. thickness of ~5 nm [1]) can
be produced in relatively easy way. It is extremely difficult to introduce such small
dispersions into the structure if it was done via any other technique. Nano-metric dispersions
do not tend to act as micro-concentrators, they are not susceptible to cleavage and they do not
cause formation of voids. As a result superior mechanical properties can be attained at
substantially lower dispersion contents when compared to micro-metric size counterparts.
Moreover oxide particles grain pin the structure yielding unique structural stability of
compacts even after long term high temperature exposures. To establish good metallurgical
bonding between particles, to break up surface oxide’s envelopes, distribute oxide’s
dispersions into the structure meanwhile maintaining UFG compact’s microstructures,
consolidation is basically circumscribed to compaction routes based on introduction of shear
deformation - mostly direct extrusion (DE). It was expected that proper consolidation of fine
Al powders would result in profiles with superior mechanical properties especially those at
elevated temperatures. This would be in contrast with sudden strength decline at even
moderate temperatures of conventional high strength Al based alloys based on precipitation
strengthening (owing to overaging effects).

In order to desorb oxygen, water and other oxidizing gases absorbed on the surface of
powder consolidation of degassed and encapsulated powders is wildly used. Otherwise,
expansion of gasses, being entrapped and compressed during consolidation, yields subsequent
blistering and deterioration of mechanical properties at elevated temperatures. As a result of
reaction between Al and water, evolved hydrogen causes further pressure build-up within
pores [1, 2]. Moreover breakage of oxide’s surface envelopes during consolidation gives rise
to oxidation of newly uncovered surfaces what results in improper metallic bonding [2]. Due
to extremely large powder surface area are all afore-mentioned phenomena pronounced for
presented ultra-fine Al powders. However, procedures of hot degassing and encapsulating (or
hot isostatic pressing - HIP) of particles prior consolidation may lead to grain growth and
considerably surcharge the price of final compacts. For this reason compaction of undegassed
fine 1 um Al powder was established. On expense of cheap and simple processing certain
deterioration of desired high temperature properties of compacts prepared was expected. This
work was intended to show reasonable “trade-off” between negative effect of entrapped
gasses (i.e. high temperature mechanical properties) and processing simplicity (i.e. expenses).

At industrial condition, using well established DE, consolidation of fine Al particles is
limited by present extreme pressing loads (feasible extrusion loads are up to ~900 MPa). On
the other hand utilization of backwards extrusion often leads to insufficient straining and
improper consolidation. Thus in this study, alternatively to DE (see complex study in [9]), an
original approach utilizing equal channel angular pressing (ECAP) is proposed for
consolidation of herein studied fine atomized Al powders purposes. They have been only few
pioneering works in which ECAP has been made use for consolidation purposes [3, 4, 5, 6]
and thus more systematic approach is required to fully describe consolidation behaviour.
Based on ECAP principles [7], simple shear conditions minimize “redundant” normal forces
and thus ECAP yields considerable reduction of pressing loads (or consolidation
temperatures) required for DE. Furthermore less normal stresses present during ECAP were
believed to lead to less intense compression of gasses within closed pores and thus less
pronounced effect of expanding entrapped gasses is expected. Moreover, unlike DE, plastic
deformation is induced homogenously through the entire cross-section of compact.
Deformation without cross-sectional changes makes possible to induced plastic deformation
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by multiple stepwise pressings. Thus further improvements of densification rate and
mechanical properties of ECAP processed compacts is believed to be reached. Moreover
ECAP is relatively easy to scale up and thus it possesses great technological potential from
perspective of further industrial applications. If optimization is made, ECAP featuring all the
aforementioned advantages may compete well established DE without need of intensive new
investments. Two different ECAP dies were applied — “conventional” 90° die and “zigzag”
2x110° die. From industrial point of view, zigzag die represents suitable solution if up scaled
ECAP is to be applied into existing extrusion lines.

2. Experimental

1 um (d;p=0.66 pm, dsp=1.31 um, dop=2.51 um) Al powder of technical purity 99.7 % was
prepared by gas atomization in N, atmosphere supplied by company New materials
development G.m.bH. [8]. Coarser 4 um and 63-400 pm fraction Al 99.7 % powders were
used for comparison. Observations revealed spherical morphology of as-atomized 1 pm
powder and TEM confirmed the monocrystalline structure of 1 pm powder containing almost
no dislocations (see detail studies elsewhere [9, 10]). No special powder handling and storage
precautions were made.

Powder precompacts of 89 % of theoretical bulk density were prepared via cold isostatic
pressing (CIP) at the pressure of 200 MPa. Compaction was realized either via conventional
direct extrusion (DE) with flat faced die shape at different extrusion ratios (R = 11:1, 20:1,
44:1) or equal channel angular pressing (ECAP). Two different ECAP tools (see drawings in
Fig. 1a) were applied. Ordinary ECAP tool with channel intersection angle @ = 90° and outer
radius angle ¥ = 0° with straining introduced 1.15 (designated in text as conventional). To
assure higher backpressures and more homogenous microstructures ECAP tool with two
shearing planes of @ = 110° and ¥ = 15° (designated as zigzag) was used. Zigzag die
configuration actually represents two pressing via so called “route C” through the die with
intersection angle of @ = 110° with overall engineering strain ~1.5. Only one pass of
compacted material through the ECAP dies was used. Due to increase backpressure (i.e.
hydrostatic pressure) within the ECAP channels Cu bulk front stoppers of lengths 25 mm and
50 mm were used (Fig. 1b). Either uncanned (DE) or canned (ECAP) CIPed powders (see
Fig. 1b) were filled into the preheated die and heated up to desired compaction temperatures
for 30 min before consolidation. The average ram speed during the consolidation was ~1
mm.s” (£0.8). BN spray (DE) and graphite solution (ECAP) were used as a lubricants. See
complex studies related to consolidation behaviour of ultra-fine Al powders elsewhere - DE
[9] and ECAP [11].
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Figure 1 Schematic drawings of conventional and zigzag ECAP dies (a). Drawing of container,
front stopper and CIPer Al powder precompact used for ECAP (b).

Structures of compacts were examined by means of light microscopy, SEM and TEM. To
clearly demonstrate presence and distribution of nano-scale oxide dispersions compacts were
etched instead of ion bombarding during samples preparation for TEM. On the other hand the
prepared topography with oxide particles protruded over the surface misrepresented proper
view and seen thickness of dispersions (tilted and protruded dispersions altogether with their
shadows). Relative density of the extrudates was measured via Archimedes route. The
mechanical properties at room and at 300 °C were measured on tensile specimens with the
gauge of ©¥3-30 mm (extrudates) and non-standard @6-10 mm (ECAP compacts) using
ZWICK testing machine at the cross ram speed of 1 mm.min”. Since the gauge length /
diameter ratio differed for both extruded and ECAPed compacts the ductility can be compared
explicitly only if not profound necking does not occur. Brinell hardness measurements were
performed on transversal cross sections with applied load of 613 N (10 s).

The effect of expanding gasses entrapped in closed micropores was determined by means
of dilatometry experiments of PM compacts performed at the Technical University of Vienna
using thermal-mechanical analysis equipment TMA 2940 CE, Thermal Instruments [12]. 4 x
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4 x 10 mm specimens were machined and grinded from extruded bars and were tested
longitudinally to pressing direction (either extrusion axis or axis of output ECAP channel). In
each test, the samples held under nitrogen (100 ml/min) were positioned vertically on a quartz
stage and a moveable probe was placed on the top of the sample with a negligible constant
force ~7 kPa. Specimens were heated up from room temperature up to 550 °C and cooled
down to room temperature in three identical thermal cycles at the rate of 3 °C.min"'. The
instantaneous coefficient of linear thermal expansion (CTE) at temperature T was calculated
from the measured dimension change as function of temperature AL(T) = L(T) - Ly divided by
the initial specimen length at room temperature L. The repeatability of AL/L is given within
+0.01%, i.e., less than +2 um. Before derivation with respect to temperature, the AL(T) curve
is smoothed within a width of 50 K, i.e., £25 K around each temperature T using a least-
square averaging method.

3. Results and discussion
3.1 Microstructures and room temperature properties of compacts

Consolidation of fine 1 pm Al 99.7 % powder via DE (at reduction ratio 11:1) was
feasible at all used extrusion temperatures Tey, circumscribed only by extremely high pressing
loads pmax (over 1,5 GPa) at low Tex below 350 °C [9]. According to the expectations, owing
to minimization of normal forces, consolidation via ECAP was realized at significantly lower
pressing loads when compared to DE (Tab. 1). However, besides of pressing pressure limit
was ECAP consolidation feasibility (either conventional or zigzag) restricted also by
formation of macro cracks parallel to shear ECAP planes within pressed compacts. Cracks
free samples were not manage to be prepared by means of conventional ECAP at Tgcap
exceeding 400°C. Employment of zigzag die did not lead to improved consolidation
behaviour but conversely to narrower technological window where profound cracking was
confirmed even at lower Tgcap (350°C). Higher straining within zigzag die in hand with
higher backpressure (friction) accommodated about 20 % higher pmax values at equal Tgcap
when compared to conventional die.

Alike to DE (Fig. 2a), ECAPed sound compacts featured ultra-fine grained
microstructures of elongated grains stabilized with broken oxide’s dispersions homogenously
redistributed along grain (i.e. powder) boundaries [10, 11], Fig. 2b. “Perfect seam-like”
distribution of distorted oxides was observed in almost entire compact’s volume of
conventionally ECAPed samples. Herein grain boundaries were found arrayed along shear
plane. This texture heterogeneity was not as obvious in the case of structurally more isotropic
zigzag ECAPed compacts (Fig. 2¢). Herein elongated grains formed at first ECAP corner
were transversally sheared at second corner. Partially polygonized and coarser microstructure
of zigzag ECAPed compacts may refer to dynamic recrystallization which took place during
intense deformation. Further increase of engineering strain (2.3) introduced during two passes
through conventional die (i.e. via Route C) resulted in even more pronounced dynamic
recrystallization (Fig. 2d). Similar behaviour was in agreement with compacts prepared via
DE at extrusion ratios 20:1 and higher [9].

In spite of substantial difference in induced plastic energy comparing pressings
performed at low (250°C) and high (400°C) Tgcap using both ECAP dies, no significant
microstructural alterations were seen between those compacts. That was in contradiction with
DE where besides of shearing severe particles milling occurred what eventually resulted in
finer microstructures [9].

Nanometric dispersions effectively grain pinned compact’s microstructures yielding
excellent structural stability with no structural changes and no grain growth observed after
short term (hours) exposures up to 500 °C and even after long 20 hours annealings up to 350
°CI9, 11].
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conventional ECAP
Tecar [°C] 250 350 400 500

front stopper 0 25 50 50 50 50
length [mm)]

feasibility / OK/670 | OK/830 | OK/820 | OK/410 | OK/360 | cracks/

Pmax [MPa] 340

R U\[/f,z]a] 'A 1 305715 | 309/1.9 | 310/25 | 290/2.1 | 10170 n.a.

HB 84.9 89.6 88.6 81.9 80.8 na.
zigzag ECAP

Tecar [°C] 250 350 400 500

front stopper 0 25 50 50 50 50
length [mm)]

by | OK/- | OK/910 | OK/1070 cracks/ | ookl | cracks!
Rin [1\[{}:;‘] AT 12470 154 /0 259/0 n.a. n.a. n.a.
HB 85,3 83.3 83.7 n.a. n.a. n.a.

Table 1 Feasibility of consolidation of 1 um Al 99.7 % powder via ECAP at different pressing temperatures
(Tgcap). Maximal pressing loads py.x needed for consolidation and room temperature mechanical properties of
compacts - ultimate tensile strength R, ductility (A) and hardness HB.

Figure 2 Ultra-fine grained microstructures of directly extruded at R=11:1 (a), conventionally
ECAPed (b), zigzag ECAPed (c) or twice conventionally ECA pressed via Route C (d) 1 um Al
powder compacts. White arrows indicate pressing direction (output channel in case of ECAP).
Consolidation temperatures Tey = 350°C and Tgcap = 250 °C.
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Extruded compacts reached relatively high room temperature mechanical properties (in
respect to similar materials) with ultimate tensile strength R, up to 310 MPa, accompanied
with good ductility Ao up to 10 % and high values of Charpy impact fracture toughness up to
45 J.em™ [9, 10]. Reached compact’s strength slightly increased in hand with increase of
deformation work (i.e. decrease of extrusion temperature Tey) induced during extrusion into
compacted powder which yielded finer microstructures of severely deformed powder
particles, more intense breakage and homogenous distribution of broken oxide’s dispersions
[9, 10].

Tensile tests of compacts prepared via conventional ECAP at Tgcap = 250°C confirmed
the promising R, of extruded counterparts (Tab. 1). On the other hand inferior ductility A up
to 2,5 % (without necking formation) was thought to be attributed to disadvantageous texture
of elongated grains with weak interparticle bonds angled to loading direction under ~45° and
thus ideally fitting the shearing plane. That was supported by the fact that all testing tensile
samples fractured under angle which fits shearing ECAP plane. Addition of backpressure
during conventional ECAP (i.e. front stopper length) resulted in slight gradual R, (and
hardness HB) and A increase. Use of longer 50 mm front stopper had almost no effect on
present pmax When compared to 25 mm stopper. That was confirmed by almost unchanged
mechanical properties of these compacts. Higher Tgcap led to decline in obtained R, (i.e. HB)
and A what is believed to given by lower deformation work introduced and less intense
backpressure during compaction [14]. Compacts prepared at Tgcap = 400°C approached the
technological window limit, where presence of small cracks and weak interfacial bonds
caused the premature failure of the all conventionally ECAPed compacts during tensile tests
(Tab. 1). That was proven by hardness measurement where HB of compacts prepared at
Trcap = 400°C did not changed markedly reflecting only slight decline connected with lower
introduced deformation work and less intense backpressure.

All samples prepared via zigzag ECAP yielded premature failure prior reaching yielding
point during tensile tests (Tab. 1), what probably refers to lack of backpressure (i.e. formation
of consolidation imperfections) in this case. Similarly, compacts multiple pressed (Route C,
25 mm front stopper and Tgcap = 250°C) using conventional die failed prematurely at Rm =
168 MPa. Furthermore, negative effect of dynamic recrystallization was confirmed by HB
decline as for case of zigzag ECAPed compacts (Tab. 1) as well as for multiple pressed
compacts (HB= 83.7).

3.2 Dilatometry tests

Simple consolidation route without prior degassing, where 1 pum Al powder was
consolidated in CIPed state, resulted in compact’s microstructures with higher amount of
closed ultra-fine pores. High density of compacts over 2.65 g.cm™, regardless of consolidation
method and particular processing parameters applied, was determined. On expense of simple
(cheap) processing due to expansion of entrapped gasses and evolution of absorbed humidity
certain deterioration of mechanical properties at elevated temperatures was expected. This
negative effect was in first step assessed by means of dilatometry tests.

Fig. 3 shows evolutions of coefficient of thermal expansion (CTE) of 1 um Al 99.7 %
powder compacts extruded at extrusion ratio R = 11:1 at different extrusion temperatures
(Text) in three cycles. Sudden increase of CTE during the first cycle in comparison to the
subsequent cycles was seen for specimens of compacts extruded at small Tey = 350 °C.
Herein sharp deviation from near-linear CTE course with onset at ~250 °C was caused by
massive expansion of gasses entrapped within the compacts volume. Expanding gasses started
deforming material plastically until the CTE peak at ~500 °C where long macroscopic cracks
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appeared (Fig. 4a). These cracks enabled gasses to release eventually. Small interconnected
micropore paths can be seen at higher magnifications (Fig. 4b). Those paths were believed to
be responsible for macro cracks initiations. Specimens extruded at 400 °C displayed similar
expansion behaviour as those extruded at Tex = 350 °C. Since gasses were compressed at
higher Tex, expansion was not as pronounced as in Tey = 350 °C case. Consequently the
break-away followed with CTE increase due gas expansion is shifted to higher temperatures.
Although compacts extruded at 450 °C showed also an increase of the CTE during the first
cycle (due to entrapped gas), there was no failure observed at higher temperatures. It suggests
that the gasses expanded only within pores and was not completely released. This was
confirmed by the fact that CTE increase was also observed in the subsequent cycles. Though
slight deviation between first and subsequent cycles in CTE course beyond ~450 °C can be
seen. Observed shift of gas expansion offset to higher temperatures indicates that some gas
was still evolved during first cycle, confirmed by small observed openings. Again, the higher
Text Was, increase of the CTE due to the gas expansion is shifted towards higher temperatures
of ~450 °C. Compacts extruded at 500 °C mirrored expansion behaviour of compacts
extruded at 450 °C. Visible offset of gas expansion was again shifted and took place at ~500
°C. No obvious cracks were determined.
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Figure 3 CTE course of 1 um Al 99.7 % powder compacts extruded at extrusion ratio R = 11:1 and different
extrusion temperatures T,y during three subsequent heating cycles

Figure 4 Macrostructure of transversal cross-sections of cracked 1 um Al 99.7 % powder compacts extruded at
R =11:1 and at T, = 350 °C after dilatometry experiments (a). Detail of interconnected pores (b).

Fig. 5 show relative length variations (Al / 1y) of Al powder compacts extruded at R = 11:1
at different Tey throughout the duration of all three heating / cooling cycles. Two types of
distinctively different behaviours can be seen. Expansion and gas release during first heating
cycle resulted in permanent plastic deformation of powder compacts extruded at Tey = 350 °C
and 400 °C. The portion of permanent deformation after first heating cycle increased with
decreasing Tex. While the plastic deformation due gas expansion and release after first
heating / cooling cycle with respect to the starting point was about 0.13 % in case of Tex =
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400 °C it represented 0.25 % permanent deformation in case of Texy = 350 °C. Subsequent
heating / cooling cycles in case of compacts extruded at Tex = 350 °C and 400 °C led to
further plastic deformation of compressive character. Differences in amount of additional
plastic deformation between subsequent cycles were confirmed to be approximately same (~
0.02 %) for all compacts and cycles. That is thought to be attributed to unfinished relaxation
of internal stresses within compacts. If such stresses are of tensile nature they will promote
(increase) expansion. At testing temperature where residual internal stresses exceeded yield
stress of material (at given temperature), stress relaxation took place and expansion is slightly
lower. That could explain the visible deviation (reduction) from linear CTE course evolution
of samples extruded at Text = 350 °C and 400 °C at the end (~500 °C) of the second and third
heating cycles (Fig. 3).

Unfinished gas release in case of 1 um Al powder compacts extruded at Tex; = 450 °C and
500 °C superimposed and overlaid the effect of internal stresses relaxation (Fig. 5). Herein
compacts gradually undergone after each heating / cooling cycle permanent tensile
deformation caused by stresses developed by compressed gasses. Described tensile plastic

deformation of compacts was neither terminated after last third cycle for both compacts
extruded at Tex = 450 °C and 500 °C.
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Figure 5 Length variation of 1 pm Al 99.7 % powder compacts extruded at R = 11:1 and at different T,,, during
three heating / cooling cycles.

424



On the contrary to extrudates, dilatometry tests of conventionally ECAPed compacts
confirmed no or only minute “gasses foaming” phenomena (Fig. 6). That was fully consistent
with ECAP principles, owing to less intense compression of entrapped gasses takes place.
Compacts prepared at Tgcap = 250°C without applied backpressure showed a little CTE
increase during the first heating cycle with onset at temperatures a little higher than the
particular Tgcap = 250 °C and with peak maximum at ~300°C. This peak disappeared during
subsequent two cycles what points out either to gas release or interconnected porosity.
Expectedly, application of backpressure resulted in slight though gradual magnitude and
broadening of CTE expansion peak with its maximum shifted towards higher temperatures.
Increase of Tgcap to 350°C (with 25 mm front stopper used) accommodated no detected
foaming phenomenon what was probably attributed to very small level of applied
backpressure at these processing parameters.

It is to be point out that different texture alignment of elongated grains in respect to axis of
dilatometry specimens may play certain role in expansion behaviour when compared extruded
(parallel) and ECAPed (~ 45°) compacts. Having experienced dilatometry tests no
macroscopic cracks occurred in neither of 1 um powder compacts prepared by means of
conventional ECAP in range of Tgcap =250 °C — 400 °C.
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Figure 6 CTE course during the first heating cycles of 1 pum Al 99.7 % powder ECAPed compacts using
conventional (90°) and zigzag die, different lengths of Cu front stoppers and different compaction temperature.

On the contrary zigzag ECAPed compacts showed significant gasses foaming phenomena
(Fig. 6) and similar expansion behaviour was confirmed as in a case of compacts extruded at
low temperatures. Herein ~20 % higher consolidation pressure pgcap when compared to
conventional ECAP die at the identical Tgcap (Tab. 1) led to more intense compression of
gasses trapped within microstructure. Again CTE expansion break-off took place at testing
temperatures slightly over of particular Tgcap. But in this case, gasses liberated at higher
temperatures of ~370 °C where clear macrocracks parallel to shearing plane were formed
(Fig. 7). Position of swung cracks was determined by 110° angle of second shearing ECAP
corner. Ones again usage of shorter front stopper accommodated less intense gasses foaming
phenomenon. In subsequent heating cycles CTE of cracked samples followed linear course.
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Figure 7 Longitudinal macrostructure of cracked 1 pm Al 99.7 % powder compact ECAPed (zigzag) at
Tgcap = 250 °C after thermal exposures during dilatometry experiments.

3.3 Mechanical properties at elevated temperatures

Stabile UFG microstructures effectively strengthened and grain pinned with nano-scale
oxide’s dispersions assured superior strength also at elevated temperatures. Tensile tests
performed at 300 °C revealed still favourably high values of Ry, up to 186.7 MPa (Tab. 2).
Alike to the strength of compacts obtained at room temperature, effect of amount of the
deformation work (i.e. extrusion temperature) is seen. With further increase of testing
temperature compacts still preserved their promising strength (e.g R, = 70 MPa at high
testing temperature of 500 °C), [10].

On the other hand tensile loading of compacts at 300 °C resulted in substantial,
approximately three fold reduction in ductility of all compacts (Tab. 1). Ductility slowly
increased from Ao = 1.7 % to 3.3 % with increasing Ty from 350 °C to 500 °C, respectively.
Described ductility drop at elevated temperatures was unambiguously governed by gasses
entrapped within small pores which tended to expand as the testing temperature increased.
Meanwhile small openings, where premature failure initiated, had formed. The pressure
within pores increased as testing temperature approached particular Tey. Furthermore, govern
by amount of induced plastic work during extrusion, entrapped gasses were closed up and
compressed in more pronounced way at low Tey. That correlates with determined increase of
Ao obtained at 300 °C with increasing Tex (Tab. 2). Thus working temperature of 1 pum Al
powder extrudates shall be maintained sufficiently below their Te. Higher testing
temperatures further highlighted the negative effect of expanding gasses and led to gradual
decline of obtained high temperature ductility Ajp = 1.1 % and 0.3 % for 1 pm Al powder
compacts extruded at Tey = 350 °C at testing temperatures of 450 °C and 500 °C,
respectively. Already minute increase of particle size to 4 um significantly diminished the
negative effect of expanding gasses on high temperature ductility (Tab. 2).

Fracture surfaces of all 1 um Al powder compacts (R = 11:1) after tensile test held at 300
°C accommodated quasi cleavage fracture, wherein small cleavage facets can be seen (Fig. 8).
Those facets are believed to be linked to interconnected micropaths and openings (Fig. 4)
arisen due to aforementioned gas expansion which initiated premature failure of compacts at
elevated temperatures.

Table 2 Mechanical properties (R, — ultimate tensile strength, Ao — ductility, E — Young’s modulus) of extruded
Al 99.7 % powder compacts obtained from tensile tests performed at 300 °C (R = 11:1).

Powder size 1 4 63-400
[pm]
Text [°C] 350 400 450 500 350 350
R [MPa] 186.7 181.7 168.9 159.9 147 79
Ajo [%] 1.7 1.5 2.2 3.3 17.5 15.7
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Figure 8 Fracture surfaces of 1 um Al powder compacts extruded at 350 °C after tensile test performed at 300
°C(R=11:1, SEM)

Similar tendencies in obtained mechanical properties of ECAPed compacts as at room
temperature were proven also at 300°C (Tab. 3). Compacts prepared via conventional ECAP
at Tecap = 250°C matched (even slightly exceeded for 0 mm front stopper length) the high
temperature strength of their extruded counterparts. In spite of less pronounced negative effect
of expanding gasses, were promising strengths accompanied by highly deteriorated ductilities.
Again fracture occurred under the texture angle of sheared and elongated powder particles
within compacts. Unlike room temperature results, R, at 300°C dropped gradually as the
backpressure increased. This may be explained by competing phenomena where higher
backpressure values led to better densification but on the other hand could not assure to
withstand more intense expansion of entrapped gasses. Furthermore poor interfacial bonding
was probably also attributed to insufficient diffusion at such small Tgcap = 250°C. Thus, it is
expected that higher consolidation temperatures accompanied with more intense
backpressures at these temperatures will lead to significantly improved mechanical properties
and at still desirably small pgcap. In this case the backpressure needs to be incorporated by
other way — by utilization of second slave plunger into outlet ECAP channel.

On the other hand inferior room temperature results of zigzag ECAPed compacts were
confirmed also at 300°C where all samples prematurely failed prior reaching yielding.

ECAP die conventional zigzag
front stopper
length [mm] 0 25 50 0 25 50
Ra U\[/f,}:]a] PA | 188705 | 165/0.5 | 155/0.4 n.a. 66/0 65/0

Table 3 High temperature ultimate tensile strength R, and ductility (A) at 300°C of compacts ECAPed at
TECAP =250°C.
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4. Conclusions

Ultra-fine grained Al profiles were synthesized via consolidation of fine 1 um Al 99.7 %

atomized powders using direct extrusion (DE) and via new approach, which utilized ECAP
technique for compaction purposes. Two different ECAP die designs were applied —
conventional and zigzag dies. Detailed assessment of processing technique on obtained
microstructural features, mechanical properties at room and elevated temperatures and
structural stability was made.

Following conclusions in respect to DE can be stated:

ECAP has showed promising technological potential for consolidation of hard-to-deform
fine Al powders

by means of conventional ECAP prepared samples showed comparable ultra-fine grained
microstructures grained pinned with distorted surface oxides dispersions, yielding similar
structural stability and mechanical properties as in the case of DEed samples

compaction via ECAP led to precious up to 3 fold pressing load save when compared to
DE performed at equal consolidation temperature

ECAP technological window was significantly narrowed by formation of cracks within
compacted samples at higher consolidation temperatures

utilization of backpressure by application of bulk Cu front stoppers did not help to
suppress sufficiently formation of cracks

reduced normal stresses during ECAP yielded less intense compression of entrapped
gasses within undegassed and uncanned CIPed powders with subsequent less pronounced
negative effect (entrapped gasses expansion) on high temperature mechanical properties
of compacts

deteriorated ductility of conventionally ECAPed compacts at room and elevated
temperatures was govern by poor interparticle bonds and/or by disadvantageous texture of
arrayed elongated grains

inferior mechanical properties of prematurely failed zigzag ECAPed compacts were
attributed to partially dynamically recrystallized microstructures and poor interparticle
bonds

to make fully use of ECAP principles further optimization mainly in terms of applied
backpressure needs to be undergone
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ISTRAZIVANJE UZROKA I PERIODA OTKAZA GUMA OFSETNOG
CILINDRA NA ROTACIJI OFSETNOG TISKA
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Graficki fakultet Sveucilista u Zagrebu, Getaldi¢eva 2, 10 000 Zagreb

Strucni ¢lanak / Professional paper

Sazetak: Jedan od faktora u procesu dobivanja kvalitetnog otiska je ispravna guma ofsetnog
cilindra na rotaciji. O kvaliteti 1 svojstvima gume ovisi kako ¢e se prenijeti boja s temeljnog
cilindra, preko ofsetnog cilindra na tiskovnu podlogu. U radu je pra¢ena frekvencija kvarova
guma tijekom pet godina rada ofsetne rotacije. Frekvencija kvarova daje podatak kako
planirati zalihe rezervnih guma na skladiStu. Dinamika proizvodnje u rotacionom tisku je
takova, da otkaz nekog segmenta stroja koji bi zaustavio proizvodnju nije dozvoljen. Dnevne
tiskovine, trziSte ocCekuje svakodnevno i bez kasnjenja, tako da pouzdanost procesa
proizvodnje mora biti jako velika. Gume koje stoje na skladiStu imaju vijek trajanja 1 gube na
kvaliteti, a nedopustivo je Cekanje guma od dobavljaca, tako da je optimiziranje nabave
omoguceno analizom frekvencije kvarova. Analizirani su 1 uzroci otkaza guma, kako bi se
frekvencija kvarova guma smanjila.

Kljuéne rije€i: ofsetni tisak, ofsetna guma, frekvencija kvarova.
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Uvod

KoriStenje tiskarske gume u procesu tiska prisutno je ve¢ devet desetlje¢a. UsavrSavanje se
provodi od pocetka proizvodnje koje je pocelo u SAD-u 1915 godine. Guma se sastoji od
nekoliko slojeva, a mora zadovoljiti mnoge uvijete mehaniCkog 1 kemijskog karaktera.
Osnovna svojstva koja ofsetna guma treba zadovoljiti su: jednoliko zrnasta povrSina,
jednolika debljina, dobra c¢vrstoca 1 elastiCnost, otpornost prema tiskovnim bojama 1
sredstvima za pranje. TeSko je rangirati i odrediti koje je svojstvo gume najvaznije.
Deformacija gume se ostvaruje kod svakog okreta cilindra, a vrijeme potrebo za vracanje u
prvobitni poloZaj je izrazeno u stotinkama sekunde. Tvrdo¢a gume utjeCe na deformaciju
rasterskih elemenata, pa ovdje treba takoder traziti optimalno rjeSenje. Nejednolika povrSina
ne bi osiguravala jednolik pritisak u dodirnoj zoni izmedu cilindara itd. Pod kompatibilnos¢u
ofsetne gume podrazumijeva se otpornost prema kemijskom djelovanju tekuéina s kojima
dolazi u kontakt. Ako sve ovo nije zadovoljeno rezultat je loSa kvaliteta otiska i smanjuje se
vijek trajanja gume. Kvalitetna i pravilno eksploatirana ofsetna guma morala bi izdrzati
dvadeset milijuna otisaka. Unutarnja konstrukcija gume opcenito se sastoji od tri ili Cetiri
sloja tkanine specijalnog sastava, s elastomernim slojem izmedu svakog sloja tkanine. Kod
komprimiraju¢e gume, postoji i komprimirajuéi sloj smjeSten obi¢no ispod prvog sloja
tkanine. Konstrukcija gume ovisi i o tome na kojem se stroju koristi. Tako se razlikuju
izvedbe guma za strojeve prema brzini okretanja, prema nacinu ostvarivanja pritiska (ofsetni-
tiskovni cilindar ili ofsetni-ofsetni cilindar) itd. [1]

Teoretski dio

Ofsetni tisak je glavni predstavnik plosnog tiska (slika 1). Glavna karakteristika mu je ta da su
tiskovni elementi i slobodne povrsine prakti¢no u istoj ravnini te da se slika s tiskovne forme
na tiskovnu podlogu prenosi indirektno posredstvom ofsetnog cilindra. Funkcioniranje
tiskovne forme zasnovano je na oleofobnosti slobodnih povrSina i hidrofobnosti tiskovnih
elemenata. Kod klasi¢nog ("mokrog™) ofseta se na tiskovnu formu prvo nanosi otopina za
vlaZenje koja se prihva¢a samo na slobodnim povr§inama. Zatim se nanosi boja (izradena na
bazi ulja) koja se prihva¢a samo na oleofilne tiskovne povrsine jer su slobodne ve¢ zauzete
otopinom za vlaZenje, ¢cime su postale oleofobne. Ofsetni cilindar zatim prenosi boju i otopinu
za vlaZenje preuzete s tiskovne forme na tiskovnu podlogu.
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Slika 1 Osnovna ofsetna tiskovna jedinica

Kvaliteta otiska ovisi o ispravnosti svih sustava koji prate tisak. Kvalitetno izvedena gumena
povrsina tako osigurava zadovoljavajuéi oblik rasterske tocke. Bilo koja deformacija rasterske
tocke, pogotovo u viSebojnom tisku narusava kvalitetu otiska. Kemijska karakteristika
gumene povrSine mora osigurati veliki postotok prijenosa boje s ofsetne plo¢e na gumenu
povrsinu i nakon toga na tiskovnu podlogu. [2]

Eksperimentalni dio

Analiza je provedena na ofsetnoj novinskoj rotaciji (slika 2). Kod novinskih rotacija tisak
guma-guma (slikal) koristi se za obostrani tisak na tiskovnu podlogu, tj. papirnu traku.
Koristena je ofsetna guma prema zadanim standardima proizvodaca viSebojne novinske
rotacije GOSS Univerzal 70. Rotacija je gradena od tri tornja tako da je broj ofsetnih cilindara
odnosno analiziranih guma 24 komada. Tiskovna podloga je nepremazani papir gramature 52
g/m’, §irina trake 840 mm, prosje¢na brzina trake kroz stroj je 11,26 m/s>. Evidentirane su sve
promjene guma u periodu od 2001.-2005. godine. [3,4]
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Slika 2 Prikaz tornja kod ofsetne tiskarske rotacije

Rezultati i diskusija

Kod kvarova guma na ofsetnom cilindru uzeto je u obzir vrijeme izmedu dva intervala
zamjene. Provedena je analiza sa svim podacima i zbog velikog odstupanja pet podataka s
reduciranim podacima.

Tablica 1 Statisticki podaci za kvarove guma na ofsetnom cilindru

VARO00001 | VAR00002

N Valid 126 121
Missing 0 5

Mean 250,5714 247,7851
Std. Error of Mean 5,97490 3,99051
Median 259,0000 258,0000
Mode 273,00 273,00
Std. Deviation 67,06814 43,89556
Variance 4498,135 1926,820
Kurtosis 8,595 -, 728
Minimum 17,00 148,00
Maximum 609,00 340,00
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Slika 4 Histogram kvarova guma na ofsetnom cilindru- reducirani podaci

Kod prve grupe podataka gdje su uzeti u proracun svi podaci srednja vrijednost intervala
izmedu zamjena guma je bila 250 dana. Minimalni interval izmedu zamjena guma bio je 17

295



dana, a maksimalan interval izmedu zamjena guma 609 dana. Standardna devijacija je velika i
iznosi 67 (tablical, slika 3).

Kod druge grupe podataka sa izbacenim velikim odstupanjima srednji interval zamjene guma
nije se jako promijenio i iznosi 247 dana. Podaci su priblizno isti jer su izbacene i velike i
male vrijednosti iz prorac¢una. Standardna devijacija je osjetno manja i iznosi 43. Ovdje je
rasipanje podataka jo§ dosta veliko. Minimalno vrijeme izmedu zamjena guma je bilo 148
dana, a maksimalno 340 dana (tablical, slika 4). Uocava se da kvarovi mogu nastupiti u dosta
Sirokom intervalu, ali i iznenadni otkazi su za ocekivat iako s vrlo malom vjerojatnoscu. [5]

Zakljucak

Na pojavu kvara ukazuju slijede¢e promjene na otisku:
- slabiji nanos boje
- dubliranje u tisku, labava guma
- ako nije konstantan pritisak gume na ofsetnu plocu po cijeloj zoni dodira, dolazi do
mehanickog osSte¢enja 1 brzeg troSenja ploCe. Zato ofsetne rotacije zahtijevaju
jednaku debljinu gume na cijeloj povrSini, a prilikom naprezanja gume
maksimalno dozvoljeno odstupanje debljine je +/- 0.01 mm u odnosu na prosjecnu
debljinu gume.
Uzroci kvara (prijevremena istroSenost) gumama uoceni su kada:
- tiskovna povrsina ofsetne gume nije kompatibilna s bojama koje se upotrebljavaju;
- tiskovna povrSina ofsetne gume nije kompatibilna sa sredstvima koja se nalaze u
tekucini za vlazenje;
- tiskovna povrSina ofsetne gume nije kompatibilna sa sredstvima za pranje ofsetne
gume;
- Ako guma nije ispravno montirana. Kod mehanizma za pricvr§¢ivanje gume moze
do¢i do korozije metalne letve. Zbog djelovanja tekucine za vlaZenje na krajevima
gume ako letva nije od aluminija. Kako izmjena guma mora biti obavljena u
kratkom vremenskom intervalu, ovaj segment kvara vezan uz gumu je vazan.
Pracenjem stanja na ofsetnim gumama, osigurava se stalna kvaliteta otiska. UStede se postizu
analizom uzroka prijevremenog oSte¢enja i otklanjanjem istih. Ovdje je uoceno da sastav
tekucine za vlazenje Stetno djeluje na gumu i mijenjanjem svojstava teku¢ine dobiven je dulji
vijek trajanja gume. Mali broj pocetnih kvarova uzrokovan montazom, govori o dobroj
obucenosti radnika i pojavio se samo dva puta. Kvarovi uzrokovani bojom uoceni su samo
jednom i promijenjen je dobavlja¢ boje. Planiranje optimalnih zaliha relativno je lagano jer su
iznenadni otkazi rijetki. Zbog toga nije potrebno imati veliki broj guma na skladistu koje
vremenom gube svojstva.
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RECYCLING OF THE OFFICE PAPERS BY CHEMICAL DEINKING
WITH DOUBLE STAGE FLOTATION

RECIKLACIJA UREDSKIH PAPIRA KEMIJSKIM DEINKINGOM S
DVOSTUPANJSKOM FLOTACIJOM

Zeljka Barbari¢-Mikocevi¢, Vesna Dzimbeg-Malci¢, Ivana Bolanca-Mirkovi¢, Ivana
Permanovic
FACULTY OF GRAPHIC ARTS, Getaldi¢eva 2, Zagreb, Croatia

Prethodno priopcenje / Preliminary note

Abstract: Recycling of paper printed with colour laser printer XEROX PHASER 7700 has
been investigated in this work. The recycling was performed by chemical deinking with
double stage flotation with the usage of non ionic surfactant. Froths collected by flotation
were re-floated in which the increased usage of fibers was achieved.

The effective removal of magenta particles (98,3%), cyan (96,9%) and carbon ones (91.49%)
was proved by the image analysis. The same method was not effective for the identification of
the yellow toner particles. During the second flotation the part of the particles which was left
after the first flotation was removed. The removal of the coloured toner particles from the
suspension by flotation, improves the lightness and the brightness of the recycled sheets.
Colorimetric values “a” and “b” of all the recycled sheets are extremely low and have
approximate values regardless the colours of the recycled output.

Key words: Office papers, recycling, chemical deinking, double stage flotation

Sazetak: U ovom radu ispitana je reciklacija papira ispisanih laserskim pisacem u boji,
XEROX PHASER 7700. Reciklacija je naCinjena kemijskim deinkingom s dvostupanjskom
flotacijom uz uporabu neionske povrSinsko aktivne tvari. Flotacijama sakupljene pjene
ponovo su flotirane pri ¢emu se postiglo povecanje iskoriStenja vlakanaca.

Slikovnom analizom je dokazano ucinkovito uklanjanje magenta cestica (98,3%), cijan
(96,9%) te karbon (91,49%).Ista metoda nije ucinkovita za identifikaciju Cestica zutog tonera.
Tijekom druge flotacije uklonjen je dio Cestica zaostalih poslije prve flotacije. Uklanjanjem
Cestica obojenih tonera iz suspenzije flotacijom poboljSava se bjelina i svjetlina recikliranih
listova. Kolorimetrijske vrijednosti a 1 b svih recikliranih listova izuzetno su niske i priblizno
jednakih vrijednosti bez obzira na obojenje recikliranog ispisa

Kljuéne rijeci: uredski papiri, reciklacija, kemijski deinking, dvostupanjska flotacija
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INTRODUCTION

The life without the paper would be almost impossible today. Huge quantities of paper and
paper products have been used in the whole world today, in households as well as on the
working places, in industry, schools and in all the domains of the public life. Paper is the
product which is made from fibers of vegetable origin, mostly of wood. In order to decrease
the cutting of trees, which are used as the raw materials for paper production, the recycling of
the used papers for obtaining the fibers for the production of the recycled papers is necessary.
Recycling of the used papers is a complicated technological process composed of four basic
process units: a) disintegration or defibering — which comprises the preparation of used paper
suspension, b) removal of impurities from the suspension, mostly by washing or flotation, c)
whitening of fibers and d) treatment of the process water [1].

It is difficult to define the recycling rules which would be equally valid for all the used
papers. Chemical composition of paper and of the printing ink has an important influence on
the recycling efficiency. The printing technique and the working principle of the printing
machine or of the printer must not be forgotten. Many printer producers are known today:
Xerox, Canon, HP, Lexmark.

Nonimpact printed white office papers that include xerographic and laser printed papers are
dificult to deink with conventional deinking methods [2]. Because offices use more laser
printers and copy machines every year, the amount of nonimpact printed papers entering the
recycled paper stream is increasing. Ink removal from these papers remains a major challenge.
Deinking processes are also substantial sources of solid and liquid waste.

Conventional chemical deinking is not an effective mean for deinking nonimpact printed
papers. The efficiency is due primarily to the strong adherence of the toner particles to the
paper surfaces [3,4].

Enzymatic deinking methods represent a new approach to convert these recycled papers into
quality products [5,6].

An attractive alternative is the possibillity of recycling office paper within the office, without
destroying the mechanical sructure of the paper [7].

The possibility of paper recycling printed with cyan, magenta, yellow and black toner with
laser colour printer has been investigated in this work.

The aim of this investigation is: a) to determine the efficiency of colour toner removal by
double stage flotation after paper disintegration printed by different colour toners and b) to
achieve the maximal usage of fibers by froth flotation collected during the first and the second
flotation.

EXPERIMENTAL PART

In the recycling investigations by means of deinking flotation the Navigator paper with the
grammage of 80 gm™ was used, printed separately with cyan, magenta, yellow and black
toner on the laser colour printer XEROX PHASER 7700. Each differently coloured output
contained 848 words arranged in 56 lines. The schematic presentation of deinking flotation
process flow is presented in figure 1. In the same way but separately, the cyan, magenta
yellow and black prints on Navigator paper were recycled. The sample of print with the mass
of 100 g was disintegrated for 10 minutes in 2 liter water from the water supply system at the
temperature of 50°C, pH value of 11 (adjusted with soda alkali) and the consistency of the
suspension of 5%. As the nonionic surfactant the sodium laurylethersulphate was used. The
suspension obtained by the disintegration was homogenized with 10 liter of cold water from
the water supply system, and the temperature was decreased at 30°C, with the pH value of 7,5
and the consistency of 0,83%. The suspension obtained by homogenization was divided into
two suspensions A and B, of equal volume, which were separately floated after the addition of
6 liter of tap water during the time of 8 minutes (the first flotation). During the flotation the
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froth was manually collected. The handsheet was made for each suspension before flotation
(Ad, Bd) and after flotation (Af, Bf). After the production of the laboratory sheets after the
first flotation, the rests of A and B suspensions were mixed into the suspension AB which was
floated (the second flotation) under the same conditions as A and B suspension during the first
flotation. After the second flotation the laboratory sheet ABf was made. The froth collected in
the second flotation was mixed with the froths A and B collected in the first flotation. The

collected froth was homogenized with the addition of 10 liters tap water and after that floated
for 8 minutes.
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Figure 1. Schematic presentation of the recycling process flow

Laboratory sheet before flotation (Ad, Bd) and after flotation (Af and Bf) was made from
each suspension. After the laboratory sheets were made after the first flotation the rests of the
suspensions A and B were mixed into the suspension AB which was floated (the second
flotation) under the same conditions as A and B suspension during the first flotation. After the
second flotation the laboratory sheet ABf was made. The froth AB collected in the second
flotation was mixed with the froths A and B collected in the first flotation. The collected froth
was homogenized with the addition of 10 liter of tap water and after that floated for 8
minutes.

By froth flotation the impurities were manually collected separated on the suspension surface.
After the flotation time the whole suspension from the flotation chamber was used for making
the laboratory sheet from froth.

On all the laboratory sheets obtained by the recycling of all four samples the image analysis
was made and the optical characteristics were determined. The optical characteristics were
determined by the spectrophotometric measurements in the visible part of the spectrum of
electromagnetic emission at the wave length of 410- to 700 nm in reflection, according to the
TAPPI 519 standard 96. The measuring results of reflections were mathematically processes
by the program Data Analysis and technical Graphic Origin 6.0 Professional.
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RESULTS AND DISCUSSION

The results of the image analysis are presented in figure 2. The total number and the total
particle surface on laboratory handsheets made during the recycling of cyan, magenta, yellow
and black prints of Navigator paper were identified. Black and cyan laboratory sheets after the
first flotation - Ad and Bd — contain considerably greater number of particles in comparison
with the magenta and yellow sheets. The total surface points that the carbon particles are
greater than the cyan ones. Smaller number of particles in magenta Ad and Bd sheets points at
the supposition that the disintegrated particles of magenta toner are fragmented up to the size
which are either better removed by flotation or which are so small that they pass through the
openings on the screen used for laboratory sheet formation. The efficiency of black particles
removal from the suspension A during the flotation is 91,49%, of cyan particles removal it is
96,9% and magenta particles removal it is 98,3%. After making the sheets Af and Bf, the rests
of A and B suspensions are mixed in order to make the flotation of the AB suspension. By the
image analysis of cyan, magenta and black AB laboratory sheets the decrease of particle
number in relation to Af and Bf sheets was shown. The efficiency of black particles removal
from the suspension AB by the second flotation is 80,7%, for cyan it is 89,05 and for magenta
itis 79,31%.
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Figure 2. Image analysis results of the handsheets

During the flotation of the suspension A, suspension B and the suspension AB the froths were
obtained with the separated particles of toner and fibers. With the increase of fiber share in the
froth their loss increases as well. In order to decrease the fiber loss the flotation of the total
froth collected during the first and the second flotation was made in this investigation. The
image analysis results of the froth handsheet (fh) of each sample presented in figure 2 show
somewhat greater total particle number in relation to the sheet of the same sample after the
first and the second flotation (except with the yellow sample).

This investigation points at the problem of yellow print recycling. Laboratory sheets before
and after the flotations contain approximately the same number of the yellow toner. In the
sheets Af and Bf, made after the first flotation more particles were analyzed in relation to the
sheets before the flotation Ad and Bd. In the sheet after the second flotation, ABf, as well as
in the sheet of froth, the equal number of particles was analyzed. The results point at the more
difficult identification of yellow toner particles in the recycled paper by means of the image
analysis method.
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Figure 3. Classes of the particle sizes identified on handsheets
before the first flotation (Ad) and after the first flotation (Af).

By image analysis, the particle with the size range from 0,001 mm? up to greater than 5 mm?
divided into 25 size classes are identified. In figure 3 the classes of the particle sizes identified
on laboratory sheets before (the sheet Ad) and after (the sheet Af) the first flotation are
presented. Black particles are fragmented by disintegration into the size ranging from 0,001 to
0,002 mm?, cyan up to 0,100 mm” and magenta up to 0,06 mm>. Magenta and cyan toners are
fragmented into the particles of smaller sizes in comparison with the particles of the black
toner. Although the samples of different colours are printed with the same number of signs,
the equal number and size of toner particles of laboratory sheets before flotation was not
identified. The identification of the particles smaller than 0,001 mm® was not possible by
image analysis. The number of the identified magenta particles is considerably smaller in
comparison with cyan and black particles. It is supposed that magenta particles are better
fragmented by disintegration than the carbon and cyan particles, and consequently they are
better removed by flotation (figure 2).

The optical characteristics [8] of the handsheets which confirm the results of the image
analysis have been obtained by spectrophotometric measurements. According to the standard
TAPPI T 452, brightness is the optical characteristic of paper which is connected with the
experience of whiteness caused by the short wave lengths. It is defined by reflection value of
the observed sample on the wave length of 457 nm, at which the reflected light, which passes
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through the blue filter, is measured. The results presented in figure 4 show the brightness
increase of the laboratory sheets after the first flotation, Af and Bf, in relation to the sheets
before the flotation, Ad and Bd. As the particles of the coloured toner are separated from the
suspension during the flotation, so the brightness increases. The brightness of sheets made
after the second flotation, ABf is somewhat greater than the brightness of the sheets made
before the first flotation, Af and Bf. The results of the image analysis of the laboratory sheet
of the froth of all the samples which showed the possibility of fiber usage from the froth
collected by double flotation have been confirmed by measuring the optical characteristics. In
comparison with the sheets after the first and the second flotation the brightness of the froth
sheet of the same sample is smaller. It is supposed that the brightness is influenced by the
inorganic components primarily by calcium carbonate (filler) and titanium(II) oxide (optical
whiteness) except for the toner particles.

1,00 4
0,95 -
0,90 -
0,85 -

whiteness

—
I
f
Ad [
Bd ]

0,80 -
92 % |3 |6 |G 8 Z o 5| g3 g
g TES tE5 G
ke S5 e ke
c c C c
] ®© © ©
< < ~ <
cyan magenta yellow

laboratory handsheet

Figure 4. Brightness of the handsheets, A = 460 nm.

The difference of brightness of the yellow sample before and after the first flotation shows the
removal of the yellow toner by flotation. This result confirms the supposition connected with
the not efficiency of the image analysis for the identification of the number and surface of the
yellow toner particles in the recycled sheets.

The colorimetric CIE Lab values of handsheets for the presentation of the change of colour
experience are presented in figure 5. According to the standard TAPPI T 524 the colorimetric
value:

- L presents the lightness which is 100% for ideal white, i.e. 0% for ideal black;

- a presents the redness when the sign is positive, greenness when it is negative, i.e. grey
when it equals zero;

- b presents the yelowness when the sign is positive, blueness when the sign is negative and
grey when it equals zero.

The lightness increase (figure 5) after the first flotation in regard to the sheet lightness before
the first flotation shows the efficiency of toner particle removal by flotation. Greater lightness
difference is noticeable for cyan, carbon and magenta opposite to the yellow sheets which is
in harmony with the image analysis results. After the second flotation the lightness is
insignificantly increased because of the repeated particle removal. The lightness of froth
sheets is less than the lightness of sheets after the first and the second flotation because of
greater number of the left particles. It can be supposed that in the froth sheet, there is the
greater share of the inorganic components which were not removed by flotation, which
influenced the decrease of lightness.
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Figure 5. Colorimetric values (L, a, b) of laboratory sheets of the colour samples.

CONCLUSION

The recycling efficiency of the Navigator paper printed with the colour laser printer XEROX
PHASER 7700 has been shown by this investigation. The efficiency of the process has been
increased by double stage flotation. The particles of cyan, magenta and carbon toner have
been better removed in regard to the particles of the yellow toner which have been hard for
identification with the image analysis method.

With the increase of flotation efficiency, the optical characteristics of the recycled papers,
primarily the lighteness and brightness have been increased. Colorimetric values “a” and “b”
are decreased, coming near the value of zero which results that the recycled papers made from
cyan, magenta, yellow and black prints are in the area of grey regardless the toner colour.
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STANJE NAPREZANJA U TVRDO LEMLJENOJ BAKARNOJ
KONSTRUKCUJI

STATE OF TENSION IN COPPER BRAZING CONSTRUCTION

Dr sci. Kazafer Be¢ié¢, docent Mirsad Mujagié, dipl. mas. inZ.
MASINSKI FAKULTET ELEKTROREMONT
Univerzitet u Tuzli Banovicéi
Bosna i Hercegovina Bosna i Hercegovina

Strucni c¢lanak / Professional paper

Sazetak: Na osnovi dobivenih rezultata mjerenja temperature u kriticnim to¢kama
konstrukcije, izvrSeno je softversko modeliranje ispitivanih uzoraka metodom konacnih
elemenata. Kao rezultat ovakve analize dobiven je raspored vrijednosti temperatura, pomaka i
naprezanja za svaki ispitivani elemenat pojedina¢no u ravnima x, y i z. Ove vrijednosti su
prikazane u grafickom obliku na svakom modelu.

Klju¢ne rijeci: tvrdo lemljenje, kavez rotora, temperaturno polje, stanje naprezanja

Abstract: Software FEM modeling, in recognition of the acquired temperature measurements
for critical points of construction, of the tested samples was conducted... As result this
analysis is acquire temperature value dispose, stresses and deformation for tested single
samples element in surface x, y and z. These values are also shown graphically for each
model.

Key words: brazing, rotor cage, temperature field, strain condition
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1. EKSPERIMENTALNO ODREDIVANJE TEMPERATURA PRI TVRDOM
LEMLJENJU UZORAKA U ZONI UTJECAJA TOPLOTE

Mjerenje temperature pri tvrdom lemljenju uzoraka izvrSeno je u ,Elektroremont“-u d.d.
Banovi¢i. Lemljenje je izvrSeno na pripremljenim uzorcima sa tri vrste motora, koji rade u
razli¢itim uslovima eksploatacije, sa po tri vrste srebrnog lema. Temperaturno polje pri
procesu tvrdog lemljenja je nestacionarno [02], te je mjerenje temperature u obiljeZenim
tackama uzoraka otezano. Da bi se dobila priblizno ta¢na slika temperaturnog polja, za
mjerenje temperature pri tvrdom lemljenju uzoraka kao temperaturni osnov uzeta je tacka
topljenja dodatnog materijala. Zbog dobre toplotne provodljivosti bakra, na svim uzorcima
mjerenje temperature izvrSeno je za svaku mjernu taCku na novom Stapu, te su dobiveni
rezultati uporedivi [03]. Bezkontaktni termometar za mjerenje temperature pri tvrdom

lemljenju prikazan je na slici 01.

Distance To Spot Size

Slika 01. — Mjerenje temperature pri tvrdom lemljenju Stapa i kratkospojnog prstena

bezkontaktnim termometrom tipa Raynger MX2.

1.1. Rezultati mjerenja temperatura pri tvrdom lemljenju uzoraka visokonaponskog
asinhronog motora 500 kW

Rezultati mjerenja temperatura pri tvrdom lemljenju uzoraka (slika 02.) za tri razli¢ite vrste
dodatnog materijala — srebrnog lema, dati su u tabelama 01., 02. i 03., a uporedne vrijednosti
izmjerenih temperatura na Cetiri Stapa prikazane su na dijagramima 01., 02. i 03.

298



c) d)
Slika 02. — Uzorci visokonaponskog asinhronog motora 500 kW, Cementara Kakanj:

a) uzorak prstena, b) uzorak stapa,c) pripremljeni uzorci za tvrdo lemljenje,
d) zalemljeni uzoratk.

Tabela 01. - Temperature pri tvrdom lemljenju uzoraka 500 kW srebrnim lemom 4404.

500 kW — Cementara Kakanj — Uzorak I - Srebrni lem 4404
& Izmjerene vrijednosti temperatura u Stapu [K]
ap
1 2 3 4 5 6 7 8 9 10
A 1011 972 | 946 | 911 | 839| 801 | 771 | 746 | 722 | 673
B 102511001 | 980 | 961 | 913 | 861 | 803 | 758 | 723 | 706
C 1038 | 1005 | 985 | 972 | 923 | 863 | 809 | 771 | 745| 739
D 1036 | 1001 | 973 | 953 | 923 | 861 | 807 | 756 | 742 | 725
41200

< 1000 - _

@| 800 T seeA

3 —s—Stap B

&| 600 .

g 400 Stap C

§ —«—Stap D

=1 200

1 2 3 4 5 6 7 8 9k 10
Broj miernih tacaka, [cm] g

Dijagram 01. — Uporedni dijagram temperatura pri tvrdom lemljenju uzoraka 500 kW

srebrnim lemom 4404.

299



Tabela 02. - Temperature pri tvrdom lemljenju uzoraka 500 kW srebrnim lemom 4003.

500 kW — Cementara Kakanj — Uzorak II - Srebrni lem 4003
. Izmjerene vrijednosti temperatura u $tapu [K]
Stap
1 2 3 4 5 6 7 8 9 10
A 911 | 875| 859 823 | 775( 763 | 744 | 723 | 701 | 643
B 898 | 878 855] 829| 780 | 761 | 743 | 728 691] 623
C 908 | 872| 851 822 772| 762 | 743| 716| 673 | 603
D 913 | 883| 863 | 833 | 753 733| 708| 698 | 683| 675
A1000
AN G i
Z| 800 T | [ Swpa
©
5| 600 N . Stap B
©
g | 400 Stap C
E 'Y
© | 200 Stap D
1 2 3 4 5 6 7 8 9 10
Broj mjernih tacaka, [cm] -

Dijagram 02. — Uporedni dijagram temperatura pri tvrdom lemljenju uzoraka 500 kW

srebrnim lemom 4003.

Tabela 03 - Temperature pri tvrdom lemljenju uzoraka 500 kW srebrnim lemom 3003.

500 kW — Cementara Kakanj — Uzorak III - Srebrni lem 3003
N Izmjerene vrijednosti temperatura u Stapu [K]
Stap
1 2 3 4 5 6 7 8 9 10

A 957 933 | 914 | 863 | 839 794 | 763 | 745| 723 | 696
B 963 | 945| 910| 839 803 772| 742| 713 | 685| 665
C 953 | 943 | 908 | 833 801 763| 738]| 713 | 693 | 673
D 988 | 953 | 921 | 866| 843 | 808| 773| 756| 728 | 693

A1200

< [1000 g _

é‘ 500 = y'\\’.\ o —e—Stap A
@ T  "TY—s_ .| .

5 T~ | |—a—StapB
T | 600 N

g 400 Stap C
5 Stap D
= | 200

0 —

123456789‘10

Broj mjernih tacaka, [cm]
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Dijagram 03. — Uporedni dijagram temperatura pri tvrdom lemljenju uzoraka 500 kW
srebrnim lemom 3003.
2. ODREPIVANJE STANJA NAPREZANJA NA SPOJU STAPA I
KRATKOSPOJNOG PRSTENA PRIMJENOM SOFTVERSKE PODRSKE

Jednacine za analizu provodenja toplote su primjenljive [01] u oblasti rijeSavanja problema
kao Sto je: torzija, elektri¢na konduktivnost, analiza elektrostatickih polja, curenja materijala
itd. Programi konac¢nih elemenata za analizu termickih efekata (ADINA-T- Report ARD 00-
8) mogu biti upotrijebljeni za generiranje temperature za naponsko-deformacisku analizu (sa
programom ADINA- Report ARD 00-7) [04]. Ovdje je razmatrana klasa problema u kojem
termalni efekti imaju utjecaj na konstrukciona rjeSenja ali ne i obrnuto. RijeSenje potpuno
uparenih termomehanickih problema moze biti ostvarena sa modelom ADINA-TMC (TMC -
termomehanicka povezanost).U ovu klasu spadaju rjeSenja termiCkih problema koji mogu
imati utjecaj na konstrukciona rijeSenja (naprezanje-deformacija) i gdje rjeSenja naprezanje-
deformacijske analize imaju efekte na termicka rjeSenja [05]. Termomehanic¢ki problemi
mogu ukljuciti sljedece efekte:

* Interno generisanje toplote zajedno sa plastiénim deformacijama materijala,

* Prenos toplote kontaktnih tijela (slika 03.),

» PovrSinsko generisanje toplote nastale trenjem kontaktnih povrSina.

Tijelo 2

Slika 03. — Prenos toplote kontaktnih tijela [05].

Plasticne deformacije sa internim generisanjem toplote po jedinici zapremine Q) se

izraCunavaju (samo za 2D ili 3D elemente) jednacinom:
0, =7 D’ @.1)
U relaciji su:
T - tenzor Kosijevih naprezanja (interne sile tijela po jedinici zapremine)
D” - tenzor brzina plasti¢nih deformacija

o - je parametar 0 <@ <1

Prenos topline izmedu kontaktnih tijela je prema ranije navedenoj jednacini:
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g’ =h6,-0%) [wj 2.2)
a toplota koja ulazi u kontaktno tijelo / je:
gl =h©’ -0") [wj 2.3)
U relaciji su:
h - koeficijent prenosa topline kontakta [ W/(m°K)]
0’ i 6" - temperature kontaktnih povrsina tijela /K]
Ako je 7 vrlo veliko tada jednaina ima oblik 6= 6" .
Generisanje toplote, usljed trenja po jedinici vremena, u kontaktu ¢vora G se izraCunava
primjenom jednacine:
qd =F,- & 2.4)
U relaciji su:

F; - sila trenja na kontaktu /NJ

& relativna brzina tijela u tacki kontakta [m/s]

3. GRAFICKI PRIKAZI STANJA NAPREZANJA NA MODELU
VISOKONAPONSKOG ASINHRONOG MOTORA SNAGE 500 kW

Unose¢i dobivene podatke prilagodene softverskom paketu ADINA dobit ¢e se velicine

naprezanja za pojedine modele €iji su rezultati prikazani na slici 04.

a8 HEHGHE RS (HELCHE T IESE LI
R | T R AR LS R | T R A AN S . $REN Soiiinl 3R

2 2
Z3 Z3
<t <!
a) Naprezanje u ravni xx b) Naprezanje u ravni Xy ¢) Naprezanje u ravni xz
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f) Naprezanje u ravni zz

Slika 04. - Graficki prikazi rezultata dobivenih softverskim paketom ADINA na modelu

uzoraka motora snage 500 kW, tvrdo lemljenim dodatnim materijalom oznake 4404.

Tabela 04. — Tabelarni prikaz maksimalnih naprezanja u zalemljenom spoju.

“ ) “ . Rava
Cvrstoca Cvrstoca Oznaka Max .
Snaga n Max B . Max sila
osnovnog dodatnog lema . pomijeranje . .
motora . . napre naprezanje ; i1stezanja
materijala materijala 1S0O9%001 . u z ravni
zanja
[kW] [Pa] [Pa] 10°[Pa] [mm] N]
XX 99,29
Xy 87,23
460x10° 4404 Xz 3715 1 0,01283 39.100
vy 171,00
yz 110,00
7z 121,60
XX k133
Xy 72,92
500 400x10° 470x10° 4003 Xz 3120 | 01078 49.500
yy 143,40
yz 92,16
7z 103,70
XX 91 R1
XV {127
400x10° 3003 Xz 36T 001197 26.300
AVAYS 159.50
vZ 102.60
7z 114,10
4. ZAKLJUCAK
Na osnovu provedene analize rezultata istrazivanja utvrdeno je da u eksploataciji

visokonaponskog asinhronog kaveznog motora je termicki najugroZeniji rotor motora,
odnosno kavez rotora. Pove¢ana termicka naprezanja su posljedica Cinjenice da se pretvorba

elektricne energije u mehanicku upravo vrsi u rotoru motora. Ovo je posebno izrazeno kod
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preopterecenih motora 1 motora koji imaju teSko pokretanje, tj, kod pokretanja radnih
mehanizama velikih zamasnih masa.

Oblik spoja Stapa namota rotora znatno uti¢e na veli¢inu i pravac djelovanja naprezanja. Kod
motora snage 500 kW veza Stapa 1 kratkospojnog prstena je u obliku “U” spoja. Maksimalno
naprezanje je u xx ravni za sve koriStene vrste lemova. Najvece naprezanje je kod spoja
zalemljenog srebrom, kvalitete 4404, zbog njegove visoke tacke topljenja.

Iz tabele 04. je vidljivo da su izracunata naprezanja u svim ravnima manja od dozvoljenih
naprezanja osnovnog 1 dodatnog materijala

Poredenjem maksimalnih vrijednosti naprezanja u svih Sest ravni tenzora za razliCite vrste
srebrnog lema ispitivanih uzoraka, dolazi se do zakljuaka da uzorci tvrdo lemljeni sa

srebrnim lemom kvaliteta 4003 imaju najmanje naprezanje u svih Sest ravni.
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PRIMJENA CELIKA MARAGING ZA IZRADU KALUPA

THE USE OF MARAGING STEELS FOR THE
MANUFACTURE OF MOULDS
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Sazetak: Zbog niza dobrih svojstava ¢elicit MARAGING danas se uspjesno upotrebljavaju za
izradu raznih kalupa. U radu su predstavljene opce karakteristike te je dan pregled postojecih
celika MARAGING. Budu¢i da je osnovni prigovor tim Celicima razmjerno niska opcéa
otpornost na troSenje, diskutirana je mogucnost i predstavljeni su vlastiti rezultati primjene
postupaka modificiranja i prevlacenja povrsine a u svrhu povisenja otpornosti na trosenje.

Kljucne rijeci: celici MARAGING, kalupi, ukovnji, inZenjerstvo povrSina

Abstract: Due to their favourable properties, MARAGING steels are successfully used for
the manufacture of various moulds. The paper presents an overview of existing MARAGING
steels and gives their general properties. Since the main drawback of these steels is their
relatively low wear resistance, the feasibility of surface modification and coating in order to
increase wear resistance is discussed. Also, the results of the applied modification and coating
processes are presented with special focus on the increase in wear resistance.

Key words: MARAGING steels, moulds, dies, surface engineering
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1. UVOD

Niskouglji¢ni 1 visokolegirani ¢elicit MARAGING dio su legirnog sustava Fe-Ni-Co, s
dodatkom legiraju¢ih elemenata Mo, Ti, Al. Za primjenu u korozijski agresivnom okolisu
dodaje im se i1 Cr, pa nastaju legirni sustavi Fe-Ni-Cr ili Fe-Ni-Co-Cr [1, 2]. Ovi celici
razvijeni su pocetkom 60-tth godina proSlog stolje¢a kao visokocvrsti konstrukcijski
materijali za potrebe zrakoplovne i svemirske tehnike (npr.: pogonska osovina elise, okvir
pilotskog sjedala, spremnik za tekuce gorivo, oklopi itd.). U alatnoj primjeni MARAGING
Celika dolazi do izraZaja niz njihovih prednosti u odnosu na ostale alatne materijale [1-4]:

- visoka zilavost i visoka pukotinska zilavost uz vrlo visoku ¢vrstoc¢u

- visoka otpornost na toplinski umor

- nizak sadrzaj ugljika (< 0,03%C) ne zahtijeva zastitu pri toplinskoj obradi (rastvornom
zarenju 1 precipitacijskom o¢vrsnucu - starenju), tj. nema opasnosti od razugljienja i
oksidacije povrsine

- prokaljivost se i u najve¢im dimenzijama postize sporim hladenjem s temperature
rastvornog zarenja zbog ¢ega je bitno smanjen rizik pojave deformacija i pukotina
izazvanih temperaturnim razlikama po presjeku alata

- dobra zavarljivost

- dobra obradljivost elektroerozijom

- obradljivost odvajanjem cestica i/ili deformiranjem u hladnom stanju nakon gasenja
omogucuje izradu alata na zavrSne mjere prije zavrSne toplinske obrade (starenja)

- pri rastvornom zarenju i hladenju moze se ocekivati skracenje do oko 0,1 %, a pri
zavrs$noj toplinskoj obradi (starenju) prakticki ne dolazi do bitnih deformacija.

Glavni nedostatak MARAGING celika u odnosu na ostale visokolegirane alatne celike
jest u njithovoj niZoj postizivoj radnoj tvrdo¢i (50 do najviSe 57 HRC) pa time i niskoj
otpornosti na trosenje. Zbog nize tvrdo¢e MARAGING celici nisu prikladni za rezne alate vec¢
za izradu kalupa (za tlacni lijev, za preradu polimera), ukovnja i alata za oblikovanje [2, 3].
Relativno visoka cijena MARAGING celika (skuplji su oko 3 do 5 puta od klasicno
proizvedenih visokolegiranih alatnih celika) u suvremenoj alatnicarskoj industriji danas se
viSe ne moZze smatrati znacajnijim nedostatkom obzirom na slicne cijene alatnih celika
proizvedenih metalurgijom praha.

Za poviSenje otpornosti na troSenje u stru¢noj se literaturi uobicajeno preporucuje
primjena samo nitriranja 1/ili nitrokarburiranja [4-6]. Medutim logi¢no se namece ideja
istrazivanja primjene i ostalih toplinsko kemijskih postupaka (cementiranja, boriranja) kao i
postupaka prevlacenja.

U ovome radu ¢e se ukratko opisati toplinska obrada ¢elika MARAGING njihova
svojstva 1 primjena u izradi alata. Prikazati ¢e se vlastiti rezultati ispitivanja prikladnosti
toplinsko kemijskih obrada (nitriranja, nitrokarburiranja, cementiranja i boriranja) i postupaka
prevlacenja povrsine u cilju povisenja otpornosti na trosenje [7-11].

2. OCVRSNUCE, TOPLINSKA OBRADA, KLASIFIKACIJA I SVOJSTVA
MARAGING CELIKA

Dijagrami stanja Fe-Ni i ovisnosti tvrdoce u rastvorno zarenom stanju o %Ni u ¢eliku
(slika 1) mogu posluziti za shvac¢anje mehanizma oc¢vrS¢ivanja MARAGING celika. 1z slike
la. proizlazi da ¢e se legura s oko 18 % Ni nalaziti u monofaznom austenitnom podrucju
iznad temperature 650 °C (uobicajeno je temperatura austenitizacije-homogenizacije oko 820
°C). Uz navedeni %Ni legura daje najvecu tvrdo¢u nakon hladenja (slika 1.b). Ohladivanjem
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ovako zarenog MARAGING c¢elika (dovoljno je 1 sporo hladenje na zraku) na temperaturi
oko 250 °C pocinje stvaranje niskouglji¢énog nikl-martenzita koji je prezasi¢ena otopina Co,
Mo, Ti i Al u legirnom sustavu Fe-Ni-(Co). Pretvorba austenita u nikl-martenzit zavrsava na
temperaturi oko 200 °C pa bi takva struktura trebala biti bez zaostalog austenita. Nikl-

martenzit izvrsno je obradljiv odvajanjem cestica i deformiranjem, a zbog niskog sadrzaja
ugljika moze se zavarivati.
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Slika 1. a) Realni dijagram stanja Fe-Ni [12]
b) Ovisnost tvrdoc¢e gasenja Fe-Ni legura o %Ni (uz dodatke Co, Mo, Ti, Al) [13]

Rastvorno zarenje MARAGING celika provodi se u ¢elicani, dok proizvodac strojnog
dijela ili alata, nakon potrebnih obrada “na to¢ne mjere”, provodi samo zavr$nu toplinsku
obradu (starenje). Starenje se uobicajeno provodi u pedima bez zaStitne atmosfere na
razmjerno niskim temperaturama (oko 500 °C) i sporim hladenjem pri ¢emu prakticki ne
dolazi do deformacija. Tijekom starenja dolazi do izlu¢ivanja mnoStva fino dispergiranih
precipitata intermetalnih spojeva (npr.:NizAl, NisTi, Fe,Mo, FeCr, Fe;Mog) u bezugljicnom
nikl martenzitu. Time se Celiku povisi tvrdo¢a s 280 do 380 HV na oko 500 do 650 HV uz
razmjerno dobru deformabilnost i vlaénu &vrstoéu (do 4200 N/mm?)[1-5]. Slika 2 prikazuje
shematski tijek toplinske obrade c¢elika MARAGING.
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Slika 2. Shematski prikaz postupka toplinske obrade MARAGING celika [3]

Vrijednosti mehanickih svojstava (Rm, Rpo2 1 As) ovisnih o udjelima legirnih elemenata nakon
ispravno provedene toplinske obrade orjentacijski se mogu izracunati prema sljede¢im
izrazima [13]:

R, (N/mm?) = 775 + 37,5 (%Co) + 158,5 (%Mo) + 322.5 (%Ti) (1)
Ry (N/mm?) = 262 + 61 (%Co) + 155 (%Mo) + 600 (%Ti) )
As (%) = 36 - 2,4 (%Co0) - 0,6 (%Mo) 5,2 (%Ti) (3)

Iz njih je vidljivo da titan najznacajnije pridonosi o¢vrsnuéu MARAGING celika, ali
istovremeno i najvise snizava duktilnost pa se stoga njegov sadrzaj ograni¢ava na najvise 2 %.

U tablici I. navedeno je nekoliko alatnih ¢elika MARAGING podijeljenih u tri skupine [3]:
a) cCelici za rad do temperature 425 °C:
X 3 NiCoMo 1885, X3 NiCoMo 1895, X2 NiCoMoTi 18 12 4
b) Celik za rad do temperature 600 °C:
X 2 NiCoMo 12 8 8
c¢) celici povisene korozijske postojanosti:
X 1 CrNiCoMo 9103, X 1 CrNiCoMo 1385, X2 CrNiCoMo 1285

MARAGING ¢elici za rad do temperature 425 °C imaju razmjerno nisku otpornost na
povisene temperature jer ve¢ pri temperaturi 500 °C dolazi do ponovnog stvaranja austenita
[14] Sto snizava radnu tvrdocu i ¢vrstocu alata. Stoga se ovi ¢elici primjenjuju za alate za rad
u hladnom stanju i pri nizim radnim temperaturama, npr. [3]:

- kalupi za preradu polimera

- kalupi za tla¢ni lijev silumina

- kalupi za tlacni lijev legura cinka

- zigovi za ekstrudiranje olovnih plastova kablova

- alati za tla¢no istiskivanje Al legura

- matrice 1 Zigovi za hladno kovanje tijela i glava vijaka.
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Tablica I. Alatni MARAGING C¢elici [3]
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MARAGING ¢elik za rad do temperature 600 °C (X 2 NiCoMo 12 8 8) ima sniZeni
udjel Ni u odnosu na celike s 18 % Ni, pa ga treba rastvorno zariti na viSim temperaturama
(oko 900 °C) (slika 1.a) i stariti pri temperaturama oko 625 °C. Poviseni sadrzaj Mo (s 5 na 8
%) takoder povoljno utjece na poviSenje tvrdoce pri starenju dodatnim izlu¢ivanjem pecipitata
NizMo. Zbog poviSene otpornosti na temperature do 600 °C i dobre otpornosti na toplinski
umor ovaj se ¢elik moze preporuciti za dijelove kalupa za tla¢ni lijev aluminijskih legura [3].

MARAGING C¢elici poviSene korozijske postojanosti imaju nesto nizi sadrzaj Ni (8
do 10 %) 1 Co (3 do 5%) i sadrze izmedu 9 do 13 % Cr (nositelj korozijske postojanosti).
Dodavanje Cr snizilo je évrstoéu (na oko 1600 N/mm?), granicu razvlagenja (na oko 1500
N/mm?) i tvrdoéu, a takoder je izazvalo 1 sniZenje temperatura pocetka (M) 1 zavrSetka (My)
stvaranja nikl-martenzita. Stoga kod ovih ¢elika postoji moguénost pojave zaostalog austenita
nakon gaSenja 1 eventualna potreba za dubokim hladenjem. MARAGING celici
visokolegirani kromom mogu se preporuciti za izradu dijelova kalupa za preradu korozijski
agresivnih polimera.

3. VLASTITA ISPITIVANJA POVISENJA OTPORNOSTI NA TROSENJE
MARAGING CELIKA

Niska otpornost na troSenje MARAGING celika jedan je od jacih prigovora njihovoj
primjenjivosti za kalupe i ukovnje. UobiCajeno se preporuca nitriranje MARAGING celika
[1-7]. U nastavku ¢e biti predstavljeni vlastiti rezultati istrazivanja moguénosti primjene
boriranja, cementiranja te naknadnog prevlacenja povrSina TiN [10-11].
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3.1. Opis provedenih ispitivanja

Ispitivanjem je obuhvacen celik MARAGING 14-10-5 (MARLOK C1650 [15]) ¢iji
kemijski sastav prikazuje tablica II. Tablica III prikazuje provedene toplinske obrade:
nitrokarburiranje, nitriranje, pougljicavanje 1 boriranje s uobicajenim sredstvima i
parametrima obrade.

Tablica II. Kemijski sastav ispitivanog ¢elika MARAGING 14 10 5

Y%

C | Si | Mn P S Cr | Mo | Ni V |Al [Cu | Ti [Nb| N B | Co

0,01 | 0,88 | 0,087 | 0,003 | 0,002 | 0,11 | 4,81 | 13,60 | 0,024 | 0,14 | 0,08 | 0,17 | 0,10 | 0,013 | 0,002 | 9,50

Tablica III. Toplinska obrada pokusnih uzoraka od ¢elika MARAGING 14 10 5

Parametri toplinske obrade

o e § Stareno pri 500 °C/4h
g % EN Nitrokarburirano postupkom TENIFER pri 580 °C/4h
Z 5 S Tonski nitrirano pri 500 °C/72h
S22 Tonski nitrirano pri 500 °C/20h
Q lonski nitrirano pri 500 °C/20h + prevlaceno PVD postupkom pri 450 °C/70 min.

Pouglji¢eno u granulatu Degussa KG 6 pri 900 °C/4h + stareno pri 500 °C/4h

Borirano u prasku EKABOR 2 pri 900 °C/4h + stareno pri 500 °C/4h

Utjecaj toplinsko kemijskih obrada na svojstva celika MARAGING 14 10 5
procjenjivan je dobivenom mikrostrukturom, ispitivanjem rasporeda tvrdo¢e po poprecnom
presjeku i triboloskim ispitivanjima (troSenje: abrazijom, erozijom i adhezijom). Slike 3 do 8
prikazuju rezultate mikrostrukturnih ispitivanja i ispitivanja tvrdoce. Ispitivanje otpornosti na
troSenje abrazijom provedeno je na uredaju suhi pijesak-gumeni kota¢ (kvarcni pijesak
Ottawa 50/70) uz silu pritiskanja od 45 N, a slika 9. prikazuje dobivene rezultate. Istim
pijeskom provedena su i ispitivanje troSenja erozijom uz kut sudaranja pijeska s ispitnim
uzorkom od 90°, a rezultate prikazuje slika 10. TroSenje adhezijom provedeno je s tarnim
prstenom od zakaljenog celika uz silu pritiskanja od 100 N pri ¢emu su odredivane vrijednosti
faktora trenja (slika 11). Detalji o provedenim ispitivanjima opisani su u radovima [10-11].

3.2. Rezultati i analiza rezultata
Utjecaj pougljicavanja na svojstva ¢elika MARAGING

Pougljicavanjem celika MARAGING 14 10 5 postignute su znacajne dubine
pougljicenja (ukupna dubina oko 0,8 mm). U rubnoj se zoni nakon hladenja s temperature
pougljicenja (rastvornog zarenja) postize visokouglji¢ni martenzit (uz vjerojatnu prisutnost
zaostalog austenita) povisene tvrdoce. Dok se naknadnim starenjem povisila tvrdoc¢a jezgre,
tvrdoca ruba se snizila. Iako je ukupno povisenje tvrdoce ruba svega za 80 HV postize se visa
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otpornost na troSenje abrazijom (slika 5) 1 nizi faktor trenja [10, 11]. Unato¢ postignutom
poboljSanju u otpornosti na troSenje abrazijom i adhezijom, treba upozoriti na moguce
negativne posljedice, a koje proizlaze iz sljede¢ih Cinjenica:

- Realno je za pretpostaviti da ¢e tijekom hladenja s temperature pougljicavanja nastanak
uglji¢nog martenzita izazvati dodatne deformacije.

- Zbog povisene tvrdoce rubnog sloja (oko 700 HV) nije moguce celik obraditi klasicnom
obradom odvajanjem Cestica. Time se gubi jedna od znacajnih prednosti ovih Celika tzv.
“bezdeformacijska” toplinska obrada.

800 —

pougljiceno pri 900°C/4h
i stareno pri 500°C/4h

600 e —
Y,ﬁ—é— B & — —R

pougljiteno pri 900°C/4h
400 I~

Tvrdoda HV 1

200

0 0.2 0.4 0.6 0.8 1
Udaljenost od ruba, mm

Slika 3. Raspored tvrdo¢e u rubnom sloju pougljicenih ispitnih uzoraka od
celika MARAGING 14-10-5

Utjecaj boriranja na svojstva elika MARAGING

Boriranjem celika MARAGING 14 10 5 uobicajenim sredstvima i parametrima
dobiveni su boridni slojevi zadovoljavaju¢e debljine (oko 50 pum) i visoke tvrdoce (znatno
iznad 1000 HV0,5) (slika 4). Takav sloj pokazao je visoku otpornost na troSenje erozijom i
viSu otpornost na troSenje abrazijom cak i od vrlo otpornog ledeburitnog celika za hladni rad
(slike 5 i1 6), §to je u skladu s [10, 11]. Unato¢ tome, treba uociti i probleme u primjeni
boriranja ovih Celika: zbog pojave mekog jarka ispod boridnog sloja, prisutnosti poprecnih
pukotina u sloju te opasnosti od nedozvoljenih promjena dimenzija. Zbog visoke tvrdoce
nakon boriranje (prije starenja) nije moguce izvesti korekciju dimenzija pa se gubi vazno
svojstvo “bezdeformacijske toplinske obrade”.

357



2000 =

1600
. B ) .
o t  Borirano 900°C/4h
Z 200 I }  +stareno 500°C/4h
L1}
8 - %A/
S) 4
€ s00 |- . 0
2 Borirano 900°C/4h
I b G e T <
400 |~
= ]
O L I L I L I L I L I
0 0.04 0.08 0.12 0.16 0.2

Udaljenost od povrsine, mm

Slika 4. Mikrostruktura i raspored tvrdo¢e u rubnom sloju boriranih ispitnih
uzoraka ¢elika MARAGING 14-10-5 [11]
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Slika 5. Gubitak mase pri abrazijskom troSenju na ispitnim uzorcima od celika
MARAGING 14-10-5 s 1 bez modificiranja povrSine u usporedbi s troSenjem
uzoraka od visokolegiranog alatnog ¢elika X155CrVMol2 1 [10, 11]
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Slika 6. Gubitak mase pri erozijskom troSenju na ispitnim uzorcima od celika
MARAGING 14-10-5 s 1 bez modificiranja povrSine [11]

Utjecaj nitriranja (nitrokarburiranja) na svojstva ¢elika MARAGING

Celik MARAGING 14 10 5 dade se uspjesno nitrokarburirati postupkom TENIFER,
nitrirati postupkom u plazmi, kao i prevuéi slojem TiN na nitriranu podlogu (slike 7 1 8).
Nitrokarburiranjem postupkom TENIFER dobiva se zona spojeva, a ovisno o primjenjenim
parametrima ionskog nitriranja moguce je prema Zelji dobiti zonu spojeva (ili ne). U svim
slu¢ajevima postignuta je i difuzijska zona manjih dubina od onih kod uobicajenih celika.
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Slika 7. Mikrostruktura i raspored tvrdoc¢e u rubnom sloju ispitnih uzoraka od celika
MARAGING 14-10-5 nitriranih u plazmi i nitrokarburiranih u solnoj kupki

TENIFER [11]
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Izrazito loSe ponaSanje nitrokarburiranog Celika pri erozijskom (slika 6) kao 1 pri
abrazijskom troSenju posljedica je utjecaja visoke temperature nitrokarburiranja (580 °C) §to
je dovelo do prestarijevanja jezgre (snizenje tvrdoce podloge 1 ukupne tvrdoce sloja) [10, 11].
Nesto bolje rezultate u tom pogledu pokazuju ionski nitrirani uzorci. Unato¢ postignutom
nizem faktoru trenja nitrokarburiranjem (slika 9) u odnosu na nitriranje u plazmi, ovaj se
postupak ipak ne preporuca =za primijenjeni CcCelik zbog previsoke temperature
nitrokarburiranja (starenja).

Posebno treba istaknuti nitrirani uzorak prevucen 1,8 um debelom prevlakom TiN
(postupkom PVD) koji je dao visoku otpornost na troSenje erozijom i iznimno niski faktor
trenja (visoka otpornost na troSenje adhezijom).
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Slika 8. Mikrostruktura i raspored tvrdo¢e u rubnom sloju uzoraka od ¢elika MARAGING 14-
10-5 nitriranih u plazmi i prevucenih slojem TiN postupkom PVD [11]
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Slika 9. Faktor trenja odreden pri ispitivanjima adhezijskog troSenja ispitnih uzoraka
od ¢elika MARAGING 14-10-5 s 1 bez modificiranja povrSine [11]
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4. ZAKLJUCAK

Povoljna mehanicka i tehnoloska svojstva 1 prakticki "bezdeformacijska toplinska
obrada" omogucuju uspjesnu primjenu alatnih ¢elika MARAGING u izradi kalupa za preradu
polimera i polimernih kompozita, kalupa za tlacni lijev, ukovnja, zigova i matrica 1 sl.
nerezajucih alata. Osim osnovne skupine alatnih MARAGING celika s 18 % Ni razvijene su i
dvije posebne skupine: za poviSene radne temperature do 600 °C i za alate izlozene koroziji.

U cilju povecanja uobicajeno slabe otpornosti na troSenje MARAGING celika
ispitivanja su potvrdila da se ovi celici mogu toplinsko kemijski obraditi: nitriranjem,
nitrokarburiranjem, boriranjem i pouglji¢avanjem (cementiranjem).

Unato¢ tome §to se je pougljiavanjam (cementiranja) postiglo povisenje otpornosti na
abraziju, zbog opasnosti nedozvoljenih promjena dimenzija i oblika (sli¢no kao u slucaju
boriranja) i znatno otezane obrade odvajanjem Cestica prije starenja (i time gubitka znacajne
prednosti) ovaj se postupak ne moze preporuciti za modificiranje povrsina ovih Celika.

Postupkom boriranja znafajno se povecavaju otpornost na troSenje abrazijom i
erozijom, ali prisutne poprecne pukotine u boridnom sloju, promjena dimenzija i gubitak
“bezdeformacijske toplinske obrade” za sada ovaj postupak takode ¢ine neprikladnim u izradi
alata.

Nitrokarburiranje postupkom TENIFER ¢ini se takoder neprikladnim (za uobicajene
MARAGING celike) zbog visoke temperature nitriranja (580 °C). Nitriranje u plazmi
ioniziranih plinova najprikladniji je postupak u obradi ¢elika MARAGING jer temperatura
nitriranja moze biti po zelji niza (ili jednaka) optimalnoj temperaturi starenja pa se tijekom
nitriranja istovremeno moze provesti i starenje. lako nitriranjem u plazmi nisu postignuta
znaCajna poboljSanja u pogledu otpornosti na troSenje abrazijom, erozijom ili adhezijom,
treba ocekivati da ¢e se primjenom drugih parametara postupka omoguditi i takve
karakteristike sloja koji ¢e dati viSu otpornost na trosenje. Osim toga nitriranjem se postizu i
neka druga povoljna svojstva kao §to su poviSenje otpornosti na toplinski umor, povisenje
korozijske postojanosti i poviSenje otpornosti naljepljivanju rastaljene preradivane smjese. To
sve upucuje na opravdanu primjenu ovog postupka u izradi kalupa za preradu polimera i
metala izradenim od celika MARAGING.

Dobivena znatna poboljSanja u otpornosti na eroziju i adheziju ¢elika MARAGING 14
10 5 koji je nakon nitriranja u plazmi bio prevucen slojem TiN upucuju na mogucu primjenu
ove kombinacije postupaka u izradi kalupa kod kojih se trazi povecana otpornost na troSenje.
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SVOJSTVA I PRIMJENA SLOJEVITIH POLIMERNIH KOMPOZITA U
ZRAKOPLOVSTVU

Danko Cori¢, Zdravko Schauperl, Daniel Filkovi¢
Fakultet strojarstva i brodogradnje, Ivana Luci¢a 5, Zagreb, Hrvatska

Strucni ¢lanak / Professional paper

Sazetak: Kompozitni materijali danas zauzimaju sve znacajnije mjesto u zrakoplovnoj
industriji. Medu nizom razliCitih vrsta svakako treba istaknuti slojevite kompozite ili laminate
koji se ucestalo primjenjuju u izradi brojnih elemenata zrakoplovnih konstrukcija.

U ovom radu prikazani su rezultati ispitivanja slojevitog kompozita epoksidne matrice
ojaCane staklenim odnosno ugljicnim vlaknima s ciljem izbora materijala za konstrukciju
bespilotne letjelice "Marica". Prednost ovih laminata je ¢vrstoa i1 krutost uz istovremeno
nisku gustocu iz ¢ega proizlaze izrazito povoljna specifi¢na svojstva (omjer ¢vrstoce i gustoce
te modula elastiCnosti 1 gustoce). Vrijednosti specificne ¢vrstoce 1 specificne krutosti
odredene su gradom laminata, u prvom redu vrstom materijala ojacala, ali i ploSnom masom
tkanine 1 oblikom njenog tkanja kao i udjelom konstituenata u laminatnoj strukturi. Kompoziti
ojacani staklenim tkaninama "twill" tkanja, vrlo ujednaenih mehanickih svojstava, pokazali
su se podesnim za izradu oplate letjelice dok su ¢vrséi uglji¢ni laminati ojacani tkaninom
usmjerenog tkanja prikladniji za ramenjace koje moraju biti ¢vrste i1 krute, uz uvjet polaganja
tkanja u smjeru najvec¢ih naprezanja ramenjace.

Kljuéne rijefi: polimerni kompozit, epoksidna smola, staklena vlakna, ugljicna vlakna,
bespilotna letjelica, specificna ¢vrstoca, specifi¢na krutost
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1. UVOD

Proizvodaci neprekidno nastoje poboljSati performanse civilnih i vojnih zrakoplova
poboljsavajuci svojstva ve¢ postojecih materijala i razvijaju¢i nove materijale. Polaze¢i od sve
zahtjevnijih karakteristika zrakoplova u pogledu veli¢ine, teZine, brzine, nosivosti, sigurnosti i
trajnosti postavljaju se brojni zahtjevi na konstrukcijski materijal. Opéenito, materijal mora
biti:

S$to manje mase odnosno male gustoce;

Sto viSe granice razvlacenja i ¢vrstoce;

Sto viSe krutosti tj. visokog modula elasti¢nosti;

Sto viSe otpornosti na umor, $to vise dinamicke izdrzljivosti;

Sto viSe otpornosti na naglo Sirenje pukotina, Sto vise lomne Zilavosti;

Sto viSe otpornosti na koroziju (napetosnu i ljustenje);

Sto viSe mehanicke otpornosti pri poviSenim i visokim temperaturama — otpornost na
puzanje;

8. otporan na gorenje.

NNk W=

Na temelju postavljenih zahtijeva i trazenih svojstava pristupa se izboru materijala. Izbor se
provodi kroz proces optimiranja pri ¢emu je potrebno pronaéi optimum pozeljnih svojstava.
Vrlo ¢esto materijali visoke ¢vrsto¢e imaju losSija neka druga svojstva pa se pri izboru materijala
trazi kompromisno ispunjenje vise razli€itih zahtijeva.

Jedno od najvaznijih svojstava materijala zrakoplovnih konstrukcija svakako je
njegova Sto manja masa S$to se postize uporabom materijala niske gustoce. Na taj nacin
smanjuje se tezina zrakoplova uz istu nosivost ili se povecava nosivost za istu tezinu.
Kompozitni materijali su jedan od takvih materijala koji danas ima vrlo znacajnu ulogu pri
izradi konstrukcijskih elemenata zrakoplova. Kompoziti su osobito pogodni za primjenu u
zrakoplovstvu zbog njihove niske gustoce te visoke ¢vrstoce i krutosti s obzirom na gustocu i
odli¢nih fizikalnih svojstava.

Kompozitni materijali tipicno sadrze relativno ¢vrsta, kruta vlakna u Zzilavoj smoli
matrice. Drvo 1 kost su prirodni kompozitni materijali: drvo sadrzi celulozna vlakna u matrici
od lignina, a kost hidroksiapatitne Cestice u kolagen matrici. Bolje poznati umjetni kompoziti,
koriSteni u zrakoplovnoj industriji i na brojnim drugim podrucjima, jesu staklenim i ugljicnim
vlaknima ojacani polimeri koji sadrze staklena i ugljicna vlakna kruta i Cvrsta, ali krhka
ugradena u polimernu matricu, koja je duktilna i nije osobito niti kruta niti ¢vrsta. Tako se
umjetnim spajanjem viSe materijala razliCitih svojstava dobiva kompozitni materijal takvih
svojstava kakva ne posjeduje niti jedna komponenta sama za sebe. Ovako dobiveni kompoziti
odlikuju se brojnim prednostima (visoka ¢vrstoca, krutost, niska gusto¢a) uz istovremeno
eliminiranje nedostataka karakteristi¢nih za pojedine materijale komponenata.

Uglji¢nim 1 staklenim vlaknima ojacani polimeri jesu primjer kompozita s vlaknima.
Druga skupina kompozitnih materijala jesu oni ojacani Cesticama. Kompoziti metalne
matrice, upravo razvijeni za potrebe zrakoplovne industrije jesu primjer kompozita ojaanih
Cesticama koji sadrze obi¢no nemetalne Cestice u metalnoj matrici, npr. Cestice silicij karbida
u kombinaciji s aluminijskom legurom.

Zasigurno jedna od najvaznijih razlika izmedu kompozita ojacanih vlaknima odnosno

Cesticama, kao i izmedu vlaknima ojacanih kompozita i konvencionalnih metalnih materijala
direktno proizlazi iz njihove grade. Kompoziti s Cesticama i konvencionalni metalni materijali
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jesu opcenito izotropni, tj. njithova su svojstva (¢vrstoca, krutost 1 sl.) ujednacena u svim
smjerovima, dok su kompoziti s vlaknima anizotropni, $to znaci da svojstva znacajno variraju
s obzirom na smjer vlakna. Ova anizotropnost se mozZe prevladati slaganjem vise slojeva
razli¢ite orijentacije vlakana tvore¢i laminat.

Laminati su, osim u vrlo specifi¢cnim slucajevima, jo§ uvijek anizotropni, ali je
promjena svojstava manje izrazena. Na temelju ovog pristupa razvijaju se laminati s tako
orijentiranim slojevima da se postizu najbolja svojstva upravo u smjeru djelovanja
opterecenja. Na taj nacin ostvaruje se usteda na materijalu i prema tome na tezini S$to je
¢imbenik od primarne vaznosti u zrakoplovnoj industriji.

Druga je prednost kompozitnih materijala moguénost njihovog oblikovanja u izradke
relativno slozenog oblika. Time se smanjuje ne samo broj potrebnih dijelova nekog veceg
sklopa, ve¢ 1 potreba za pri¢vrS¢ivanjem i spajanjem. Prednosti su dvostruke: elementi za
pricvrséivanje i spajanje mogu predstavljati kriticna mjesta kao S$to je slucaj sa vijcima i
provrtima gdje moze nastupiti koncentracija naprezanja i prema tome ¢ine potencijalna mjesta
inicijacije pukotine, a s druge strane uz manji broj spojeva skracuje se i vrijeme potrebno za
sastavljanje.

2. ANALIZA MATERIJALA

U radu je proveden izbor materijala za konstrukciju bespilotne letjelice “Marica”.
Projekt izgradnje bespilotnog zrakoplova pokrenut je pocetkom 2004. godine od strane
studenata zrakoplovstva Fakulteta strojarstva i brodogradnje, clanova Hrvatske udruge
studenata zrakoplovstva. Letjelica je dimenzionirana s obzirom na maksimalnu poletnu tezinu
30 kg. U proracunu je pretpostavljena tezina prazne letjelice 20 kg, brzina krstarenja 100
km/h 1 maksimalna visina krstarenja 3000 metara /1/. Na slici 1 prikazan je model letjelice.

Slika 1. Oblik bespilotnog zrakoplova "Marica" /2/

Za izradu konstrukcijskih elemenata odabrani su kompozitni materijali zbog njihovih
brojnih prednosti, posebice u malom nekomercijalnom zrakoplovstvu. Primjenom polimernih
kompozita pokusali su se zadovoljiti zahtjevi za §to manjom masom letjelice te joS uvijek
dovoljnom ¢vrstocom 1 kruto$¢u kako bi ostalo viSe prostora za gorivo i time se povecao letni
domet. S druge strane tehnologija izrade omogucava dobivanje konstrukcijskih elemenata
relativno sloZzenog oblika uz manji broj pozicija i manje spojeva koji, kako se pokazalo,
predstavljaju kriticna mjesta konstrukcije.
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Pri odabiru materijala prednost je dana slojevitim polimernim kompozitima ili
laminatima. Laminat ¢ini viSe slojeva tkanine medusobno Cvrsto povezanih materijalom
matrice. Uporabom tkanine kao ojaCala pokuSala se smanjiti anizotropnost mehanickih
svojstava vrlo Cesta kod polimernih materijala ojatanih usmjerenim vlaknima. Kako svojstva
laminata u principu variraju s obzirom na smjer orijentacije vlakana u pojedinim slojevima
viseslojnim slaganjem tkanine, uzimajuci u obzir orijentaciju vlakana u pojedinim slojevima,
dodatno se smanjuje anizotropnost materijala.

Osnovna svojstva tkanine, pa prema tome i podrucje primjene, definiraju vrsta vlakna,
broj niti po centimetru i oblik tkanja. Tkanje je nacin na koji se dva niza niti medusobno
prepli¢u pod pravim kutem. Odabiru materijala vlakna treba dati vaZznost ne samo zbog visoke
¢vrstoce 1 krutosti ve¢ i niske gustoce kako bi se ostvarila dobra svojstva temeljena na gustoci
koja se nazivaju se specifiénim svojstvima materijala. Medu njima treba istaknuti specifi¢nu
¢vrstocu (omjer Cvrstoce/granice razvlacenja i gustoce) i specifi¢nu krutost (omjer modula
elasti¢nosti 1 gustoc¢e). Kao materijali za vlakna preferiraju se materijali visoke specificne
krutosti i ¢vrstoce /3/. U tablici 1 navedena su svojstva ispitivanih staklenih i ugljicnih
vlakana /4/, /5/.

Tablica 1. Karakteristike staklenih i1 uglji¢nih vlakana

Materijal Gustoéa Vlacna Specifi¢na Modul Specifi¢na
¢vrstoca évrstoéa | elasti¢nosti krutost
kg/m’ N/mm’ kN-m/kg kN/mm’ kN-m/kg
Ugljik 1780 4300 2416 233 130899
E-staklo 2600 3400 1308 72,0 27692

Staklena vlakna, najceS¢e koriSteni materijal za ojacanje polimernih kompozita,
odabrana su zbog niZe cijene, te istovremeno vrlo dobrih mehanickih, toplinskih i kemijskih
svojstva. Medutim, kako je krutost staklenih laminata relativno mala, visoko krute
konstrukcije zahtijevaju deblje stjenke ¢ime se djelomi¢no anuliraju prednosti dobivene
malom tezinom pa su ovi laminati prvenstveno namijenjeni za dijelove manje krutosti.
Oznaka "E" staklenog vlakna potje¢e od "elektro" jer se ovo staklo prvobitno koristilo u
elektro industriji.

Oblik tkanja koriStene staklene tkanine prikazan je na slici 2. Radi se o tkanini tzv.
keper-veza (eng. twill).

Slika 2. "Twill" tkanje /4/
Za "twill" tkanje karakteristicno je da ono dolazi u brojnim varijantama. Zajednicko obiljezje

su paralelne dijagonalne linije ("twill" linije) formirane razmjestajem tocaka preplitanja. Ove
dijagonalne linije moraju biti pravilno rasporedene tako da jednoliko mijenjaju svoj smjer.
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"Twill" tkanje je opcenito vrlo deformabilno i time podesno za izradu konstrukcijskih
elemenata sloZenijeg oblika. Ispitivane staklene tkanine "twill" tkanja impregnirane su
specijalnim vezivnim sredstvima kako bi se poboljsala adhezija izmedu vlakana i polimerne
smole. U radu su koristene tkanine zavrsne obrade poznate su kao "silan" (proizvodac¢: R&G,
Njemacka; Keltex, Hrvatska) odnosno “I 550” od firme R&G. Plosna masa ovih tkanina
iznosila je 163 g/m’.

U odnosu na staklena vlakna ugljicna posjeduju viSu ¢vrstocu i znacajno veéu krutost
Sto im uz niZu gustocu osigurava visu specifiénu ¢vrstocu i posebice specifi¢nu krutost. Kako
su vrijednosti ¢vrsto¢e ovih vlakana veée nego kod metala i drugih vlaknima ojacanih
kompozita prikladna su za izradu dijelova zrakoplovnih konstrukcija koji istovremeno moraju
biti ¢vrsti, lagani 1 kruti. Pod djelovanjem optere¢enja uglji¢na se vlakna samo elasti¢no
deformiraju te su otporna na umor materijala i dobro prigusuju vibracije. Zbog niskog
koeficijenta toplinske istezljivosti pokazuju visoku dimenzijsku stabilnost S§to jamc¢i malu
toplinsku dilataciju laminata /4/.

U radu su koristene uglji¢ne tkanine "plain" tkanja, slika 3. "Plain" tkanje je
najjednostavniji oblik tkanja gdje su obje strane tkanine identi¢ne. Zbog vece gustoce krizanja
niti ono je manje deformabilno i time manje podesno za rukovanje od "twill" tkanja pa se rabi
prvenstveno za izradu ravnih laminata i jednostavnijih dijelova proizvedenih laminiranjem u
kalupu /4/.

Slika 3. "Plain" tkanje /4/ Slika 4. "UD" tkanje /4/

Odabrana je vrsta "plain" tkanja poznata kao jednosmjerno tkanje (eng. unidirectional - UD),
slika 4. Plogna masa "UD" tkanina iznosila je 140 g/m® (proizvodaé: R&G) i 254 g/m’
(proizvodac: Keltex).

Pri odabiru materijala matrice prednost je dana epoksidnoj smoli koja se uglavnom
primjenjuje kod polimernih kompozita u zrakoplovstvu. Smola je dobavljena od firme
Novapox, Hrvatska te R&G, Njemacka. Budu¢i da smola mora biti zilava i duktilna tako da
prenosi optere¢enje na vlakna i spre¢ava da napukline na mjestu prekinutih vlakana napreduju
kroz cijeli kompozit njen modul elasticnosti mora biti znacajno nizi od modula elasti¢nosti
Vlakn3a. Stoga modul elasti¢nosti epoksidne smole iznosi samo 4620 N/mm?, a gusto¢a 1080
kg/m” /6/.
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3. TEHNOLOGIJA IZRADE

Da bi se proizveli laminirani kompozitni dijelovi, slojevi tkanine reZzu se na potrebne
oblike i zatim slazu u kalupu uz ulijevanje polimerne smole.

Kalup koji je krute konstrukcije ima zadatak da odrzi zahtijevani oblik nestvrdnutih
slojeva prije 1 tijekom postupka otvrdnjavanja. Kalup je izraden iz pozitiva nanoSenjem
specijalnog gel premaza visoke otpornosti na troSenje i tvrdoée i potom je slijedilo
laminiranje staklom u vise slojeva (jedan sloj finog staklenog tkanja plosne mase 163 g/m” i
tri sloja grubljeg staklenog tkanja ploine mase 400 g/m”) nakon &ega dolazi ukruta izradena
od ekspandirane polistirenske pjene (PS) i potom opet jedna kora laminata. Izvedbom kalupa
u obliku sendvi¢ konstrukcije smanjuje se njegova elasti¢nost §to je vrlo bitno kod kasnijeg
laminiranja unutar kalupa i dobivanja konstrukcijskog elementa tocno odredenog oblika i
dimenzija.

Potrebno je naglasiti da je razvijena specificna tehnologija laminiranja koja predstavlja
kombinaciju mokrog i vakuumskog laminiranja. Laminiranje je provedeno prvo na zraku, a
potom i u vakuumu kada se laminat zatvara u ¢vrstu i nepropusnu polietilensku foliju i spaja
na vakuum pumpu, slika 5, koja za razliku od uobicajene metode ne istiskuje visak smole
podtlakom ve¢ samo suvisni zrak, dok se mehani¢kim putem preko folije odstranjuje smola iz
laminata, slika 6.

Slika 5. Vakuumiranje laminata Slika 6. Mehanicko istiskivanje suvisne
smole iz laminata

Potom slijedi otvrdnjavanje epoksidne smole ¢ime zavrSava proces izrade.

Prednosti su ovakve ru¢ne izrade laminata moguénost koristenja razli¢itih vrsta smola
1 ojacala uz njihovo jednostavno nanoSenje, a ne treba zaboraviti i nisku cijenu postupka

......

stru¢nosti radnika, a kako matrica mora biti niskog viskoziteta neSto su loSija mehanicka
svojstva u odnosu na druge tehnologije izrade.
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4. ISPITIVANJE I REZULTATI

Iz laminatnih ploca izrezane su, za potrebe statickog vlacnog ispitivanja, epruvete
odredenog oblika i dimenzija. Laminatne epruvete sadrzale su razliita ojacala s obzirom na
vrstu materijala, oblik tkanja i ploSnu masu tkanine. Kako je ve¢ istaknuto uporabljene su
staklene tkanine "twill" tkanja zavr§ne obrade I 550 i "silan", plogne mase 163 g/m’ te
uglji¢ne tkanine "UD" tkanja plo$nih masa 140 g/m” i 254 g/m’. Broj slojeva u laminatima
varirao je izmedu 4 i 8, a laminiranjem su postignuti i razli¢iti volumni udjeli konstituenata.

U tablici 2 navedene su karakteristike ispitivanih uzoraka.

Tablica 2. Karakteristike laminatnih epruveta

Ojacalo Smola Broj | Volumni udio
Oznaka Vrsta | Nacin | Zavr$na | Plosna | Proizvoda¢| Vrsta |Proizvodac slojeva vlakna | matrice
uzorka .. . -
materijala | tkanja | obrada | masa materijala
g/m’ % %
1 Novapox 7 44 56
1550 R&G
2 R&G 8 41 59
Sﬂt(akl.e“a "will” 163
3 antna . 6 29 | 71
2 silan Epoksidna p Y Y
Keltex smola | Novapox
5 254 6 65 35
Ugljiéna | .7 11w
6 tkanina ub . 140 R&G 6 Sl 49
7 R&G 4 53 47

Vlac¢na ¢vrstoca i modul elasti¢nosti odredeni su statickim vla¢nim ispitivanjem na
kidalici. Pri odredenim vrijednostima sila o€itano je pripadajuce produljenje epruvete, te je iz
dijagrama F-AL povlacenjem tangente na linearni dio krivulje odredena vrijednost elasticnog
modula. Ispitivanjem do loma utvrdena je maksimalna sila koja odreduje vlacnu ¢vrstocu
laminata.

Vlaéno ispitivanje staklenih laminata provedeno je na kidalici ¢iji je proizvodac
Werkstoffpriifmaschinen, Njemacka; vrsta: 2132; serijski broj: 11/942; razred tocnosti: 1;
mjerno podrucje: 0-4800 N, dok su ¢vrséi ugljicni laminati ispitani na kidalici vece nazivne
sile proizvodaca: Zwick, Njemacka; vrsta 1162; razred to¢nosti 1.

Svaki laminat je ispitan za dva razli¢ita smjera optere¢enja s obzirom na poloZaj
vlakna i1 to optere¢ivanjem u smjeru vlakna (smjer A) i okomito na njih (smjer B). Kod
laminata ojacanih staklenim tkaninama "twill" tkanja ova dva smjera nije moguce tocno
razgraniciti zbog nacina tkanja "twill" tkanine.

Rezultati ispitivanja mehanickih svojstava prikazani su u tablici 3. Sve navedene
vrijednosti predstavljaju aritmeti¢ku sredinu tri mjerenja.
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Tablica 3. Vrijednosti vlacne ¢vrstoce 1 modula elasti¢nosti ispitivanih laminata

Oznaka uzorka Smjer Vlacna Modul
évrstoca elasti¢nosti

N/mm’ N/mm’

1 A 237 24446
B 242 24526

) A 286 25107
B 284 24487

3 A 180 13105
B 245 15754

4 A 296 16208
B 295 16869

5 A 1052 128140
B 55 9409

5 A 967 104851
B 98 12970

7 A 1037 103059
B 89 10415

Ocito je da vrijednosti vlacne ¢vrstoc¢e i modula elasti¢nosti nisu osobito visoke, ali ako se
promatraju s obzirom na gustocu materijala slijede izrazito povoljna specifi¢na svojstva,
tablica 4.

Tablica 4. Vrijednosti specifi¢ne ¢vrstoce i krutosti ispitivanih laminata

Oznaka | Gusto¢a | Smjer | Specifi¢na ¢vrsto¢a | Specifi¢na krutost
uzorka | kg/m’ kN-m/kg kN-m/kg

Lo e 5 13907

2 | s 67 L1362

| s 1y o 10330

4 1640 g } 28 190828836

> 1537 g 63864 863132720

6 1440 g 66782 7920801 73

/ 1457 g 76112 77017j ;

Gustoca kompozita, px, odredena je zakonom mijesanja uz poznate volumne udjele
(V) 1 gustoce konstituenata (p):
pk :Vm ’ pm +Vv ) pv’ gdjeje:

gdje se indeks "m" odnosi na matricu, a "v" na vlakno.
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Na slikama 7 1 8 prikazan je odnos specificne ¢vrstoce i specificne krutosti ispitivanih
uzoraka.
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Slika 7. Specifi¢na Cvrstoca ispitivanih laminata
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Slika 8. Specifi¢na krutost ispitivanih laminata

Kod staklenih laminata ojacanih "twill" tkaninama vrijednosti specificnih svojstava
podjednake su za oba smjera opterecivanja i bitno nize od specificne Cvrstoce i krutosti
ugljicnih laminata uz uvjet optere¢ivanja u smjeru vlakna. Medutim optere¢ivanjem okomito
na vlakna uglji¢ni laminati iskazuju vrlo niske vrijednosti specifi¢nih svojstava.
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5. RASPRAVA I ZAKLJUCAK

Osnovna je prednost zrakoplovnih konstrukcija sacinjenih od vlaknima ojacanih
kompozita smanjenje tezine materijala bez naruSavanja mehanickih svojstava. U mnogim
sluajevima svojstva su c¢ak 1 bolja. Primjenom vlaknima ojacanih kompozita tezina
konstrukcije zrakoplova smanjuje se za 10 %. Ako se pretpostavi da konstrukcija ¢ini 50 %
ukupne tezine zrakoplova, preostalih 50 % u jednakim dijelovima otpada na korisnu nosivost 1
potrebno gorivo i maziva. Smanjenjem tezine konstrukcije za 10 % nosivost se povecava za
20 % Sto bitno doprinosi troskovnoj isplativosti zrakoplova, slika 9.

50% Konstrukcija 25% Teret 25% Gorivo

Konstrukcija od vlaknima oja¢anog kompozita

45% Konstrukcija [-10% 30% Teret | +20% 25% Gorivo

Slika 9. U¢inak primjene vlaknastih kompozita na povecanje nosivosti zrakoplova

S druge strane smanjenjem tezine zrakoplova uz istu nosivost ostvaruje se usteda
goriva i time opet smanjuju operativni troSkovi.

Vlaknima ojacani slojeviti polimerni kompoziti (laminati) pored male mase posjeduju
¢vrstocu 1 krutost posebice ako se ova svojstva promatraju s obzirom na gustou materijala
kada proizlaze odliéna specificna svojstva  (omjer  Cvrstoca/gustoéa, modul
elasti¢nosti/gustoc¢a). Osim toga laminati u odnosu na "tradicionalne" materijale pokazuju i
bolju otpornost prema koroziji, jednostavnije i jeftinije odrzavanje, dulji vijek trajanja, a tu je
1 mogucnost "dizajniranja" svojstava odnosno postizanja trazenih kombinacija Cvrstoce,
krutosti 1 male mase.

Za konstrukciju bespilotne letjelice "Marica" odabrani su laminati ojacani staklenim i
uglji¢nim vlaknima, ve¢ od ranije masovno koriSteni u zrakoplovnoj industriji. Za oplatu
letjelice izabran je kompozit polimerne matrice ojaane staklenim vlaknima, a za ramenjace
koje moraju biti ¢vrsc¢e 1 prije svega kruc¢e odabrana su uglji¢na vlakna.
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Pri odabiru materijala matrice prednost je dana epoksidnoj smoli koja se zbog boljih
mehanickih svojstava 1 veée postojanosti prema vlazi (u usporedbi s nezasi¢enim
poliesterskim 1 vinilesterskim smolama) upravo primjenjuje kod polimernih laminata u
zrakoplovnim primjenama.

Rezultati provedenih ispitivanja ukazuju da laminati ojacani staklenim tkaninama
"twill" tkanja posjeduju ujednacenija svojstva u oba smjera vlakna za razliku od laminata s
ugljiénim "UD" tkaninama koji zbog usmjerene strukture tkanja pokazuju bitno razlicita
svojstva s obzirom na polozaj vlakna. Specifina Cvrsto¢a i specificna krutost staklenih
laminata nekoliko su puta nizi od specificne Cvrsto¢e 1 krutosti uglji¢nih laminata, pod
pretpostavkom optereéivanja u smjeru vlakna. Medutim, ukoliko opterecenje djeluje okomito
na vlakna uglji¢ni laminati pokazuju izrazito niske vrijednosti specifi¢nih svojstava.

Medu staklenim laminatima neSto vece rasipanje mehanickih svojstava zabiljezeno je
jedino kod laminata ojacanog "twill silan" tkaninom ¢iji je proizvoda¢ R&G kada
optere¢ivanjem okomito na vlakna materijal pokazuje visu specifi¢nu ¢vrstocu i krutost. Stoga
je pri odabiru materijala oplate prednost dana staklenom laminatu oja¢anom "twill silan"
tkaninom proizvodaca Keltex. Radi se o domacoj tkanini ¢ija je cijena niZza u usporedbi s
istovjetnim R&G-evim tkaninama, a mehani¢ka svojstva ovog laminata u potpunosti
zadovoljavaju zahtjeve koji se postavljaju na oplatu letjelice. Laminat karakterizira najvisa
specifi¢na ¢vrsto¢a medu ispitivanim staklenim laminatima, ali i nesto niza specifi¢na krutost
u odnosu na laminate ojacane "twill" tkaninom zavr$ne obrade I 550 §to u ovom sluc¢aju nije
od primarne vaznosti.

Za razliku od slojevitih staklenih kompozita uglji¢ni laminati ojac¢ani "UD" tkaninama
pokazuju izrazito anizotropna mehanic¢ka svojstva. Ukoliko opterecenje djeluje paralelno s
vlaknima efikasnost ojaanja je puno veca nego kod staklenih laminata, ali djeluje li
naprezanje okomito na vlakna vrijednosti specificne ¢vrstoce 1 krutosti viSestruko su nize.
Stoga laminati ojacani ugljicnim tkaninama predstavljaju prikladan izbor za ramenjace koje
moraju biti ¢vrste 1 krute, ali uz uvjet polaganja tkanja u smjeru najvecih naprezanja. Kao
najbolji izbor pokazao se materijal ojacan ugljicnom tkaninom usmjerenog tkanja plosne
mase 254 g/m” kojeg odlikuje vrlo visoka specifi¢na krutost i specifi¢na Gvrstoca.

Opcenito je uporaba ovih staklenih i uglji¢nih laminata na podrucju zrakoplovstva u
stalnom uzletu. Oni zauzimaju sve vazniju ulogu pri izradi konstrukcijskih elemenata
zrakoplova. Dodaju li se tome druge vrste kompozita kao §to su metalni, hibridni te posebno
sendvi¢ konstrukcije o€ito je da kompoziti danas istiskuju iz uporabe konvencionalne metalne
materijale koji su doskora imali temeljnu ulogu u zrakoplovnim konstrukcijama s mnostvom
primjena. Za pretpostaviti je da znacajne prednosti koje pruzaju kompozitni materijali nisu jo$
u potpunosti iskoriStene, ali s daljnjim produbljivanjem spoznaja i njihovim razumijevanjem,
kompoziti ¢e predstavljat sve znacajniji konstrukcijski materijal. To najbolje ilustrira
¢injenica da su se pocetno koristili za izradu manje vaznih elemenata i sklopova, ali kako su
se s vremenom poboljsavali pocinju se koristit i za primarne konstrukcijske elemente kao §to
su krila i trup zrakoplova. Time se maseni udio kompozita u proizvodnji zrakoplova znacajno
povecao s prvotnih vrlo malih 2% na vise od 50 % kolike su procjene kod putnickog
zrakoplova Boeing 7E7, koji nije jo§ u komercijalnoj uporabi, ali kojeg ¢e odlikovat vrlo
dobre performanse zahvaljujué¢i laganoj kompozitnoj konstrukciji, slika 10 /7/.
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Slika 10. Boeing 7E7 “Dreamliner.”

Sve raSirenija uporaba kompozitnih materijala rezultat je stalnog unapredivanja njihovih
svojstava, ali djelomi¢no i1 ljudske domiSljatosti 1 nalazenja brojnih novih raznovrsnih
podruéja primjene gdje se ovi materijali uspjesno mogu koristiti.
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1Faculty of Mechanical Engineering and Naval Architecture, Ivana Lucic¢a 1, Zagreb, Croatia
*Faculty of Chemical Engineering and Technology, Maruli¢ev trg 19, Zagreb, Croatia
3College for safety, Ivana Lugi¢a 1, Croatia

Izvorni znanstveni rad / Original scientific paper

Abstract: Two main types of chemical resistance of ceramics are: acid and alkali resistance.
Although ceramics are generally more stable in corrosive environments than are common
metallic materials, it is important to be investigate the chemical resistance under highly corrosive
conditions for example: strong acid and long period of time expose. Because of that the corrosion
behaviour of a cold isostatically pressed (CIP) high purity alumina ceramics in aqueous HCI
solution at mass concentration of 2, 10 and 20 wt. % have been studied. The rate of corrosion was
monitored by determination of mass concentration of Al3+, Mg2+, Ca2+, Na' Si*" and Fe*" ions
eluted in different concentration of HCI by means of atomic apsorption spectrometry (AAS).
Increasing the concentration from 2 to 20 wt. % it was notified that the corrosion susceptibility in
HCI solutions for the CIP alumina specimens at room temperature decreases.

Key words: alumina ceramics, acid corrosion, corrosion kinetics

Sazetak: Dvije glavne vrste kemijske postojanosti keramike su: postojanost u kiselini 1 luzini.
Premda se keramika opcenito smatra stabilnija u korozivnim uvjetima nego uobiCajeni metalni
materijali, vazno je ispitati kemijsku postojanost u jako korozivnim uvijetima kao §to je jaka
kiselina i dulji vremenski period izlaganja djelovanju agresivnog medija. Zbog toga je u ovom
radu ispitano korozijsko ponasanje visoko Ciste aluminij oksidne keramike obikovane hladnim
izostatickim preSanjem u otopinama HCI masene koncentracije od 2, 10 1 20 %. Pracena je brzina
korozije mjerenjem masene koncentracije eluiranih iona A", Mg*", Ca®", Na™ Si*" i Fe’" u
razli¢itim koncentracijama HCI uporabom atomske apsorpcijske spektrofotometrije (AAS).
Uoceno je da povecanjem koncentracije HCl se smanjuje sklonost koroziji aluminij oksidne
kermaike pri sobnoj temperaturi.

Kljuéne rijeci: aluminij oksidna keramika, korozija u kiselini, brzina korozije
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1. INTRODUCTION

Aluminium oxide, Al,O3 often more referred to as alumina, is an exceptionally important ceramic
material, which has many technological applications. It has several special properties like high
hardness, chemical inertness, wear resistance and melting point. Alumina ceramics can maintain
up to 90% of their strength even at 1100 °C. Alumina is used in many refractory materials,
grinding media, cutting tools, high temperature bearings, and a wide variety of mechanical parts.
Alumina has different phases, of which o-alumina is a stable phase. Besides the
thermodynamically stable a-Al,O3; or corundum there are many metastable structures of alumina,
like y-AlOs;, which is widely used as a catalyst. Corundum or a-alumina is described by a
hexagonal unit cell (Figure 1)[1, 2].

.
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Figure 1. Corundum structure of alpha-alumina (a-Al,O3) [3].

Aluminium oxide, also known as alumina, is the main component of bauxite, the principal ore of
aluminium. The largest manufacturers in the world of alumina are Alcoa, Alcan and Rusal.
Companies which specialise in the production of speciality aluminium oxides and aluminium
hydroxides include Alcan and Almatis. The bauxite ore is made up of impure Al,Os, Fe;O3, and
Si0;.

The process of producing pure alumina from bauxite (the Bayer Process) has changed very little
since the first plant was opened in 1893. The Bayer process can be considered in three stages [4]:

1.1. Extraction

The aluminium-bearing minerals in bauxite - Gibbsite, Bohmite and Diaspore - are selectively
extracted from the insoluble components (mostly oxides) by dissolving them in a solution of
sodium hydroxide (caustic soda):

Gibbsite: AI(OH); + Na" + OH — AI(OH); + Na"
Béhmite and Diaspore: AIO(OH) + Na" + OH ~+ H,0 — AI(OH)4 + Na*

After the extraction stage the insoluble bauxite residue must be separated from the Aluminium-
containing liquor by a process known as settling. The liquor is purified as much as possible
through filters before being transferred to the precipitators. The insoluble mud from the first
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settling stage is thickened and washed to recover the caustic soda, which is then recycled back
into the main process. The Fe,O3; does not dissolve in the base. The SiO, dissolves as silicate
Si(OH)s>. Upon filtering, Fe,Os is removed. When the Bayer liquor is cooled, Al(OH)s
precipitates. The silicate remains in solution.

1.2. Precipitation

Crystalline aluminium trihydroxide (Gibbsite), conveniently named "hydrate", is then
precipitated from the digestion liquor:

Al(OH)4 +Na" — AI(OH); + Na' + OH

1.3. Calcination

"Hydrate", is calcined to form alumina for the aluminium smelting process. In the calcination
process water is driven off to form alumina:

2A1(OH)3 —> A1203 + 3H20
The formed Al,Oj; is alumina with typical physical properties shown in table 1.

Table 1. Typical physical properties of Alumina

Property

Melting point (°C) 2015+15
Refractive index 1.765
Molecular wt (g.mol ™) 101.96
AG¢° Free Energy of Formation (kJ.mol™) | -1582.4
Density (g/cm’) 3.986

2. MATERIALS AND METHODS

The material used in the corrosion tests in HCI solution was a cold isostatically pressed (CIP)-
ALO; with 99.8 % purity. Chemical composition of investigated alumina ceremics is shown in
Table 2. The CIP-Al,O3 specimens was supplied by Applied Ceramics, Inc., Fremont, California,
U.S.A. Al,O3 ceramic contains MgO as sintering aid and the usual impurities SiO,, CaO, Na,O
and Fe;Os. The specimens were rectangular coupons; size was 0.8 cm % 1.0 cm x 2.0 cm. The
Archimed density of the CIP-AlL,Os; was 3.91 g/cm3, thus the CIP-Al,O; ceramic specimen
attained 98.09 % of its theoretical density.

Table 2. Chemical composition of the Al,O3 ceramics.

wt. %
MgO F6203 SiOz NaZO CaO A1203
alumina ceramics | 0.066 | 0.015 [ 0.02 | 0.05 | 0.013 | rest

sample

Each surface of AlLO; specimens was polished to 1.5 um. After polishing and before the
corrosion tests, samples were thoroughly cleaned with alcohol and dried in the sterilizer
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(Instrumentaria, Zagreb, Croatia) at 150 = 5 °C for 4 hours. In the HCI corrosion tests, the
specimen and a 5 ml of HCI solution were put into a sealed polypropylene (PP) tube. The
corrosive environments were HCI solutions, with concentrations of 2, 10 and 20 %. The static
corrosion tests were carried out at room temperature (25 °C) from 24 to 240 h. After the planned
exposure time, the specimens were removed from the tubes, rinsed with boiling distilled water,
dried in warm heated oven at 150 °C. For each experimental condition, five tests were performed,
simultaneously.

The determination of the amount of AI’", Mg2+, Ca®’, Na' Si*" and Fe’" ions eluted in the
corrosive solutions was carried out with the atomic absorption spectrophotometry (AAS, AA-
6800, Shimadzu). All data were an average of five values. The measurements were conducted
after 24, 48, 72, 60, 84 and 240 hours of immersion.

3. RESULTS AND DISCUSSION

The correlation between the amount of eluted ions of Al,O; ceramics after immersion in different
concentrations of HCI solution and the immersion time is plotted in Figure 2. These results show
that eluates after corrosion process contain ions of Al3+, Mg”, Ca2+, Na’, Si* and Fe*'. These
results indicate that the impurities played an important role in the corrosion process of alumina
ceramics. The rates of corrosion of Al3+, Mg2+, Ca2+, Na' Si*" and Fe*" ions increased with
corrosion time.

The corrosion kinetics of high purity Al,Os3 ceramics after immersion in different concentrations
of HCI solution at room temperature are shown in Figure 3. Figure 2 and 3 show that the
corrosion rate is the highest in the first 24 hours, and after that, it is decreased with the exposure
time. For this reason, curve, which present the amount of eluted ions vs. time (which is a measure
of corrosion rate), have a parabolic shape. Figure 3 also shows that the corrosion rate changes
with the HCI concentration. The highest corrosion rate is noted at the lowest concentration (2 wt.
% of HCI). In general, the corrosion susceptibility (total amount of eluted ions) of the Al,O3
ceramics increased by increasing the corrosion time.

Corrosion kinetics in HCI solution follows parabolic rate relations. The Al,O3 corrosion kinetic
relations in different concentration of HCI solution at room temperature can be expressed as the
simplest form of the parabolic law, which is often used in the corrosion data processing [5]:

(S gM™ rem?f =K -t
Where:

- K, is the parabolic corrosion rate constant in ng® em™ s,

- t, s is time of immersion in seconds,

- Z 1gM ™ /cm?is the sum of the amount of eluted ions (AI’", Mg, Ca**, Na™, Si*" and Fe’")

. . 2
per square centimetre in pg cm’™.
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Figure 2. The amount of eluted ions of AI** (A), Mg®" (B), Ca** (C), Na* (D), (E) Si*" and Fe**
ions (F) from Al,O3 ceramics in different concentrations of HCI solution.
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Figure 3. Total amount of eluted ions (Al3+, Mg2+, Ca*",Na', Si*" and Fe3+) from Al,O3 ceramics in
different concentration of HCI solution.

The plot (Figure 4) of the square of the total amount of eluted ions vs. the corrosion time can be
fitted by straight line (correlation coefficient R? = 0.98 for 2 wt. % HCI, R* = 0.98 for 10 wt. %
HCI and R?* = 0.97 for 20 wt. % HCI), from which the values of the parabolic corrosion rate

constants can be evaluated from the slopes. The corresponding values of the parabolic corrosion
rate constants are given in Table 3.

250,0
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Figure 4. The square of the total amount of eluted ions vs. the corrosion time for different
concentration of HCl solution.
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Table 3. The parabolic (K,) corrosion rate constant for Al,O3 ceramics after immersion in
different concentration of HCI solution.

Concentration of HCI solution, wt. % K, ng om? ¢! R2
2 23.6-107 0.98
10 15.7-107 0.98
20 7.1-107 0.97

On the basis of literature data segregation of Si*", Na", Ca®" and Mg to the grain boundaries
will take place, but their concentrations at the grain boundaries are not sufficient for the
formation of grain boundary phase [6, 7]. The distribution of the impurities is specified by the
solubility of cations in alumina lattice. The solubility depends on the differences in the charge
and ionic radius of impurities (Mg>", Ca*", Si*'and Na") and AI’". Table 4 presents the ionic
radius of Mg*", Ca*", Si*", Na” and AI’". By comparing the charge and ionic radius of impurities
and AI’" it is clear that Ca®" possesses the smallest solubility. If the solubility limits of the cations
in ALLO; exceeded, they segregate to the grain boundaries of the ceramic materials [6-8].

Table 4. Ionic radius of Mg2+, Ca”™", Si*", Na®, Fe’" and AI’"

Tonic radius, | AI’™ | Mg*" | Ca®™ |Na™ |Si*" |Fe’

pm 57 79 106 98 26 67

The corrosion of alumina ceramics in HCI solutions is determined by solubility of alumina and
solubility of grain-boundary impurities. Obtained results (Figure 2) indicate that the corrosion of
alumina ceramics was mainly attributed to the dissolution of MgO, SiO,, CaO, Na,O and Fe,0;
grain-boundary impurities. The dissolution of Al,O;3 in bulk material is negligible. It means that
the mechanism of corrosion is intergranular corrosion by preferential attack at the grain
boundaries.

4. CONCLUSION

The corrosion susceptibility in HCI solutions for Al,O3 ceramics at room temperature decreases
with increasing the concentration from 2 to 20 wt. %. Obtained results indicate that the strongest
corrosive attack occurs in the first stage. After the first 24 h the amount of eluted of AI’*, Mg*",
Ca®’, Na', Si*" and Fe’" ions is considerably lower. According to the determined mass
concentration of eluted ions which belong to the grain boundaries (Mg”*, Ca**, Na*, Si*" and
Fe’") and AI’", which belongs to the grain, it means that the corrosion of alumina ceramics is
mainly attributed to the dissolution of MgO, SiO,, CaO, Na,O and Fe,O; grain-boundary
impurities.
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Lidija Curkovié, Vera Rede, KreSimir Grilec, Alen Mulabdié

Faculty of Mechanical Engineering and Naval Architecture, Ivana Luci¢a 1, Zagreb, Croatia

Izvorni znanstveni rad / Original scientific paper

Abstract: Many methods are currently used to measure fracture toughness of ceramic
materials. Methods based on crack-length measurements of cracks introduced into the sample
surface by the Vicker's indentor have the advantage that they are easy to use, but they are very
unreliable due to subcritical crack growth and the difficulty in determining the exact length of
the cracks.

The aim of the present work is to investigate the hardness from Vickers indentations and the
fracture toughness based on crack-length measurements of cracks introduced into the sample
surface of cold isostatically pressed (CIP)-Al,O3; with 99.8 % purity.

Key words: alumina ceramics, hardness, fracture toughness

Sazetak: Puno metoda je u uporabi za odredivanje lomne Zilavosti keramickih materijala.
Metode bazirane na mjerenju duljina pukotina na povrSini uzorka nastalih Vikersovim
indentorom mogu se lako primjeniti, ali su vrlo nepouzdane obzirom na podkriti¢an rast
pukotine i teSko odredivanje tocne duljine pukotina. Svrha ovog rada je ispitivanje tvrdoce
Vikersovim indentorom i lomne Zilavosti bazirane na mjerenju duljine pukotina na povrsini
uzorka visoko Ciste alumij oksidne keramike oblikovane hladnim izostatickim presanjem.

Klju¢ne rijeci: aluminij oksidna keramika, tvrdo¢a, lomna Zilavost
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1. INTRODUCTION

The appeal of ceramics as structural materials is based on their low density combined with
their high temperature resistance, high hardness, chemical inertness and high wear resistance
[1, 2]. Alumina ceramics find a wide range of applications due to its composition. Some of
the major application areas can be grouped as shown in Table 1. A major goal of current
ceramic research and development is to produce tough, strong ceramics that perform reliably.
The fracture toughness of ceramics is still poor, compared to that of metals and composites.
Fracture toughness values are used extensively to characterize the fracture resistance of
ceramics and brittle materials.

Table 1. Example of applications for a range of Alumina’s [3].

% AlO3 Grain size Porosity Application Area
>99.6 Fine Closed Electrical, Engineering, Biomedical
>99.8 Fine Zero Lamp tubes, Optical

(rec;s?e?ﬁ? sed) Medium Closed High temperature uses

95-99.5 Fine Closed General electrical, Engineering
8095 Fine Closed Low duty electrical (spark plugs)

90 -99.6 Fine/Coarse | Open Filter media
80-90 Fine/Coarse | Open Abrasive

Due to its simplicity, its non-destructive nature, and the fact that minimal machining is
required to prepare the sample, the use of the Vickers hardness indentations to measure
fracture toughness (Kic) has become quite popular. Indentation hardness is a measurement of
the size of an indentation made by a diamond pyramid-shaped indenter of specified size and
shape pressed into a polished surface by a known load. The surface is normally not etched
prior to the indentation. Among a variety of indentor geometries used in hardness testing, the
Vickers indentor is one in the most widespread use. The Knoop indenter has only two-fold
symmetry and it is commonly used on ceramics. The Vickers indenter has four-fold symmetry
but makes a deeper indentation and is more inclined to cause fractures in brittle materials than
the Knoop indenter.

The Vickers diamond pyramid hardness number, HV, is defined as the ratio of the applied
load, F, to the pyramidal contact area, A, of the indentation:

HV = P/A = a FId? (1)
where d is the length of the diagonal of the resultant impression, and o = 0.1891 for Vickers
indentor [4-7].

Cracks associated with Vickers or Knoop hardness impressions are widely used as artificial
defects of “known” size for the fracture toughness (K|c) measurement of ceramics. There are

many references [5, 8-13] on the quantitative relations between the surface crack length of
indentation cracks and the fracture toughness. Interest in this method stems from its simplicity
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and the small volume of material required to conduct K;. measurements. A Vickers
indentation is implanted onto a flat ceramic surface and cracks develop around the indentation
with their lengths in inverse proportion to the toughness of the material. By measuring crack
lengths, it is possible to estimate K.

The conventional procedure of hardness testing consists of applying a fixed load on a
diamond indentor and measuring, with the help of a microscopy, the dimension of the
resultant indentation on the surface of the test material after unloading.

In this paper, the hardness of CIP-Al,O3; ceramics was measured by the Vickers indentations
method (Figure 1) and cracks that originated from the Vickers indentations were used to
compute the fracture toughness by the Anstis method. Toughness measured by the Anstis
crack-length method is dependent on the elastic modulus of the material, microindentation
hardness and crack length, and the applied load. Anstis et al. [9, 5, 13] employed a simplified
two-dimensional fracture mechanics analysis and obtained:

E 1/2 F
K, = 0.016 (F} 57 2)

where F is the load in Newtons, C is the crack length from the center of the indent to the crack
tip in meters, E is the Young's modulus in GPa and H is the Vickers hardness in GPa. It must
be noted that under small indentation loads, only small Palmqvist cracks form, see Figure 2. A
cross-sectional view and a top view of the two most common types of cracks are shown in
Figure 2. At low loads, Palmquvist cracks are favored, while at high loads fully developed
median cracks result. A simple way to differentiate between the two types is to polish the
surface layers away; the median crack system will always remain connected to the inverted
pyramid of the indent while the Palmqvist will become detached, as shown in Figure 2 b [2,
10,12].

2. EXPERIMENTAL PROCEDURE
2.1. Sample preparation

The material used in this study was a cold isostatically pressed (CIP)-Al,Os; with 99.8 %
purity. Chemical composition of investigated alumina ceremics is shown in Table 2. The CIP-
Al,O3 specimens were supplied by Applied Ceramics, Inc., Fremont, California, U.S.A. ALOs
ceramic contains MgO as sintering aid and the usual impurities SiO,, CaO, Na,O and Fe,Os.
The specimens were rectangular coupons; size was 8§ mm x 10 mm x 20 mm. The Archimed
density of the CIP-Al,O; was 3.91 g/cm3, thus the CIP-Al,O; ceramic specimen attained
98.09 % of its theoretical density (3.986 g/cm’).

Table 2. Chemical composition of the Al,O3 ceramics.

wt. %
MgO F6203 SlOz NazO CaO A1203
alumina ceramics | 0.066 | 0.015 | 0.02 | 0.05 | 0.013 | rest

sample

2.2. The Vickers hardness and the fracture toughness testing

The Vickers hardness was measurements by means of ZWICK. All indentations were made
into mirror polished surfaces. In this method, a diamond indenter is applied to the surface of
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the specimen to be tested. Ten Vickers impressions have been made through in the surface of
the sample using load of 1 - 9.81 N (HV1) during fifteen seconds. After removal of indenter,
the size of cracks that emanate (sometimes) from the edges of the indent are measured, and
Vickers hardness of alumina ceramics is calculated according to equation (3). All indentation
tests were carried under ambient laboratory conditions. Vickers indentation was measured by
optical microscopy Olympus BH. The fracture toughness (Kic) was determined by the direct
crack measurement method using the Palmqvist crack model and Anstis equation (2).

3. RESULTS AND DISCUSSION

After indentation, the length of each of the two diagonals of the square-shaped Vickers
indentation was immediately measured by optical microscopy with a magnification of 500.
The values of the Vickers hardness were calculated, by the following equation:

0.1891 - F

HVI = == 3)

Where:

HV = Vickers hardness,

F = applied load (N),

d = arithmetic mean of the two diagonal length (mm).

The arithmetic mean of the all measured diagonals length (10 impressions) was 32 um. It
means that HV1 is 1811.

Figure 1. Vickers hardness testing. a) Schematic of a Vickers or diamond pyramid hardness
indenter. The indentation depth h is approximately 1/7 of the average length D of
the diagonals [4]. b) Vickers indentations on a radial cross section of 99.8 % Al,O3
ceramics. The load on the indenter was 1 - 9.81 N (HV1), and the dwell time was
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15 s. c) Magnified view of the left Vickers indentation in b). Note the fracture field
surrounding the indentation.

The Kjc values were determined using the direct crack measurement method. The Palmqvist
crack model equation was used to compute the fracture toughness (Kic). The Young's
modulus for high purity alumina ceramics is 386 GPa. The arithmetic mean of the all
measured € length (10 impressions) was 42 um.

The calculated fracture toughness (Kjc) value according to equation (2) is2.69 MPa Jm.

Median crack (side view) Palmgvist crack (side view)

o e

| — 25 <]
'\\V_//{
|

I
i .
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|
|—r 1—-—[ ‘Q e ) —
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22 polishing polishing
(@) (b)

Figure 2. Crack system developed from the Vickers indents. (a) Side and top views of a median
crack, (b) top and side views of a Palmqvist crack [2].

4. CONCLUSION

From the obtained results of these investigations it can be conclude that investigated method
for determination of fracture toughness based on crack-length measurements of cracks
introduced into the sample surface is applicable for technical ceramics such as alumina
ceramics. Obtained results of hardness and fracture toughness of high purity alumina ceramics
are also in conformity with results in the literature data [4].
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PROMJENA POJEDINIH SVOJSTAVA RABLJENIH MOTORNIH
ULJA

CHANGES OF SOME PROPERTIES OF USED ENGINE OILS
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Kemijsko — tehnoloski fakultet, Sveuciliste u Splitu, Teslina 10/V, 21000 Split

Strucni clanak / Professional paper

Sazetak: U ovome radu usporedena su svojstva viskoznosti, tocke plamista, sadrzaj metala u
ulju 1 specificna provodnost kod nekoliko novih i rabljenih motornih ulja.

Sadrzaj metala u motornim uljima odreden je EDXRF tehnikom po metodi TXMS-
06A V1. Viskoznost je odredena aparatom po Engleru, tofka plamista aparatom po
Marcusonu, dok je specificna provodnost odredena digitalnim konduktometrom s metalnim
elektrodama. Usporedbom vrijednosti za nova 1 stara ulja ustanovljen je znatan porast
sadrzaja pojedinih metala u rabljenim uljima poglavito Zeljeza, olova, aluminija i cinka. Dio
metalnih iona unesen je aditivima, dio je nastao uslijed trosenja dijelova motora a dio potjece
iz goriva. Za rabljena ulja tocka plamista odredena je pri nizim temperaturama, viskoznost je
smanjena dok je vrijednost specificne provodnosti bila ista ili niza.

Ispitivani parametri mogu ukazati na moguce pojacano troSenje dijelova motora, a
takoder 1 na potrebu pravilnog zbrinjavanja rabljenih motornih ulja.

Kljuéne rijec¢i: rabljena motorna ulja, sadrzaj metala u ulju, EDXRF

Abstract: This study compares the properties of viscosity, flashpoint, contents of metal in oil,
and specific conductivity in some new and some used engine oils.

The metal content in engine oils has been determined according to the EDXRF
technique using the TXMS-06A V1 method. Viscosity has been determined by means of an
instrument according to Engler, flashpoint by means of an instrument according to Marcuson,
and specific conductivity by digital conductometer with metal electrodes. A comparison of
values between new and used oils has indicated a significant increase in the content of some
metals in used oils, specifically iron, lead, aluminium, and zinc. A part of metal ions has been
introduced by additives, a part is due to wear and tear of engine parts, and a part originates
from the fuel. The flashpoint has been found at lower temperatures for used oils, viscosity
was reduced, and the specific conductivity was the same or lower.

The parameters examined can indicate possible increased wear and tear of engine
parts, and also the need for proper disposal of used engine oils.

Key words: used engine oils, metal content in oils, EDXRF
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1. UVOD

Motorna ulja ovisno o tipu motora i uvjetima rada moraju zadovoljiti propisane norme
u pogledu potrebnih svojstava. Kada dode do promjene pojedinih svojstava ulje je potrebno
izmijeniti. Osnovne znacajke pojedinih motornih ulja date su u tehni¢ko-sigurnosnom listu, a
medu vaznija svojstva ubrajaju se indeks viskoznosti, gustoca, tocka zapaljenja, postojanost
prema oksidaciji, koksni ostatak, neutralizacijski broj, boja ulja, temperatura samozapaljenja,
tocka gorenja 1 drugo. Radi poboljSanja pojedinih svojstava motornih ulja dodaju se razliciti
aditivi. NajCesce su to tvari koje poboljSavaju indeks viskoznosti, zatim sredstva za zastitu od
troSenja okretnih dijelova motora, sredstva za snizavanje lediSta ulja, deterdzenti, korozijski
inhibitori 1 ostali [1,2].

Uporabom motornih ulja dolazi do promjene pojedinih njihovih svojstava, a Cesto i do
unosenja sastojaka koji nisu bili u novom ulju. Dio unesenih cestica potjece od troSenja
motora, abrazijom radi kontakta metal-metal. Dijelovi motora koji su podlozni intenzivnijem
troSenju su cilindri motora, klipovi i klipni prstenovi te se u rabljenom ulju mogu ocekivati
Cestice materijala od kojih su nacinjeni ovi dijelovi. Pored ovih Cestica u rabljenom ulju su
moguce i Cestice ostalih dijelova motora, gdje je izrazeno trenje kao npr. Cestice ventila i
lezajeva [2-5]. Nadalje, u rabljenim uljima moguce su Cestice produkata izgaranja goriva, a
ponekad i samo gorivo te voda. Veéi dio krutih Cestica zadrzava se na uljnim filtrima,
netopive krute Cestice dijelom se taloze na dnu kartera, a dio unesenih Cestica zadrzava se u
ulju i utjece na pojedina svojstva ulja te na zbrinjavanje takvih ulja.

Pogodna metoda za odredivanje sadrzaja metala u motornom ulju je spekroskopija
karakteristi¢nih x-zraka, gdje se analizom spektra moze kvantitativno odrediti viSe razli¢itih
elemenata [6,7]. Odredivanje specificne provodnosti ulja moze posluziti kao kvalitativan
pokazatelj prisutnosti vodljivih iona u ulju. Na osnovi odredene vrijednosti specificne
provodnosti rabljenih ulja i usporedbom s vrijednostima kalibracijskih ulja, kojima je poznata
1 koncentracija iona, moze se procijeniti sadrzaj vodljivih iona u ulju.

Vrijednosti tocke plamista i kinematickog viskoziteta novih i rabljenih ulja ukazuju na
kvalitetu ulja. S gledista zastite okoliSa bitno je poznavanje sastava rabljenih ulja, poglavito u
njima prisutnih halogena, PCB-a i sadrzaja teSkih metala, koji zaostaju u pepelu nakon
njihovog spaljivanja [8].

Stoga je cilj ovoga rada odredivanje vaznijih fizikalno - kemijskih znacajki kako u
novim tako i rabljenim uljima. Posebno je znacajno kvantitativno odredivanje sadrzaja metala
u njima te utvrdivanje odnosa koncentracije iona u ulju i specifi¢ne provodnosti ulja.

2. EKSPERIMENTALNI DIO

U radu su koristeni uzorci kalibracijskih ulja za EDXRF aparat. Uzorci su pripremljeni
u ANALYTICAL SERVICES,INC /THE WOODLANDS, TX. 77387 1 isporueni uz
deklaraciju LUBRICATING OIL, ELEMENTS / CODE No: ELO 17 (OX) 1-24 [9].

Mjerenja su provedena na komercijalnim novim i rabljenim motornim uljima, koja su
opisana u tablici 1. Primijenjena je jednostavna kvalitativna metoda detekcije vodljivih iona u
motornim uljima, odredivanjem specificne provodnosti ulja [10] uporabom mikro-
procesorskog konduktometra MA 5964, “Iskra”, Slovenija. Mjerenja su provedena uporabom
elektrode s metalnim plo¢icama od nehrdajuéeg &elika, s konstantom éelije, C = 0.2780 cm'.
Uzorci ulja prethodno su termostatirani 2 sata pri 20 °C, te su idu¢a dva sata svakih 5 minuta
racunalno biljeZene njihove specificne provodnosti. Izracunata je srednja vrijednost specifi¢ne
provodnosti, a dobiveni rezultati upisani su u tablicu 2. PlamiSte ispitivanih motornih ulja
odredeno je aparatom po Marcusson-u, model OB-306, Labor Muszeripari Muvek, Madarska
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te je srednja vrijednost mjerenja dana u tablici 2. Viskoznost ulja odredena je Englerovim
aparatom, model LP-265,

Tablica 1. Komercijalni uzorci novih i rabljenih motornih ulja

Uzorak Opis uzorka
"ARAL"/ 10W-40 novo ulje za benzinske motore, visokorafinirano, mineralno ulje
"ARAL" rabljeno ulje iz benzinskog motora nakon prijedenih 10000 km.
"ARAL"/ 5W-40 novo ulje za dizelske motore, visokorafinirano, bazno ulje
"ARAL" rabljeno ulje iz dizelskog motora nakon prijedenih 15000 km

"INA DELTA SINT” novo ulje za benzinske motore, polusintetsko

"INA DELTA SINT” rabljeno ulje iz benzinskog motora. (nije vrSena redovita
izmjena ulja, ulje dolijevano po potrebi)

"CASTROL" / 15W-40 | novo ulje za benzinske i dizel motore, mineralne osnove
"CASTROL” rabljeno ulje iz benzinskog motora, nakon prijedenih 10000 km

Cehoslovagka. Kvantitativno odredivanje metalnih iona provedeno je EDXRF tehnikom po
metodi razvijenoj za rabljena ulja TXMS-06A.V1, aparatom TWIN-X, Oxford Instruments,
Engleska [11]. Mjerenja su provedena uz dva detektora: Focus 5+ u atmosferi helija, za
elemente s rednim brojem manjim od 30 1 PIN-diodni detektor za elemente s rednim brojem
iznad 30. Rezultati EDXRF mjerenja prikazani su u tablici 3.

3. REZULTATI I RASPRAVA

Iz prilozenog certifikata standardnih kalibracijskih ulja poznate su koncentracije
pojedinih iona te su iste zbrojene 1 dobiven je podatak ukupne koncentracije u pojedinom
uzorku. Ovim uzorcima izmjerena je i specificna provodnost pri 20 °C s ciljem da se utvrdi
moguca veza s ukupnom koncentracijom iona u ulju. Rezultati su prikazani na slici 1, gdje su
uzorci na apscisi poredani prema porastu ukupne koncentracije te je prikazana i pripadajuca
izmjerena specificna provodnost. Uocljivo je da gotovo ravnomjeran porast ukupne
koncentracije ne prati i ravnomjeran porast specificne provodnosti ulja. Specifi¢na provodnost
uzoraka S3, S5, S71 S8 veca je za red veliine u odnosu na druge uzorke. Analizom podataka
iz certifikata kalibracijskih ulja [9] utvrdeno je da uzorci sa visokom specificnom
provodno$éu imaju povisene koncentracije magnezija te da im ukupna koncentracija ionskih
vrsta ne mora biti visoka. Za uzorak s najve¢om ukupnom koncentracijom S9 (1.682 mas %)
pripadajuéa specifi¢na provodnost je 0.077 uS/cm, dok uzorak S3 ima ukupnu koncentraciju
iona 1.392 mas % 1 specificnu provodnost 0.3931 uS/cm. Uzorak S1, bez dodataka pokazuje
1 vrijednost specificne provodnosti 0.0000 puS/cm. Ovako dobiveni rezultati upucuju da
relativno jednostavna konduktometrijska tehnika moze kvalitativno ukazati na prisustutnost
ionskih vrsta u ulju, ali da je 1 nedostatna za procjenu ukupne koncentracije iona u ulju.
Poseban problem su krute Cestice koje se konduktomerijom ne mogu odrediti, a redovito se
nalaze u rabljenim uljima. Stoga, za pravilnu procjenu o zbrinjavanju rabljenih ulja
neophodna je i kvantitativna analiza ulja gdje se odreduju i ioni i krute Cestice u ulju.
Uporabom motornih ulja dolazi i do promjena pojedinih bitnih svojstava ulja $to je jasno
uocljivo iz podataka u tablici 2, koji se odnose na primjer odredivanja plamisSta novih i
rabljenih ulja.
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Slika 1. Prikaz kalibracijskih uzoraka ulja (S1-S23) poredanih prema porastu
koncentracija i izmjerene vrijednosti specificne provodnosti pri 20°C

Plamista starih ulja znatno su ispod vrijednosti za nova ulja, Sto upucuje i na mogucu
promjenu i drugih svojstava. Ulje iz starog, odbadenog motora, gdje nije vrSena redovita
izmjena, nego je ulje kroz dulji period dolijevano po potrebi, ima izrazito nisko plamiste Sto
predstavlja i sigurnosni problem. Za uzorke rabljenog ulja INA Delta Sint i Castrol, iz
starijih motora izmjerena viskoznost pri 40 °C ima vrijednost od 6.7 odnosno 7.6 Englera, Sto

ukazuje i na znatan pad viskoznosti u odnosu na nova ulja iste vrste.

Tablica 2. Srednje vrijednosti mjerenja specificne provodnosti ispitivanih ulja

pri 20°C i odredene toc¢ke plamista aparatom po Marcussonu

Uzorak Spec. provodnost, | Plamiste,

uS/cm °C
""Aral" 5w-40/ novo ulje za dizelske motore 0,0019 245
""Aral’'rabljeno ulje iz dizelskog motora 0,0017 195
"Aral" 10W-40/ novo ulje za benzinske motore 0,0020 232
""Aral" rabljeno ulje iz benzinskog motora 0,0017 228
"INA Delta Sint"'/ novo ulje za benzinske motore 0,0019 233
"INA Delta Sint"/ rabljeno ulje iz benz. motora 0,0019 155
Castrol / novo ulje za benzinske 0,0018 227
Castrol / rabljeno ulje iz benzinskog motora 0,0017 200
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Tablica 3. Prikaz odnosa izmjerenih srednjih vrijednosti koncentracija iona u rabljenim i novim motornim uljima, razli€itih proizvodaca

koncentracija (% m/m)

Mg‘P’S‘Cl‘

’Mn

Ca Ti V Cr Fe Co Ni Cu Zn Sn Pb Al
"ARAL"10W-40;ulje za benzinske motore
-- 0,110 0,418 - 0,197 0,001 0,001 0,002 0,001 0,000 0,000 0,000 0,000 0,107 0,012 0,005 0,001 0,002
-- 0,110 0,576 -- 0,253 0,001 0,001 0,002 0,018 0,001 0,000 0,000 0,001 0,113 0,000 0,003 0,001 --
"ARAL"5W-40; ulje za dizelske motore
-- 0,097 0,284 - 0,158 0,001 0,001 0,002 0,001 0,000 0,000 0,000 0,001 0,094 0,000 0,006 0,000 0,006
-- 0,106 0,605 -- 0,257 0,001 0,001 0,001 0,002 0,010 0,000 0,000 0,001 0,107 0,004 0,006 0,001 0,003
"INA DELTA SINT" ulje za benzinske motore
0,047 0,125 0,799 - 0,215 0,000 0,001 0,001 0,001 0,000 0,000 0,000 0,000 0,126 0,008 0,003 0,000 0,002
-- 0,176 0,632 - 0,243 0,001 0,002 0,007 0,025 0,018 0,000 0,000 0,001 0,164 0,000 0,007 0,002 0,006
"CASTROL GTX - protect"/15W - 40;ulje za benzinske motore
-- 0,109 0,585 - 0,199 0,001 0,001 0,001 0,001 0,000 0,000 0,000 0,000 0,106 0,013 0,003 0,000 -
-- 0,102 0,753 -- 0,169 0,000 0,002 0,004 0,017 0,002 0,001 0,001 0,002 0,106 0,010 0,005 0,178 0,035
I novo ulje I I rabljeno ulje I
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Vrijednosti specifi¢ne provodnosti odabranih kalibracijskih ulja (Sample 1, 6, 121 18),
pokazanih u tablici 2 pokazuju dosta velike razlike, dok su za komercijalna ulja razlike ovih
vrijednosti vrlo male i obi¢no su niZe za rabljena ulja. Rezultati ukazuju da u rabljenim uljima
specificna provodnost ovisi viSe o svojstvima 1 koliini aditiva te o njihovoj degradaciji nego
Sto doprinosi povecéani sadrzaj metala u rabljenim uljima.

Provedena kvantitativna EDXRF analiza sadrzaja pojedinih elemenata u uljima,
tablica 3, pokazuje da je u rabljenim uljima povecan sadrzaj sumpora, Zeljeza, mangana,
aluminija i cinka. U ulju Castrol iz motora bez katalizatora izmjeren je povecan sadrzaj olova.

4. ZAKLJUCCI

Vrijednosti temperature plamiSta za rabljena motorna ulja su nize u odnosu na
vrijednosti plamiSta novih ulja. Rabljeno ulje zbog svog troSenja u motoru ostaje i bez nekih
komponenti aditiva, a nize vrijednosti ukazuju na prisutnost komponenti goriva.

Ispitivanjem specifiéne provodnosti novih i rabljenih motornih ulja dobivene su slicne
vrijednosti. Konduktometrijskom metodom se ne moze odrediti ionska vrsta u ulja, nego samo
prisutnost odredene vodljive ionske vrste, Sto ukazuju na konduktometriju kao pomoénu
metodu koja moze prethoditi EDXRF ispitivanjima.

Dobiveni rezultati pokazuju povecan udio pojedinih metalnih iona u rabljenim uljima,
poglavito Zeljeza, olova, aluminija i cinka u odnosu na nova motorna ulja. Stoga, nakon
njihovog spaljivanja, u ostatku se mogu ocekivati znatnije koncentracije ovih metalnih iona,
te naroCitu pozornost treba posvetiti zbrinjavanju takvih ostataka. Prema Pravilniku o vrstama
otpada, ispitivana rabljena motorna ulja mogu se svrstati u 1 i 2. kategoriju otpadnih ulja te se
mogu reciklirati ili iskoristiti kao energent za spaljivanje.
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ANALIZA UZROKA LOMA CIJEVI POD VISOKIM TLAKOM

FAILURE ANALYSIS OF HIGH PRESSURE TUBE
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Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb,
Ivana Luci¢a 5, 10000 Zagreb, Croatia
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Strucni ¢lanak / Professional paper

Abstract: An example of failure analysis of high pressure tube in a process industry is
presented in the paper. The tube sample is a part of tubular high pressure system for low
density polietilen (LDPE) polymerisation by high pressure. Polymerisation conditions
are: pressure in a reactor 2400 bar and temperature higher than 165°C. The reactor is
made of 81 tubes having the length of 10m. During the exploitation, the cracks appeared
on the walls of high pressure tube. Non destructive testing, testing of roughness,
fractography analysis, chemical analysis, metalography analysis and testing of hardness
was performed for the purpose of failure cause detection. The tube sample was cut to
enhance crack visibility for the fractography analysis. The cracks were photographed
with digital camera. Chemical composition was determinated with LECO
SPECTRUMAT-750 GDS. Hardness was tested by Vickers method HV10. Following
methods of non destructive testing were carried out: visual control, magnetic testing and
ultrasound testing. On the basis of these testing, failure causes are drawn out.

Key words: Failure analysis, high pressure tube, non destructive testing, roughness,
fractography analysis, chemical analysis, metalography analysis, hardness testing.
Sazetak: U radu je prikazan primjer analize uzroka loma visokotla¢ne cijevi u procesnoj
industriji. Uzorak cijevi je dio reaktorskog sustava polimerizacije visokim tlakom
polietilena niske gusto¢e (LDPE). Uvjeti polimerizacije su: tlak u reaktoru 2400 bara i
temperatura visa od 165°C. Reaktor se sastoji od 81 cijevi duljine 10m. Za vrijeme
uporabe pojavile su se pukotine na stijenkama reaktorske cijevi. Zbog utvrdivanja uzroka
loma provedena su: nerazorna ispitivanja, ispitivanje hrapavosti, fraktografska, kemijska i
metalografska analiza te ispitivanje tvrdoce. Za potrebe fraktografske analize uzorak
cijevi je izrezana kako bi pukotine bile vidljive 1 snimljene digitalnom kamerom.
Kemijski sastav odreden je uredajem LECO SPECTRUMAT-750 GDS. Tvrdoca je
ispitana metodom po Vickersu HV10. Provedene su slijede¢e metode ispitivanja bez
razaranja: vizualna kontrola, magnetsko 1 ultrazvu¢no ispitivanje. Na osnovi tih
ispitivanja odredeni su uzroci loma cijevi.

Kljucne rijeci: Analiza loma, visokotlacna cijev, ispitivanje bez razaranja, hrapavost,
fraktografska analiza, kemijska analiza, metalografija, ispitivanje tvrdoce.
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1. UVOD

Na Fakultet strojarstva i brodogradnje, Laboratorij za tribologiju, dostavljen je
uzorak visokotla¢ne cijevi radi utvrdivanja oblika, veli¢ine i uzroka nastanka pukotine
koja je izazvala propustanje. Dostavljeni uzorak cijevi, slika 1, izrezan je iz navedenog
reaktora prilikom zamjene oste¢enog dijela.

Slika 1. Dostavljeni uzorak

2. ISPITIVANJE BEZ RAZARANJA

Utvrdivanje mjesta i veli¢ine pukotine na uzorku cijevi provedeno je u Laboratoriju
za nerazorna ispitivanja, Zavoda za kvalitetu FSB-a.

2.1 Vizualni pregled (VT):

a) Oprema: svjetlomjer Lutron LX-107, ser.br. L823452
lupa, pomi¢no mjerilo, metar

b) Tehnika: neposredna

¢) Intenzitet rasvjete: > 350 Ix (op¢i pregled)

> 500 Ix (detaljni pregled)
d) Udaljenost promatranja: 300 — 600 mm

2.2 Ispitivanje magnetnim ¢esticama (MT)
a) Elektromagnetski jaram: Tiede TWM 42A, ser.br. 9936389

b) UV svjetiljka: LABINO, UV spot, ser.br. 3389
¢) Magnetne Cestice: Tiede, 690.1, 3,0 um

d) Tehnika: kontinuirana, mokra

e) Intenzitet UV rasvjete: > 1000 uW/cm®

f) Jakost magnetnog polja: >2,5kA/m
g) mjera¢ jakosti mag. polja:  Hirst Gaussmeter GM04, ser.br. GM0468
h) izmjerena duljina MT indikacije: 21 mm
3. PRIPREMA ZA OSTALA ISPITIVANJA
Nerazornim ispitivanjem otkrivena je pozicija pukotine, ali ne 1 njena karakteristika

budu¢i da nije doslo do potpunog razdvajanja cijevi.
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Mijesta na kojima ¢e se odrezati uzorak
o

Podru¢je na kojeni je NDT metom
utvrdena pukotina

Slika 2. Oznaceni dio cijevi prikazuje mjesto pukotine

Na slici 2 vidi se zaokruzeno mjesto na kojem je pukotina i oznake mjesta rezanja uzorka.
Dio cijevi koji je odrezan radi ispitivanja prikazan je na slici 3.

Slika 3. Dio cijevi koji je odrezan za ispitivanja

Da bi povrsina pukotine bila dostupna, a i da bi se omogucio pregled unutraSnje povrsine
cijevi, najprije je izrezan uzduzni segment cijevi nasuprot pukotine, slika 4 1 5.
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Slika 5. Izrezani uzduzni dio cijevi

Na slici 5 oznaceno je mjesto "a-a" na kojem ¢e se odrezati poprecni uzorak cijevi
potreban za utvrdivanje kemijskog sastava, mikrostrukture 1 tvrdo¢e materijala cijevi.

4. PREGLED UNUTRASNJE POVRSINE CIJEVI

Na uzorku sa slike 4 uoc€ljivi su risevi na unutrasnjoj strani cijevi. Detalji su prikazani na
slikama 6, 7 1 8.
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Slika 6. Risevi na unutra$njoj stijenki cijevi

Slika 7. Isto kao slika 6, vece povecanje

Slika 8. Isto kao slika 7, drugi kut
Nije bilo mogucée utvrditi potjecu li risevi od obrade ili su nastali tijekom rada.
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5. FRAKTOGRAFSKA ANALIZA

Nakon pregleda unutrasnje povrsine cijev je nasilno prelomljena. U izrez uzorka sa slike
4 utisnut je trn. Kod opterecenja silom od 250.000 N doslo je do "otvaranja" uzorka ¢ime
je pukotina postala dostupna za makropregled. Izgled pukotine i njena okolina prikazani
su na slikama 9 do 12.

Pukotina

Slika 10. Prijelomne povrSine, 3 sata nakon razdvajanja
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Slika 11. Povrsina prijeloma, lijeva polovica ispitnog uzorka sa slike 10,
strelicom je oznacen pocetak pukotine.

Slika 12. Povrsina prijeloma, desna polovica ispitnog uzorka sa slikel0,
strelicom je oznacen pocetak pukotine.

Na slikama 11 1 12 jasno su uocljivi koncentri¢ni tragovi privremenog zaustavljanja
pukotine, §to znaci da je do njenog nastanka i Sirenja doslo djelovanjem mehanizma
umora materijala, [1].

6. KEMIJSKA ANALIZA
Kemijska analiza materijala cijevi provedena je u Laboratoriju za analizu metala, Zavoda

za materijale FSB-a, na instrumentu LECO SPECTRUMAT-750 GDS. Rezultati su
prikazani u tablici 2.
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Tablica 2. Maseni udjeli elemenata u materijalu uzorka

lementi % mase
Uzorak C|lsi|[Mn] P ]| s |cu]|Ni|]cr|Mo] Al

Cijev 0,37 | 0,24 10,86 (0,0008{0,006| 0,13 | 1,85 | 0,76 | 0,40 | 0,05

Prema kemijskom sastavu materijal cijevi najblize odgovara celiku oznake (po DIN-u)
40 NiCrMo7 3 (W.Nr. 1.6562.).

7. ANALIZA MIKROSTRUKTURE

Analiza mikrostrukture materijala uzorka cijevi provedena je u Laboratoriju za
materijalografiju, Zavoda za materijale FSB-a.

Metalografski uzorak presjek "a-a" uzorka sa slike 5 pripremljen je u skladu s
preporukama za tu vrstu materijala, [2].

Mjesta analize
mikrostrukture

Slika 13. Metalografski uzorak presjeka "a-a" sa slike 5

Slika 14. Mikrostruktura presjeka sa slike 13, sredina
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Mikrostruktura se sastoji od popustenog martenzita i vrlo malo MnS.

100pm

Slika 15. Detalj metalografskog uzorka sa slike 13, unutrasnji rub cijevi
u poliranom stanju

b =

Slika 16. Isto kao slika 15, ve¢e povecanje

Strelice pokazuju riseve-udubljenja, mogucéa mjesta zacetka umora materijala.

8. MJERENJE TVRDOCE CIJEVI

Mjerenje tvrdo¢e materijala, provedeno je u Laboratoriju za ispitivanje mehanickih
svojstava, Zavoda za materijale FSB-a, na metalografskom uzorku, slika 13.
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Tvrdoc¢a je mjerena metodom Vickers HV10, [3], na mjestima prikazanim na slici
17. Rezultati su prikazani u tablici 3.

Slika 17. Mjesta na popre¢nom presjeku na kojima je mjerena tvrdoca.

Tablica 3. Tvrdoca uzorka cijevi

< |

Mjerenje br. | 1 2 3 4 5 6 7 8 9 10

HV10 312 | 345 | 345 | 351 (351 (351 |351 |333 |333 |327 (340

9. ZAKLJUCAK

Na temelju provedenih ispitivanja moze se zakljuciti sljedece:

e Ispitani uzorak cijevi izraden je od celika koji, prema kemijskom sastavu,
mikrostrukturi i tvrdo¢i odgovara celiku oznake (po DIN-u) 40 NiCrMo7 3
(W.Nr. 1.6562.) u poboljsanom stanju.

e Metalografskim pregledom nisu uocene pogreske u materijalu koje bi se mogle
povezati s nastankom pukotine.

¢ Inicijalna pukotina nastala je mehanizmom umora materijala na jednom od riseva
na unutras$njoj povrsini cijevi. Nije utvrdeno jesu li ti risevi nastali pri izradi cijevi
ili u radu. Nakon inicijacije, pukotina se dalje Sirila lepezasto do vanjske povrsine
cijevi §to je izazvalo propustanje medija.
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Izvorni znanstveni rad / Original scientific paper

SazZetak: U okviru ovog rada ispitivao se utjecaj razli¢itog vremena homogenizacije uzoraka,
uzetih iz ,,8ajbe” bloka aluminijske slitine EN AW-5083, na mikrostrukturna i fizikalna
svojstva. Blok je lijevan polukontinuiranim, vertikalnim postupkom uz izravno hladenje
vodom (DC postupak). Provedena su ispitivanja broja zrna i izluCenih faza, te
elektrovodljivosti na uzorcima bloka koji su homogenizirani u intervalu od 10 minuta do 18
sati, pri temperaturi od 520 °C. Uoceno je da vrijeme homogenizacije na temperaturi od 520
°C ne utjeCe na promjenu broja zrna, ve¢ je taj broj ovisan o primarnoj mikrostrukturi, tj.
poziciji unutar bloka, odnosno ,Sajbe“. Takoder, s vremenom homogenizacije raste udio
Supljina na granicama primarnih o-Al dendrita zbog otapanja eutekticke komponente.
Intermetalni spojevi bazirani na zeljezu 1 manganu ostaju stabilni pri temperaturi
homogenizacije. Porast elektrovodljivosti s vremenom drzanja pri temperaturi homogenizacije
predstavlja dobru indikaciju homogeniziranosti ispitivanih uzoraka.

Kljuéne rijeci: aluminijska slitina EN AW-5083, homogenizacija, DC postupak,
mikrostrukturna svojstva

Abstract:The influence of different homogenization time on microstructural and physical
properties of samples taken from the “slice” of the slab of aluminum alloy EN AW-5083 has
been examined in this thesis. The slab has been cast by semi-continuous, vertical direct water
cooling (Direct Chill) process. Grain number, precipitated phases and electrical conductivity
have been examined on slab samples homogenized in intervals of 10 minutes to 18 hours at
the temperature of 520 °C. It has been noted that homogenization time does not affect the
change of grain number, but this number depends on as-cast microstructure, or position within
the slab, or “slice”. However, during homogenization treatment percentage of porosity at the
primary a-Al dendritic grain boundaries has increased, due to melting of eutectic components.
Intermetalic compounds based on iron and manganese stay stable at homogenization
temperature. Increases of electrical conductivity with the holding time extend at the
homogenization temperature shows good indication of homogeneity of examined samples.
Key words: aluminum alloy EN AW-5083, homogenization, Direct Chill process,
microstructural properties
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1. Uvod

U prosjeku, oko 85 % od ukupno proizvedenog aluminija koristi se za proizvode dobivene
plasticnom deformacijom, npr. valjane plo¢e (> 6 mm debljine), limovi (0,2 - 6 mm), folije (< 0,2
mm), cijevi, Sipke, gredice, zica [1]. Ti su proizvodi dobiveni iz lijevanih blokova i trupaca slitina za
gnjecenje, s poboljSanom homogeniziranom strukturom nakon toplinske obrade. Da bi se osigurala
visoka kvaliteta gotovih proizvoda vrlo je vazno lijevanje bloka kao poluproizvoda, a povezano s tim
nuzna je dobra kvaliteta taline.

Lijevanje s izravnim hladenjem vodom (,,Direct Chill casting™) je polukontinuirani proces
lijevanja, u kojem vodom hladeni kalup inicira prvi dio skru¢ivanja, dok se drugi dio skru¢ivanja
bloka (kojim se uklanja oko 90 % topline) ostvaruje izravnim hladenjem bloka vodom pri njegovom
pojavljivanju na donjem dijelu kokile [2].

Usitnjavanje zrna olakSava (potpomaze) lijevanje blokova ,,DC“ postupkom, te omogucava
dobivanje ujednacene strukture po cijelom presjeku bloka. Za gnjetljive slitine veli¢ina zrna u
lijevanom (primarnom, ,,as-cast) stanju ima direktan utjecaj na kasniju obradu i svojstva kona¢nog
proizvoda [1].

Lijevani blokovi i trupci prije postupaka valjanja, presanja ili kovanja se homogeniziraju, a
osnovna svrha je ujednacavanje kemijskog sastava na razini mikrostrukture [3]. Naime, procesima
lijevanja nastaju u Al-Mg slitinama kristalne segregacije i viSekomponentni eutektici na granicama
zrna. Obje ove pojave su nepozeljne jer smanjuju sposobnost deformacije i mehanicka svojstva slitina.
Homogenizacijom se uklanjaju kristalne segregacije difuzijskim gibanjem atoma glavnih legiraju¢ih
elemenata Mg i Mn s podru¢ja vece na podrucja manje koncentracije, a intermetalne faze na
granicama zrna djelomi¢no se otapaju u krutoj otopini aluminija. Na taj na¢in mikrostruktura postaje
ravnomjernija i homogenija. Temperatura homogenizacije za komercijalne aluminijske slitine obi¢no
je oko 20 — 50 °C ispod solidus linije i $to je moguce blize pocetnoj temperaturi tople prerade [4].
Trajanje homogenizacije u praksi obi¢no iznosi od 6 do 48 sati [5].

Cilj rada je ustanoviti utjecaj razli¢itih vremena homogenizacije pri temperaturi od 520 °C na
promjenu mikrostrukturnih i fizikalnih svojstava slitine EN AW-5083, kemijskog simbola EN AW-
AlMg4,5Mn0,7 koja spada u tesko gnjetljive, toplinski neocvrstive slitine aluminija s magnezijem. Te
slitine odlikuju se malom specificnom masom, visokim mehanickim svojstvima i otporno$¢u prema
koroziji u uvjetima obi¢ne i morske atmosfere, uz uvjet da su prisutne necisto¢e svedene na dopustene
vrijednosti.

2. Metodologija ispitivanja

1z slitine EN AW-5083, sarze 3121, DC postupkom izlivena su dva bloka jednakih dimenzija, a
ispitivanja su provedena na jednom od ta dva bloka dimenzija 520x1680x4802 mm. Kemijski sastav
ispitivane Sarze 3121 odreden je optickim emisionim spektrometrom (OES) firme ARL, tablica 1., a

uzorci za kemijsku analizu uzimani su tijekom lijevanja, kod duzine blokova od cca 0,5 m.

Tablica 1. Kemijski sastav slitine EN AW-5083, taline br. 3121

5 Kemijski sastav
Sarza [Yo]

Cu Mn Mg Si Fe Cr Zn Ti Be Na

3121 0,01 0,43 4,365 0,13 0,38 0,10 0,006 0,0295 0,0045 0,0003

Nakon provedenog lijevanja i hladenja bloka, s njegovog kraja, nakon $to je odrezan (odbacen)
tehnoloski otpadak (glava i peta bloka), odrezana je ploca (,,Sajba”) debljine oko 30 mm. Ploca je

53



zatim podijeljena i rezrezana na 12 manjih segmenata podjednake veliCine Cije su pozicije u presjeku
oznacene rednim brojevima 1-12. Sa segmenata oznacenih brojevima 2, 3, 4, 5, 8, 9, 10 i 11 uzimani
su uzorci (,,odsjecci*) na kojima su provedena daljnja ispitivanja. ,,Odsjecci® (pribliznih dimenzija
50x280x30 mm) uzimani su prema shemi na slici 1.

1 2 3 4 5 6
Ul SSuU1 U3 Us
U2 SSu2 U4 ue6
u7 uo uUl3
us ulo Ul12
7 8 9 10 11 12

Slika 1. Shema uzimanja ,, odsjecaka“ s izrezanih segmenata

,»Odsjecci oznaka SSU1 i1 SSU2 ostavljeni su u lijevanom (primarnom), odnosno
nehomogeniziranom stanju, dok je ostalih 14 — oznaka U1 - U14 podvrgnuto daljnjoj homogenizaciji.
Homogenizacija je provedena u kadi sa solnom kupkom AVS250 Durferrit (smjesa alkalnih nitrita i
alkalnih nitrata), pri temperaturi od 520 °C. Rezim zagrijavanja ispitivanih ,,odsje¢aka* prikazan je u
tablici 2.

Tablica 2. ReZim zagrijavanja prilikom homogenizacije izrezanih ,,odsjecaka“

Vrijeme homogenizacije

Oznaka uzorka Cy
,odsjecaka®, t

u7 10 min
U2 20 min
U6 30 min
Ul10 40 min
Ul3 50 min
Ul 1h
U3 2h
U9 3h
Ul4 4h
U4 5h
U8 6h
Ul2 7h
Ull 8h
U5 18h

Prilikom uranjanja uzoraka u kadu sa solnom kupkom na pocetku postupka homogenizacije svi su
uzorci progrijavani u trajanju od 5 minuta da bi se kompenzirao pad temperature solne kupke radi
otvaranja poklopca kade. Isti postupak progrijavanja uzoraka od 5 minuta provodio se nakon vadenja
svakog slijedeceg uzorka.
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Odmah nakon vadenja pojedinog ,,0odsjecka* iz solne kupke uranja se u kadu s hladnom
vodom. GaSenje u vodi provodi se da bi se zadrzala mikrostruktura, a s tim i svojstva materijala
prisutnih pri poviSenoj temperaturi.

2.1. Ispitivanje mikrostrukture
Ispitivanje mikrostrukture na optickom mikroskopu podrazumijeva odredivanje broja,
odnosno veli¢ine zrna aluminijske slitine EN AW-5083, Sarze 3121 lijevane DC postupkom, te analize

uzoraka s ciljem utvrdivanja vrste i morfologije izlucenih faza.

a) odredivanje broja zrna poluautomatskom metodom mjerenjem duljine presijecanja zrna
(intercept procedura)

Mjesta uzoraka upotrijebljenih za metalografsku analizu, odnosno za odredivanje broja,
odnosno veli¢ine zrna prikazana su na slici 2.

1 2 3 4 5 6
UIA SSUIA U3A USA
Ul =018 SSUIFSsuIB U3 —3m US F0sB
U2A T SSU2A UaA U6A
U2 —733 SSU2ESsto8 U4 =78 U6 =ep
U7A U9A UllA U13A
U7 7B U9 FoB UL U313
USA UL0A UI2A Ul4A
U8 sm Ul0—5708 U212 U458
7 8 9 10 11 12

Slika 2. Mjesta uzoraka za odredivanje broja zrna

Uzorci SSU1A, SSU2A i SSU2B nisu podvrgnuti homogenizaciji, odnosno oni su u sirovom
stanju, dok su uzorci UlA, U4A, USA, USB, U6A, U9A, U9B, Ul1A ,U12A, Ul4A i Ul4B
homogenizirani u vremenu od: 30 minuta (U6A), 1 sat (U1A), 3 sata (U9A i UIB), 4 sata (U14A i
Ul14B), 5 sati (U4A), 7 sati (U12A), 8 sati (UL1A), te 18 sati (USA i USB).

Uzorci su pripremljeni na uredaju za automatsku pripremu uzoraka Vector LC (Buehler) [6-9],
te radi otkrivanja granica zrna nagrizani elektroliticki (anodizacija) istosmjernom strujom u Barker-
ovom reagensu [7-10].

Metalografska ispitivanja uzoraka provedena su na svjetlosnom mikroskopu Olympus GX51 s
digitalnom kamerom Olympus DP70 i sustavom za automatsku obradu slike (,,AnalySIS Materials
Research Lab“), s povec¢anjem od 100x. ,,AnalySIS Materials Research Lab*“ je dio ,,Soft Imaging

Sistem's* serije software paketa za proucavanja strukture materijala. Software automatski rac¢una
prosje¢nu (srednju) duljinu presijecanja, | [um], iz koje se linearnom aproksimacijom [11] izra¢una

srednji broj zrna po jedinici ispitivane povrsine N, (broj zrma/mm?®) ili G-broj za mjerenih n
podrugja.

Ispitivanje mikrostrukture poluautomatskom metodom odredivanja veli¢ine zrna mjerenjem
duljine presijecanja zrna (intercept procedura) provedeno je prema ASTM normi E 1382 — 97 [11].
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a) Analiza mikrostrukturnih faza

Nakon $to je provedeno odredivanje broja zrna uzorak SSU1A koji je u sirovom stanju, te
uzorci UlA (homogeniziran u trajanju od lh), U12A (homogeniziran u trajanju od 7h) i USA
(homogeniziran u trajanju od 18h) ponovno su bruseni s brusnim papirom gradacije 800, te polirani na
uredaju za automatsku pripremu uzoraka Vector LC. Odabrani su ovi uzorci radi odredivanja utjecaja
vremena homogenizacije na raspodjelu i morfologiju prisutnih faza, te usporedbe s uzorkom u
primarnom (nehomogeniziranom) stanju. Uzorci su zatim nagrizeni u HF-u u trajanju od 15 do 20
sekundi 1 promatrani pod optickim mikroskopom pri povecanjima od 50x, 100x, 200x i 500x.

2.2. Ispitivanje elektrovodljivosti

Ispitivanje elektrovodljivosti svih ,,odsjecaka* provedeno je na izrezanoj tankoj plocici,
dimenzija 30x30x5 mm. Sa svakog izrezanog ,,0dsjecka“ uzimana je po jedna plocica za ispitivanje
elektrovodljivosti — oznaka C, prema shemi na slici 3.

A £

£

-2

3

~30 mm
C B
%_J\ s =
— T e v
~30 mm ~110 mm ~70 mm

Slika 3. Shematski prikaz uzimanja uzoraka (plocica) za ispitivanje elektrovodljivosti s oznacenog
wodsjecka“

Elektrovodljivost, E ispitivana je na uredaju za mjerenje elektrovodljivosti Hocking, Auto
Sigma 3000DL. Na svim uzorcima su provedena po dva mjerenja, te je odredivana njihova srednja
vrijednost.

3. Rezultati ispitivanja
3.1. Rezultati odredivanja broja zrna

Na slici 4. prikazane su mikrostrukture uzoraka SSUIA (primarno stanje), U6A4
(homogeniziran 30 minuta), U114 (homogeniziran 8 sati) i U5B (homogeniziran 18 sati) nagrizenih
Barkerovim reagensom, gledane uz upotrebu polariziracijskog svjetla i tintnog filtra pri povecanju
mikroskopa 100x.

Sa slike 4. vidi se da je dobivena dobra razlu¢ivost boja pojedinih zrna, pa su na tako

dobivenim uzorcima provedena odredivanja broja, odnosno veli¢ine zrna poluautomatskom metodom
mjerenja duljine presjeka zrna ¢iji su rezultati prikazani u tablici 3.
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- -
c) d)
Slika 4. Mikrostruktura uzoraka SarZe 3121 Al-slitine EN AW-5083, nagriZenih Barkerovim

reagensom, gledana s polariziranim svjetlom i tintnim filtrom pri povecanju mikroskopa 100x
a) SSUIA, b) U6A, ¢) U114 d) U5B

Tablica 3 Rezultati mjerenja veliCine zrna dobiveni poluautomatskom metodom mjerenja duljine
presjeka zrna na uzorcima nagrizenim Barker-ovim reagensom

Oznaka uzorka 1 Broj presjeka, ¢ G Ny
[pm] [No./mm?]
SSUIA 105,57 466 3,21 72,74
SSU2A 139,46 526 2,40 41,34
SSU2B 127,01 517 2,68 50,20
U6A 140,87 503 2,38 40,63
UlA 113,14 541 3,00 61,92
U9A 136,94 518 2,45 42,61
U9B 124,07 521 2,74 52,69
Ul4A 125,23 501 2,72 51,71
Ul14B 106,66 530 3,18 71,19
U4A 127,44 523 2,66 49,83
UI2A 107,97 525 3,14 69,32
Ul1A 132,61 497 2,54 45,44
USA 106,39 529 3,19 71,57
US5B 112,83 533 3,01 62,39

Na slici 5. graficki je prikazana ovisnost srednjeg broja zrna po jedinici ispitivane povrSine (N4) o
vremenu provedene homogenizacije na 520 °C.
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@ Broj zrna — Log. (Broj zrna)‘
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N
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=)
S

0,0 120,0 240,0 360,0 480,0 600,0 720,0 840,0 960,0 1080,0 1200,0
Vrijeme homogenizacije, t [min]

Slika 5. Graficki prikaz ovisnosti broja zrna po jedinici ispitivane povrsine, N4 u ovisnosti o
vremenu homogenizacije, t

Prema grafickom prikazu na slici 5. veli¢ina zrna, odnosno broj zrna ne mijenja se znac¢ajno u
ovisnosti o vremenu drZanja na temperaturi homogenizacije od 520 °C. Mogu se primijetiti blage
naznake porasta broja zrna s vremenom drzanja premda je koeficijent korelacije (R*=0,2335) dosta
nizak. Razlog nepromijenjenosti broja zrna s vremenom homogenizacije proizlazi iz Cinjenice da
tijekom homogenizacijskog Zarenja ne nastupa rekristalizacija mikrostrukture. Cini se da u ovom
slucaju jo$ uvijek na veli¢inu, odnosno broj zrna prevladava utjecaj mjesta uzimanja uzoraka, a ne
vrijeme homogenizacije.

Dodatnim ispitivanjima utvrdeno je da vrijeme homogenizacije ne utjeCe na promjenu broja
zrna, veé je taj broj ovisan samo o poziciji unutar bloka, odnosno ,,Sajbe. Navedena varijacija broja
zrna unutar ,$ajbe” rezultat je prije svega razlika uvjetovanih intenzitetom odvodenja topline i
stvaranjem strukturnih zona u bloku. Intenzivno hladenje pri rubu bloka osigurava veci iznos
pothladenja i manje zrno, za razliku od njegove sredine, gdje pod djelovanjem negativnih
temperaturnih gradijenata i konstitucijskog pothladenja nukleiraju i rastu istoosna zrna nesto vecéih
dimenzija [8].

3.2.  Rezultati ispitivanja izluCenih mikrostrukturnih faza i utjecaja vremena
homogenizacije

Nagrizanjem HF-om i otkrivanjem mikrostrukture uocava se prisutnost izluenih faza u a-Al
osnovi, slika 6. UoCavaju se dvije vrste faza koje se razlikuju prema morfologiji i boji. Svjetlije
nagrizena faza obi¢no razgranatog oblika predstavlja kompleksni intermetalni spoj Zeljeza i mangana.
Ova faza postojanija je na poviSenim temperaturama homogenizacije uzoraka. Tamnija faza bazira se
na Mg-eutektiku koji je u obliku AIMg, ili se u ovisnosti o koli¢ini Si u slitini veze u spoj Mg,Si [12].
Obzirom na nisku tocku izlu¢ivanja 1 taljenja eutektika (oko 450 ©°C), moze tijekom
homogenizacijskog Zarenja (520 °C) nastupiti taljenje faze bogate s Mg, Sto svakako treba izbjegavati.
Tijekom vremena progrijavanja i homogenizacije nastupa otapanje faza bogatih magnezijem (Mg,Si,
eutekticka komponenta) pri ¢emu Mg ulazi u krutu otopinu o-Al, ¢ime u strukturi nastaju Supljine. Iz
priloZzenih metalografskih slika, slika 7. jasno se u komparaciji sa sirovim stanjem, uo¢ava porast
Supljina [13] u ispitivanoj mikrostrukturi s viemenom drzanja (1h, 7h, 18h).
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Slika 6. Mikrostruktura uzorka u sirovom stanju (SSU1A),
Al slitine EN AW-5083, SarZe 3121, nagriZenog s HF-om pri povecanju 200x

a) b)
c d

Slika 7. Mikrostrukture uzoraka Al slitine EN AW-5083, Sarie 3121, nagriZenog s HF-om pri
povecanju 100x:
a) SSUIA, b) UlA, ¢) UlI2A4, d) US54

Nedvojbeno je ustanovljeno da s vremenom drZanja na temperaturi homogenizacije od 520 °C
raste udio Supljina koje su pozicionirane po granicama primarnih a-Al dendrita. Faza bogata Zeljezom
(svijetla faza na slikama) ostaje nepromijenjena tijekom Zarenja.

3.3. Rezultati ispitivanja elektrovodljivosti

U tablici 4. prikazani su rezultati mjerenja elektrovodljivosti uzoraka uzetih s kraja bloka
aluminijske slitine EN AW-5083, Sarza 3121.



Tablica 4. Rezultati ispitivanja elektrovodljivosti

Elektrovodljivost [MS/m]

Oznaka uzorka

1. mjerenje 2. mjerenje Srednja vrijednost
SSuU1 14,90 14,90
SSU2 15,00 15,00 14,95
u7 15,00 15,00 15,00
U2 15,30 15,30 15,30
U6 15,20 15,20 15,20
U10 15,10 15,10 15,10
Ul13 15,10 15,10 15,10
Ul 15,10 15,20 15,15
u3 15,20 15,20 15,20
U9 15,30 15,20 15,25
Ul4 15,40 15,30 15,35
U4 15,50 15,50 15,50
8] 15,50 15,50 15,50
U12 15,50 15,50 15,50
Ul1 15,50 15,50 15,50
US 15,70 15,70 15,70

Na slici 8. je grafi¢ki prikazana ovisnost elektrovodljivosti o vremenu homogenizacije. Iz tablice
4. i slike 8. moze se uoéiti da duzim vremenom homogenizacije raste elektrovodljivost.

‘ & Elektrovodljivost = Log. (Elektrovodljivost) ‘

15,80
15,70 L

y=0,128Ln(x) + 14,699
2

15,60 ~

15,50 ’—W

15,40

s

15,30 10—

15,20 - r'S

Elektrovodljivost, E [MS/m]
L 4

15,10 -

15,00

14,90 - : : :
0,0 120,0 240,0 360,0 480,0 600,0 720,0 840,0 960,0 1080,0 1200,0

Vrijeme homogenizacije, t [min]

Slika 8. Graficki prikaz ovisnosti elektrovodljivosti o vremenu homogenizacije
Elektrovodljivost je najvise pokazala u odnosu na stupanj homogenizacije. Imamo dosta visoku
(¢vrstu) korelaciju i to je posljedica sredivanja reSetki, difuzije atoma i izjednacavanja koncentracije

unutar kristalnih zrna.

Iz provedenih ispitivanja vidi se da elektrovodljivost predstavlja dobru indikaciju djelovanja
homogenizacijskog Zarenja uzoraka.
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4. Zakljucak

Na temelju provedenih ispitivanja mikrostrukture i elektrovodljivosti uzoraka aluminijske slitine
EN AW-5083, sarze 3121 i dobivenih rezultata mjerenja mogu se izvesti sljedeci zakljucci:

1. Vrijeme homogenizacije na temperaturi od 520 °C ne utjee na promjenu broja zrna, vec je taj
broj ovisan samo o poziciji unutar bloka, odnosno ,,8ajbe”. Razlog nepromijenjenosti broja
zrna s vremenom homogenizacije proizlazi iz ¢injenice da tijekom homogenizacijskog zarenja
ne nastupa rekristalizacija mikrostrukture.

2. Dodatnim ispitivanjima potvrdeno je da vrijeme homogenizacije ne utje¢e na promjenu broja
zrna, vec je taj broj ovisan samo o poziciji unutar bloka, odnosno ,,Sajbe*.

3. Ispitivanjem mikrostrukturnih faza uoCava se prisutnost izlu¢enih faza u a-Al osnovi.
Razlikuju se dvije vrste faza prema morfologiji i boji: svjetlije nagrizena faza obi¢no
razgranatog oblika predstavlja kompleksni intermetalni spoj Zeljeza i mangana; te tamnija faza
koja se bazira na Mg-eutektiku u obliku AIMg-a ili intermetalnog spoja Mg,Si.

4. Vremenom drZanja na temperaturi homogenizacije od 520 °C raste udio Supljina koje su
pozicionirane po granicama primarnih a-Al dendrita. Tijekom homogenizacijskog Zarenja ¢ini
se da faza bogata zeljezom ostaje nepromijenjena.

5. Elektrovodljivost raste s vremenom drzanja na temperaturi homogenizacije. Taj porast je
posljedica sredivanja resetki, difuzije atoma i izjednacavanja koncentracije unutar kristalnih
zrna. Elektrovodljivost predstavlja dobru indikaciju homogenizacijskog Zarenja uzoraka.

6. Za detaljniji uvid u djelovanje homogenizacije potrebno je ispitati ve¢i broj uzoraka,
ustanoviti vrstu i udjele izlucenih faza u lijevanom stanju (SEM, EDAX) i ustanoviti promjene
tijekom homogenizacijskog Zarenja.
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HEATING AND COOLING PANELS USING ALUMINIUM FOAM
Roman Florek, FrantiSek Simanc¢ik, Martin Nosko, Peter Tobolka, Roman Uhrik
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Bratislava 3, Slovak Republic

Izvorni znanstveni rad / Original scientific paper

Abstract: Improvement of climate in buildings or transport vehicles without demands on intensive air
exchange can only be achieved by radiant or convective cooling systems. The most usually used
systems are the cooling ceilings. In this case, the heat is transferred away through the large-surface
water cooled panels. The panels are mostly installed as hanging ceiling modules. However, they can
also be integrated direct into the ceiling slabs or into the walls. Using of these systems the volume air
flow can be reduced to a minimum, just up to a necessary fresh air volume. Besides the common
cooling ceiling systems there is also big potential for systems using aluminium foam panels. Such
panels could enhance the overall heating power as well as suppress a certain drawbacks of the present
systems, and bring some additional functions as load bearing ability, electro-magnetic field shielding or
sound absorption ability.

Keywords: aluminium foam, cooling, air-conditioning, heating, cooled ceilings
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Introduction

Generally, there are two sorts of cooled ceiling design; heavy and light. The heavy one; also called slab
cooling; consists of a tube system integrated into the concrete slab. The heat exchange runs via
radiation in this case.

The light cooling systems; also called cooled ceilings; consist of a panels hanged below the slab. The
cooled ceilings can subsequently be divided to another two subgroups — convective and radiant. In fact,
there is no pure radiant or convective heat exchange. It is always certain combination of the both and
the system is called according to the prevailing kind of the exchange. The convective (also called
“open*) allows air flowing above the cooled panels. Vice versa, the radiant systems are closed. The air
can not flow above the cooled panels in this case. Because of thermal flow the radiant cooling systems
should be insulated from above. In some cases can be the insulation substituted by an air gap between
slab and cooled panel (1).

Basic design examples of cooled ceiling are presented in figure 1.

@) Q — T~ —
a) b)

€ d)

If‘jj' -'/:?_____I © o o ° o

e)
Fig 1 — basic examples of present cooled ceiling (1)

a.Massive cooled slab as a part of slab construction

b.Basic air-conditioning panel

c.Cooling panels placed in ceiling frame with insulation above it

d.Lamellar cooling ceiling connected to water manifold

e.Open (convective) cooling ceiling of extruded profiles with channels for cooling water
f. Capillary system placed under the wall plaster

The most common used sort is according to figure lIc. The cooling panels mounted together with

under-slab frame and with insulation from above. The panels are usually made of steel zinc-coated
sheets (it can also be perforated as well as painted) and thus perform a certain aesthetic function, too.
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This kind of cooling has got following advantages (1):

- high quality of thermal comfort (in case of cooled ceilings for a sufficient thermal comfort
already 26°C is enough)

- low energy consumption

- minimal fresh air input, lower demands on air-intake manifold system

- low noise level

- “self-control” ability

... and following disadvantages:

- higher price

- danger of dewing

- itis no possible to chill the heat bonded in water steam
- limited cooling power

In present almost all light cooled ceiling systems are made of steel or aluminium sheets or profiles,
copper or plastic tubes hidden into wall plaster or of plates made of plaster or clay with inserted
aluminium, plastic or copper tubes. These systems offer sufficient cooling ability, however offer no
added functions as load bearing ability, different surface modifications, flexible mantling as well as
dismantling, electromagnetic shielding, sound absorption ability or fire resistance. In order to link these
properties together into one system must be new materials taken. Preliminary studies have shown
aluminium foam panels as very suitable for new kind of cooled ceiling system. Aluminium foam is a
unique cellular structure possessing very high thermal diffusivity due to high thermal conductivity of
the cell walls accompanied with rather low overall thermal conductivity (about 10 - 15 W/mK; for bulk
Al it is 220 W/mK), controlled by total porosity (see also fig 2). These properties allow reaching the
uniform temperature distribution within couple of seconds if on heating or cooling (see figure 3).

1.0

(N~

1.0 T T T T
0.0 0z 04 0.6 0.8 1.0

plp, I ——

Fig 2: Power-law dependence between density and thermal conductivity. A - is thermal conductivity of Al-foam; Ay — is
thermal conductivity of bulk Aluminium 220 W/mK; p — is density of Al-foam; p, — is density of bulk Aluminium 2,7g/cm’

3)
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1

Cross-section of floor panel

(°C)

275
I 280
I 285

29,0
B 295

Fig. 3: Panel for floor heating with pressed-in Cu-tube and Al-foam insert as heat spreader; (Dimension
600 x 600 mm)

In case of aluminium foam panels there is also no danger of local overheating or overcooling. The
aluminium foam acts as heat exchanger and the heat can be transferred in the foam using pressed-in or
in-situ foamed-in tubes. In case of pressing-in (see fig 4) the foam is compressed by the tube creating
larger surface for heat transfer. Parallel effect of pressing-in the tube is its mechanical fixing in the
foam structure. The foaming-in the tubes further improves the interface between the tube and foam, the
foam is around the tube and thus enables the best contact for heat exchange as well as ideal fixing in
foam structure. An example of foamed-in tube can be seen in figure 5. Both of these techniques are
protected by patent.

o

¢ links - look from ehind; deformed aluminium foam

Fig 4: Pressed—ir-l copper tube in aluminium foam ALPORAS (ﬁr
by pressed-in tube)

A subsequent impregnation of such heating or cooling panels
by suitable filler (i.e. plaster, gypsum, polyurethane foam etc)
leads to a lightweight, stiff and fireproof panel that can be
used for floor and wall heating or cooled ceiling. There is
also no need to press- or foam-in very complicated and long
tube meanders, the aluminium foam structure is able to
spread the heat to a long distance form the source. The
cooled ceiling of aluminium foam panels can be designed as
radiant as well as convective. It is known that the convective
Fig 5: Foamed-in stainless steel tube one can reach overall heating power about 10% higher
(D=14mm) in aluminium foam ALULIGHT. ~ compared to the radiant one. In figure 6 are presented
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examples of prototype panels for different cooling and heating applications.

Aluminium foam panel with metal tube for
heating or cooling medium distribution
Powerful cooled ceiling because of very good
thermal conductivity and large surface for heat
exchange; interesting look of porous structure;
due to lower emissivity of aluminium it is
recommended to apply a thin layer of higher
emissivity.

Interior panel of aluminium foam - one-side
impregnated by plaster

Wall and ceiling cooling and heating; very
short reaction times; high heating power;
single heating panels it is possible to bond to a
one unit.

Aluminium foam panel with cover sheet
(stainless steel, aluminium ...)

Wall, ceiling or floor heating or cooling for
clean rooms or industry applications; very
short reaction times; high heating power

Fig 6: Examples of aluminium foam panels for different cooling and heating applications

In addition to the power, short reaction time and stiffness they can also offer; as above mentioned;
added functions as electro-magnetic shielding, sound absorption ability within certain frequency range
and different, especially for designer interesting, surface look. In fig 7 are presented diagrams separate
for electric and magnetic shielding. As can be seen, in case of magnetic field shielding overcomes
aluminium foam significantly the transformer Si-steel sheet as well as bulky aluminium sheet within
the whole measured frequency range. Better electric field shielding ability shows aluminium foam just
above the 10 MHz frequency. Up to this frequency possesses the transformer Si-steel sheet somewhat
better shielding ability. In fig 8 is presented the sound absorption coefficient for sand blasted Alulight
and Alporas foam with pressed-in aluminium expanded net (4) (5). In this case the sound absorption
coefficient is kept above 60% in frequency range from about 300 up to 1300 Hz. Another absorption
frequency range expansion to a higher frequencies can be reached by an additional placing the i.e.
mineral wool behind the aluminium foam panel. The sound absorption ability strongly depends on
surface treatment of aluminium foam. The different surface look is interesting from design point of
view, too. In figure 9 are presented different surface looks of Alulight as well as Alporas foam.
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Fig 7: Magnetic and electric field shielding efficiency of Alulight foam compared to Si-Steel and bulk aluminium (3)
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Fig 8: Sound absorption ability for sand blasted Alulight foam and Alporas foam with pressed-in aluminium expanded
net. (4) (5).
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As-foamed surface skin (Alulight foam) As-foamed surface skin with drilled holes (Alulight
foam better sound absortzon abtlz

Open foam structure before pressing-in aluminium Open foam structure after pressmg in aluminium

expanded net (Alporas foam) expanded net (Alporas foam)
good sound absorption ability better sound absorption ability

Fig. 9: Examples of basic surface treatments of Alulight and Alporas foam (4) (5)
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Conclusion

Using of aluminium foam for heating or cooling systems is not a brand new idea however it has
never been done serious product development study. Preliminary studies have shown significant
higher efficiency compared to present wall, floor or ceiling heating/cooling systems. The
heating/cooling system made of aluminium foam panels offers following benefits:

- High power because of very good thermal conductivity

- it is suitable for low temperature heating system (heat pumps; solar panels)
- long lifetime

- maintenance-free, fireproof

- easy mantling and dismantling

The other additional benefits are very good load bearing ability, high flexibility, and unique look,
possible subsequent surface treatments which can completely change look, possible 3-D shaping, as
well as foam properties, sound absorption ability and electro-magnetic shielding possibility. The
heating/panels are, especially because of their high load bearing ability, also suitable for a new
generation of transport vehicles (i.e. trains, ships). In order to develop a competitive heating and
cooling system of aluminium foam must be a serious development study done.
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INFLUENCE OF COMPUTER DISPLAY PROFILES ON PRIN T
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Strucni clanak / Professional paper

SaZzetak: Svakodnevni tehnoloSki napredak u izradi raCunalnih zaslona doveo je do
zastupljenosti vrlo Siroke palete razli¢itih tehnologija prikaza; starijih CRT modela, modernih
tankih LCD zaslona te nadolazecih prikaza temeljenih na plazma tehnologiji.

U skladu sa navedenim za eksperimentalni dio ovog rada dizajnirana je i definirana te otisnuta
testna forma kako bi se obuhvatilo Sto Siri spektar informacija o boji. Nakon otiskivanja na
otiscima je izmjereno niz parametara koji definiraju boju, te napravljena analiza kako bi se
omogucilo smisleno povezivanje parametara definiranith uz profile zaslona racunala sa
otiscima.

Klju¢ne rijeci: boja, prostor boja, kalibracija, gamut, otisak

Abstract: Everyday technological development in the production of the computer displays
brought to the application of a broad range of different technology presentations: from the
older CRT models, over the modern thin LCD displays to the future presentations based on
plasma technology.

In accordance to the mentioned, for the needs of the experimental part of this work, the test
form was designed, defined and printed in order to comprise the broadest possible colour
information spectrum. After the printing, a series of parameters were measured on the prints
which define the colour, and the analysis was done in order to enable the sensible linking of
parameters defined with the computer display profiles with the prints.

Key words: digital colour, colour space, display calibration, gamut, imprints
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1. UVOD

Primjena boje u digitalnom obliku prisutna je u svim segmentima Zivota modernog
covjeka; u poslovnom svijetu opcenito, u pripremi za tisak, u web dizajnu, u arhitekturi,
pri izradi animacija, kod obrade fotografija, u medicini, u znanstvenim istrazivanjima i
drugdje.

Sveprisutnoséu i globalnom rasprostranjenos¢u osobnih racunala raste i zahtjevna
potreba za bojom te njenom preciznom reprodukcijom. Tek unazad desetak godina
racunala mogu prikazati dovoljno Sirok spektar (16.7 milijuna) boja, s tim da se to¢nost
kolor reprodukcija §to na zaslonima S§to na raznoraznim medijima primjetno
poboljsavala do danasnjih dana.

Kao posljedica osjetljivosti ljudskog oka, u moguénosti smo percipirati suptilne razlike
u prikazima boja koje nam daju digitalne kamere, ra¢unalni zasloni, skeneri, pisaci i
sli¢ni uredaji. Visok nivo tehni¢kog znanja potreban je da bi se razumjele spone medu
navedenim uredajima, pogotovo za prakti¢nu kontrolu boje, u koracima radnog procesa,
treba poznavati postave okruzenja operativnog sustava, aplikacija 1 karakteristike
racunalnog zaslona te razumjeti upotrebu ICC (International Color Consortium) profila.
Boja je ono Sto privlaci potrosaca i prodaje proizvod, vazan je dio prodajnog procesa i
konacne odluke kupca. Radni tijek boje zapocinje idejom dizajnera i specifikacijama
naru¢ioca. Od te tocke informacija o boji prenosit ¢e se preko odredenog broja
pojedinaca koji ¢e je renderirati i reproducirati na raznim uredajima.

U svakoj fazi produkcije, izlazna vrijednost prethodnog koraka postat ¢e ulazna
vrijednost slijedeeg procesa. Svaka promjena boju stavlja u novi prostor, od
fotografskog filma do RGB prostora zaslona racunala, preko CMYK probnog otiska do
finalnog otiska na Sirokoj paleti strojeva 1 medija. Svaka procjena medu fazama u
proizvodnom procesu najcesc¢e se odvije pod nadzorom razli¢itih promatraca u novim,
druk¢ijim uvjetima promatranja i osvjetljenja.

Da bi se boja efikasno koristila te da bi se smanjili utroSci vremena 1 materijala u
proizvodnom procesu potrebno ju je ve¢ u pripremnim fazama strogo kontrolirati.
Upravljanje bojom zapoc¢inje na racunalnom zaslonu dizajnera. Ako uredaj nije
adekvatno pripremljen za rad, ne prikazuje vjerno odredeni prostor boja tj. ima
anomalije, jako teSko ¢e se posti¢i predvidivost finalnog proizvoda (otiska), dizajner
nece realizirati vlastitu ideju ili nec¢e zadovoljiti ocekivanja narucioca.

S obzirom na raznolikost tehnologija racunalnih zaslona i uvjeta u kojima se ljudi
kreativno izrazavaju i rade, neminovna su odstupanja od odredenih standarda. Stoga su i
ciljevi ovog rada usmjereni kako bi se razjasnilo u kolikoj mjeri ta odstupanja utjecu na
konacni proizvod odnosno da li ona utjecu na kona¢nu percepciju grafickog proizvoda.

2. BOJA, MJERENJE I UPRAVLJANJE BOJOM

Iako je definiraju specifi¢ne valne duzine svjetla, boja nije fizicki atribut same svjetlosti
vec je ona nacin na koji ¢ovjek percipira energiju razli¢itih valnih duzina. Boja proizlazi
iz interakcije svjetla, objekta 1 promatraca. Sva tri elementa trebaju biti prisutna da bi
boja egzistirala. Niz valnih duzina koji napusta predmet predstavlja spektralnu
informaciju tog predmeta. Mjerenje spektralnih informacija pojedine povrSine
predstavlja detaljnu analizu intenziteta reflektancije kroz sve vidljive valne duzine.

Pod utjecajem razliCitih izvora svjetla moze se desiti da Covjek dvije boje razlicitih
spektralnih karakteristika dozivi kao jednake. Tu pojavu nazivamo metamerija i ona je
posljedica zavaravanja ljudskog osjeta vida koji je ovisan o izvoru svjetla.
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Informacije o boji se, da bi bile smjestene 1 prikazane u nekom od definiranih modela tj.
prostora boja, moraju prikupiti uredajima koji ¢e za rezultat dati numericke vrijednosti.
Najcesce koristeni uredaji u grafickoj tehnologiji danas su denzitometri, kolorimetri te
spektrofotometri.

Slika 1. Osjet vida prevodi valne duzine svjetla u dozivljaj boje

Postoji ogroman broj ljudi koji su u neku ruku zbunjeni razlikama kod ocekivanih
rezultata u tonu i nijansama boje, nakon §to su fotografije skenirane ili uhvaéene
digitalnom kamerom obradili, te proslijedili na ispis ili otiskivanje putem neke od
aplikacija za obradu fotografija ili prijelom stranica. Uzrok tome su razlike u rasponima
boja koje pojedini uredaji (digitalne kamere, skeneri, zasloni, pisaci i tiskarski strojevi)
mogu reproducirati.

Bas iz navedenih razloga razvijani su sustavi za upravljanje bojom (Color Management
System, CMS). Unato¢ tome, raniji sustavi za upravljanje bojom nisu bili u moguénosti
dati predvidive rezultate, procesi su bili vremenski zahtjevni, zasnivali su se na
sistemima ,pokusaja i pogreske* uz ogroman utroSak materijala, rezultirajuci
razoCaranjem ljudi koji su mozda s nedovoljno razumijevanja pristupali problemu.

.q q@ /' []

SKENER ZASLON ZASLO

94| |3 40
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| @‘
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I — L
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Slika 2. llustrirani prikaz uloge modula za uskladivanje boja
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3. RACUNALNI ZASLONI

Danas, kada kazemo ,,racunalni zaslon* mislimo na jednu od dvije tehnoloske izvedbe
prikaza a to su: ,,cijevni CRT (Cathode Ray Tube) zasloni i ,tanki*“ TFT LCD (Thin-
Film Transistor Liquid Crystal Display) zasloni.

Brzi napredak tehnologije te komponenata sustava kao $to su zasloni, skeneri i printeri,
¢ini te uredaje razli¢itima. Takoder, postave hardvera i softvera u uredima Cesto se
mijenjaju, uredaji se zamjenjuju i nadograduju. Samim zaslonima s vremenom se
mijenjaju karakteristike, fosforni sloj ili pozadinske lampe se troSe te ne mogu odrzati
prvobitne izlazne vrijednosti. Takva sitna odstupanja u raznim segmentima proizvodnog
procesa mozda nece biti zamijeCena od strane proizvodaca ali u nekom trenutku
rezultati ne¢e zadovoljiti naruc¢ioca. Da bi se premostile razlike koje nastaju medu
uredajima javlja se potreba za uspostavom standarda za uskladivanje. U tom smislu
razvijeni su i razlicit ICC profili te metode kalibracije i karakterizacije.

PROFIL

OBRADA SLIKE AN KOLORIMETAR
—. ZASLON mijeri boje
Adobe . konverzija RGB kroz 3 filtra
Photoshop RGB u RGB X-Rite DTP94
\ 4
RADNI RGB G SPEKTRO-
PROSTOR PISACA . FOTOMETAR
e —t PISAC mijeri niz od
' konverzija CMYK 1000 uzoraka
Adobe RGB (98) R X-Rite DTP41

sRGB

Slika 3. Shematski prikaz funkcije ICC profila nastalog karakterizacijom

4. EKSPERIMENTALNI DIO

Za provedbu ekspirimenta koriSteno je 6 modela racunalnih zaslona vise srednje klase,
zasnovanih na razli¢itim tehnologijama prikaza:

e FEIZO FlexScan S1910 — vrhunski novi 19 LCD zaslon, S-PV A matrica
Samsung Syncmaster 191T — stariji 19° LCD model, PVA matrica
Samsung SyncMaster 959NF — odli¢an 19 CRT zaslon, Diamondtron NF cijev
Samsung SyncMaster 1100DF — stariji 21 CRT zaslon, DynaFlat cijev
Hawlett-Packard P1230 — kvalitetniji 22 CRT zaslon, Diamondtron NF cijev
ASUS M6N — LCD zaslon prijenosnog racunala dijagonale 15.1%
Odabirom ovih modela zaslona pokriven je Sirok spektar razlicitih vrsta prikaza
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Na odabranim modelima provedena je kalibracija 1 karakterizacija koje su kao rezultat
dale pripadajuce ICC profie svakog od zaslona. Svi zasloni su za vrijeme kalibracije bili
prikljuc¢eni na PC racunalo s operativnim sustavom Windows XP SP2, a sam proces je
izveden pomocu kolorimetra Monaco OptixXR (DTP 94) i pripadajuceg softvera za
kalibraciju 1 karakterizaciju Monaco OPTIX 2.0. CRT modeli zaslona bili su
prikljueni na 15-pinske D-Sub analogne prikljucke grafi¢kih kartica dok je na dva
LCD modela kalibracija izvrSena dok su bili spojeni s ratunalima putem digitalnih DVI
prikljuc¢aka. Svi zasloni obradeni su u uvjetima u kojima su zateceni, dakle ve¢inom u
neprofesionalnim, amaterskim okruzenjima, kako bi se dobili rezultati koji ¢e dati sliku
raznolikih uvjeta u kojima se korisnici kreativno izrazavaju.

Slijedeca faza eksperimentalnog dijela bila je primjena ICC profila zaslona na
definirane testne forme putem softvera koji u sebi ima modul za upravljanje bojama u
skladu s ICC specifikacijama. Odabran je program za obradu fotografije Adobe
Photoshop CS.

Pomoc¢u njega, dizajnirane su dvije testne forme, i to s iskljuCenim funkcijama za
upravljanje bojom kako bi forme bile definirane samo neovisnim RGB vrijednostima.
Prva forma pokriva raspon boje od bjeline do punog tona a druga od punog tona do
zacrnjenja. Obje forme sadrZe 7 nizova od po 16 mjernih polja dobivenih progresivnim
oduzimanjem odredenih RGB (255 — 0) vrijednosti. Na taj nacin dobiveni su redom
nizovi polja za crvenu (R), zelenu (G), plavu (B), cijan (C), magentu (M) i zutu (Y).
Sedmi niz na obje forme je istovjetan sivi klin od bjeline do zacrnjenja. Obje forme
takoder sadrze po tri umanjene fotografije (ljudsko lice, reljefni pejzaz u sivim
tonovima te Sareni motiv zdjele s vo¢em) kako bi se lakSe stekao dojam o promjenama
koje se dogadaju na nizovima mjernih polja.

MOOEL ZASLONA: == (neirsjenjen criginalni Eestni uzorak) MOOEL ZASLONA: == (neirsjenjen criginalni Eestni uzorak)
ICC FROFILI ICC FROFILI -- (nije primjenjen)
1 2 3 4 5 & 7 B 5 10 11 12 13 14 15 1&

1 == inije primjenjent
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16

® 2 0 ® 0 %

Slika 4. Testne forme s nizovima mjernih polja

Na prikazanim formama u programu Adobe Photoshop CS, odabirom operacije ,,Assign
Profile* iz podizbornika ,,Mode* u izborniku ,,Image*, primjenjeni su, jedan po jedan,
profili dobiveni kalibracijom zaslona te profili koji standardno dolaze u paketu s
upravljackim programima pojedinog zaslona (osim u slucaju prijenosnog racunala
ASUS M6N za ¢iji prikaz tvornicki ICC profil ne postoji). Same datoteke ICC profila
prethodno je bilo potrebno instalirati pomocu ,,Color Control Panel Applet“-a kako bi
putem ICM 2.0 modula za upravljanje bojom u Windows XP operativhom sustavu bili
dostupni u samoj Adobe Photoshop CS aplikaciji.
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Nakon primjene pripadajucih profila, forme su u aplikaciji prebacene iz RGB nacina
rada u CMYK nacin (Image-Mode-CMYK Color), kako bi se izmjene izazvane
primjenom profila manifestirale u vidu postotaka CMYK komponenata. Nakon toga
svaka od obradenih formi snimljena je u obliku nesazete TIFF (Taged Image File
Format) datoteke veli¢ine A4, razlucivosti 300 tpi (to¢aka po incu). Na ovaj nacin
pripravljene su 24 testne forme: dvije originalne forme sa neizmijenjenim vrijednostima
mjernih polja koje ¢e sluziti kao ogledni uzorci za usporedbu s ostalima, po 4 forme za
svaki od 5 modela racunalnih zaslona (dvije s primijenjenim profilom dobivenim
karakterizacijom, dvije s primijenjenim tvorni¢kim profilom) te dvije forme za zaslon
prijenosnog racunala ASUS M6N (samo karakterizacijski profil).

Iz testnih formi izradeni su otisci na stroju za digitalni tisak Xerox DocuColor 2060
upravljan Xerox EFI Fiery modulom koji ukljucuje i aplikaciju za rastriranje (RIP).
Otisci su izvedeni na premazanom sjajnom papiru za umjetnicki tisak, gramature 150
g/m’ , prije otiskivanja Guvanom na temperaturi 23° C pri relativnoj vlaznosti zraka
55%).

4. REZULTATI I DISKUSIJA REZULTATA

Zbog ograni¢enog prostora rezultati izmjerenih CIE Lab vrijednosti za svako od
mjernih polja koje su se nalazila u nizovima na testnim otiscima prikazani su samo
parcijalno te opisno s naglaskom samo na one elemente koji su znacajniji sa stanovista
diskusije, odnosno samih zakljucaka.

Obradom vrijednosti koje prikazuju kolorimetrijsku razliku AE izmedu mjernih polja na
oglednim otiscima i mjernih polja na otiscima kod kojih su primijenjeni profili
testiranih zaslona dobivene su dvije grupe rezultata. Rezultati za otiske kod kojih su
primijenjeni profili zaslona dobiveni kalibracijom i karakterizacijom te rezultati za
otiske kod kojih su primijenjeni tvornicki profili zaslona.

Usporedbom rezultata ocitanih s pojedinih mjernih nizova na otiscima kod kojih je
primijenjen kalibracijski profil zaslona s vrijednostima na oglednom otisku mogu se
uociti razlike i sliénosti pri prikazivanju boja kod testiranih modela zaslona. Te razlike 1
sli¢nosti u najve¢oj mjeri ovise o uvjetima koristenja pojedinih zaslona. S obzirom na
postavljene ciljeve istrazivanja samog rada istrazivacke aktivnosti bile su usmjerene
prema realnim uvjetima. To je iz tog razloga S§to najve¢i broj ljudi koji se bave
dizajnom, pripremom te obradom fotografija nije u mogucnosti raditi u idealnim
uvjetima osvjetljenja ili priustiti si najskuplje modele ra¢unalnih zaslona.

Iz prve grupe otisaka vidljivo je da zasloni Eizo S1910, Samsung 959NF te HP P1230
funckioniraju jako slicno prikazuju svih sedam nizova mjernih polja tj. utjecaj profila
dobivenih njihovom kalibracijom i karakterizacijom na otiske se podudara. Samsungov
959NF model i HP P1230 imaju identi¢nu Diamondtron Natural Flat tehnologiju cijevi
koja je jako hvaljena i nagradivana zadnjih godina, dok Eizov model S1910, jedan od
modernijih LCD zaslona, interno racuna vrijednosti boja u 10-bitnom modu kako bi §to
viSe pribliZzio svoju gama krivulju krivuljama CRT zaslona prema kojima je izradena
ve¢ina standarda prikaza boje kao i sam sRGB standard (osnova upravljanja bojom
unutar Windows XP okruzenja). 1z tih razloga navedena tri modela daju sli¢ne rezultate.
Rezultati preostala tri modela dosta su karakteristi¢ni i razliCiti §to bi otezalo njihovo
zajednicko funkcioniranje u jedinstvenom radnom okruZenju. Samsungov 1100DF
model se kod nekih vrijednosti boje ponaSa ¢udno dok stara tehnologija izrade matrice
takoder Samsungovog 191T LCD modela u usporedbi s rezultatima modernog Eizovog

68



modela ne daje prihvatljive vrijednosti. Na posljetku, zaslon prijenosnog racunala
ASUS M6N 1 rezultati koje prikazuju pripadaju¢e mu krivulje ukazuje na to da se
zasloni prijenosnih racunala jo$ uvijek izraduju sa smanjenim naglaskom na vjernosti
prikaza boja. Interakcija takvog tipa zaslona s osvjetljenjem u radnom okruZenju ne
moze pruziti kvalitetu jednog kvalitetnog CRT zaslona s anti-refleksnim slojem ili
modernijeg LCD zaslona.

Tvornicki profili zaslona, obi¢no isporuceni s pokretackim programima (driverima)
pojedinog zaslona, predstavljaju opisne datoteke koje modulu za upravljanje bojama
operativnog sustava (u skladu s ICC specifikacijama) govori koji raspon RGB prostora
boja je karakteristiCan za taj model zaslona. Ako znamo da se karakteristike zaslona
mijenjaju s vremenom (pozadinske lampe slabe, fosforni sloj se troSi) te ovise o
uvjetima u kojima se njegov prikaz promatra mozemo zakljuciti da su tvornicki profili
poprilicno besmisleni za iole ozbiljniji pokusaj upravljanja bojama.

Iz rezultata druge grupe otisaka na koje su primijenjeni tvornicki profili zaslona,
vidljivo je da zasloni Eizo S1910 i HP P1230 potvrduju slicnost u karakteristikama
prikaza (tvornicki profili skoro identi¢no djeluju na mjerna polja otisaka).

Tre¢i model (Samsung 959NF) za koji je bilo ocekivano isto ponaSanje, svojim
rezultatima odstupa. Iz nepoznatih razloga, njegov tvornicki profil u kombinaciji s ICM
2.0 sustavom Windows XP OS-a i modulima za upravljanje bojom unutar Adobe CS
aplikacije, rezultira potpuno defektnim vrijednostima nakon primjene na oglednu formu.

6. ZAKLJUCAK

Svakodnevni tehnoloski napredak u izradi racunalnih zaslona doveo je do zastupljenosti
vrlo Siroke palete razli¢itih tehnologija prikaza; starijih CRT modela, modernih tankih
LCD zaslona te nadolazecih prikaza temeljenih na plazma tehnologiji.

Upotreba razlic¢itih modela zaslona u sprezi s takoder razli¢itim operativnim sustavima
na racunalima, ¢iji standardi nisu posve definirani i medusobno uskladeni, dovode
korisnika u zbunjujuéi polozaj. Zbog toga korisnik ne moze biti siguran da ¢e njegova
ideja 1 kreacija izradena na osobnom racunalu i puStena u produkciju, u obliku finalnog
proizvoda, zadovoljiti narucioca ili kupca.

U tom smislu potrebno je dodatno ulaganje velike koli¢ine dragocjenog vremena u
izobrazbu 1 shvacanje kompliciranih odnosa izmedu prostora boja, funkcioniranja
modernih uredaja i strojeva za skeniranje, fotografiranje, ispis i tisak. Sve navedeno
ostavlja jako malo vremena koje suvremeni korisnik danas moZze posvetiti ¢istom
kreativnom radu i stvaralastvu.

Sukladno rezultatima ovog rada vidljivo je i da efekti koje na otiske ostvaruju profili
raCunalnih zaslona razliitih karakteristika (dobiveni kalibracijom i karakterizacijom
istovjetnim mjernim uredajem) nisu zanemarivi. Kona¢no rezultati govore nam i u
kolikoj mjeri uredaji na kojima svakodnevno radimo nekonzistentno prikazuju boje.

Od Sest modela racunalnih zaslona na kojima je proveden eksperimentalni dio, tri
modela (Eizo S1910, Samsung 959NF i HP P1230) nakon kalibracije 1 karakterizacije
ponasaju se slicno te daju bliske rezultate na otiscima. Ostala tri modela 1 nakon
ugadanja imaju dosta velike medusobne oscilacije kod prikazivanja boja (narocito
zaslon prijenosnog racunala) te ne bi mogli zajedno funkcionirati u jednom
proizvodnom lancu.
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U skladu sa svime navedenim mozemo generalno zakljuciti. Ukoliko se zeli steci
potrebne preduvjete za reprodukciju vrhunskih kvaliteta nuzno je dodatno ulaganje u
vrhunsku rac¢unalnu opremu i mjerne uredaje te edukaciju korisnika.
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UTJECAJ TROSENJA TISKOVNE FORME ZA FLEKSOTISAK NA
KVALITETU REPRODUKCIJE

INFLUENCE OF FLEXOGRAPHIC PRINTING PLATE WEAR ON
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Strucni clanak / Professional paper

Sazetak: Fleksotisak je tehnologija otiskivanja koja se najc¢esce koristi pri izradi ambalaze. Kako je
tiskovna forma izradena od fleksibilnih polimernih materijala, tijekom procesa tiska dolazi do njenog
troSenja, a time i smanjenja kakvoce otiska, odnosno smanjenja kakvoée kona¢nog proizvoda.

Praceno je ponaSanje pojedinih rastertonskih vrijednosti (RTV) obzirom na broj otisaka, s posebnim osvrtom
na male rastertonske vrijednosti (0 — 20% RTV) odnosno na vrlo visoke rastertonske vrijednosti (80 — 100%
RTV). Dobiveni rezultati upu¢uju na smanjenje RTV povecCanjem broja otisaka, $to se moze objasniti
ucestalim elasti¢nim deformacijama koje tiskovna forma trpi za svaki pojedini otisak. Takoder su ispitivane
mehanicke promjene svojstava tiskovnih formi uzrokovane trenjem koje se javlja izmedu tiskovne forme i
podloge, odnosno tiskovne forme i valjaka nanosaca za bojilo.

Kljuéne rijeci: fleksotisak, fotopolimer, raster tonska vrijednost (RTV), tiskovna forma, troSenje
materijala

Abstract: Flexography is a printing technology generally used in package making process. As the
printing plate is made of flexible photopolymers, printing process could cause wear of the printing
plate image areas. This kind of degradation is often caused by continuous elastic deformation of the
printing plate material during the printing process which, after a certain edition (print run), could cause
decrease of the print quality, i.e. decreases of the final product quality.

In this paper the changes of the image areas (coverage values) on the flexographic printing plates were
observed in leniency with an edition. Special retrospect was given to the low coverage values (0—
20%), i.e. on very high coverage values (80—100%). The results obtained in this paper have confirmed
the presumption. The monitored values of surface coverage on the printing plates were decreased as
the number of edition prints was increased. This deformation of the image areas can be explained by
frequent elastic deformations of the printing plate material during the printing process caused by
friction between printing plate and substrate or printing plate and ink rollers. Namely, the quality and
the condition of the image areas on the printing plates during the print run are the crucial factors for
quick and effective ink transfer from the printing plate on the printing substrate. If any kind of
deformation happened in structure and in mechanical properties of the printing plate material the ink
transfer from printing plate on the substrate could be incomplete, which, in turn, leads to the prints of
low quality level.

Key words: flexography, photopolymers, coverage value, printing plate, wear of materials

Prikazani rezultati proizasli su iz znanstvenog projekta br: 128-1201785-2228 ,,Razvoj metoda mjerenja

povr§ina tiskovnih formi“ provedenog uz potporu Ministarstva znanosti obrazovanja i sporta republike
Hrvatske.
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1. Uvod

Fleksotisak je tehnika otiskivanja koja u posljednje vrijeme biljezi najveci tehnoloski
razvitak. Na pocetku razvoja nije se vjerovalo da ¢e ta tehnologija uspjeti odnosno povecati
svoju kvalitetu, a time 1 udio na trziStu. Razvojem polimernih materijala, poceo je i1 razvoj
fleksotiska. Dodajmo k tome povecanu potrebu za personaliziranom i vrlo atraktivhom
ambalazom koje trebaju §to brze izraditi, a s druge strane manje naklade'. Danas fleksotisak
postize visoku kvalitetu u odnosu na pocetke, no jos uvijek zaostaje za tehnologijom plosnog,
odnosno dubokog tiska, pa se tako najcesce koristi kod otiskivanja ambalaze. Tiskovna forma
izradena je od fleksibilnih materijala koji se za svaki pojedini otisak elasticno deformiraju, §to
dovodi do trosenja tiskovne forme. Time se smanjuje kakvoca otisaka, $to u konacnici dovodi
do smanjenja kakvoée kona¢nog proizvoda. Kako je trajnost tiskovne forme na taj nacin
ograniena, potrebno je promatrati kako se ponasa reprodukcija u zavisnosti o broju
nacinjenih otisaka. U tu svrhu promatrala se promjena raster tonskih vrijednosti kako na
otiscima, tako i1 na tiskovnoj formi prije i nakon procesa tiska, kao i promjena tvrdoce
materijala od kojeg je izradena tiskovna forma.

2. Pokusni dio

Tiskovna forma koja je koriStena u istrazivanju izradena je od fotopolimera koji je
danas najces¢i materijal za njihovu izradu u tehnici fleksotiska. Tiskovna forma izradena je
klasi¢nim postupkom, kopiranjem kroz kopirni predloZak, u uredaju BASF nyloflex COMBI
F IIT uz UV lampe kao izvor svjetla. Da bi se moglo §to bolje karakterizirati otisak, izraden je
testni klin. Testni klin se sastojao od 18 polja razli¢itih rastertonskih vrijednosti (RTV)
pocevsi od 1, sukcesivno povecavaju¢i RTV vrijednost do 100%. Testni klin generiran u
racunalu nacinjen je ispisom izravno iz ra¢unala (Computer to film) na filmski negativ (Agfin
mat film HNM). Film je osvijetljen u uredaju Crosfield MagnaSetter 620, rezolucije 2438, 48
lin rastera. Razvijen je u stroju Norscreen ETENDAL AS, s Agfinim razvijaem G101C, 1
fiksiran je otopinom G333C.

Proces tiska s tako pripremljenom tiskovnom formom voden je na fleksotiskarskom
stroju tipa SOLOFLEX proizvodata W&H (Windmoller & Holscher), satelitske grade,
maksimalne Sirine trake 830 mm, na prozirnom GLP polipropilenu kao tiskovnoj podlozi,
debljine 25 pm, proizvodaca INNOVIA FILMS. Mjerenje rastertonskih vrijednosti na
tiskovnoj formi vrSena su na uredaju vipFLEX proizvodaca GretagMacbeth. Mjerenja RTV
na filmu kao 1 na otiscima vrSena su pomocu spektrofotometra SpectroEye takoder tvrtke
GretagMacbeth.

Proces tiska vodi se tako da se motivi otiskuju na polipropilensku vrpcu. Ukupna
duZina otisnute vrpce iznosila je 27000 m. Uzorci otisaka na kojima su mjerene RTV odabrani
su u zavisnosti o duzini vrpce: pocetni, odnosno prvi kvalitetan otisak, te nakon toga uzorci na
vrpei nakon 1000, 4000, 9000, 12000, 16000, 21000 i 27000 metara.

Osim mjerenja RTV, izmjerena je tvrdo¢a pocetnog materijala (neosvijetljenog
fotopolimera), gotove tiskovne forme prije otiskivanja (osvijetljeni i razvijeni fotopolimer), te
tiskovne forme nakon otiskivanja ukupne naklade (27000 metara). Mjerenje tvrdoce
provedeno je na uredaju za mjerenje tvrdoce tvrtke Zwick po Shore C metodi odredivanja
tvrdo¢e. Svaki uzorak mjeren je na 10 razli¢itih mjesta i izraCunata je srednja vrijednost
mjerenja.

Navedeni uzorci tiskovne forme snimljeni su i optickim mikroskopom u refleksnom
fluorescenom svjetlu, na mikroskopu tvrtke Zeiss, pod povecanjem od 400,800 i 2000 puta.
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3. Rezultati i rasprava
3.1. Mjerenje rastertonskih vrijednosti

Dobiveni rezultati mjerenja rastertonskih vrijednosti na filmu i tiskovnim formama
usporedeni su s nominalnim vrijednostima za svako pojedino polje testnog klina i prikazani na
slikama 11 2.

Na slici 1. prikazani su rezultati mjerenja RTV u podrucjima niskih nominalnih RTV.
Moze se primijetiti da dolazi do linearnog povecanja RTV na filmu, kao i na tiskovnoj formi
prije i nakon zavrSenog procesa tiska u odnosu na nominalne RTV, no smanjuje se nagib
dobivenih pravaca. Najveéi nagib pravca pokazuje krivulja dobivena mjerenjima RTV na
filmu, a najmanji krivulja izmjerenih RTV na tiskovnoj formi nakon zavrSenog procesa tiska.
Pojavljuje se pozitivna deformacija tiskovnih elemenata na tiskovnoj formi u odnosu na film,
i njen maksimalni iznos je 1.7%.
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Sl. 1. Zavisnosti izmjerenih RTV kod malih RTV
A - film; B - tiskovna forma prije tiska; C — tiskovna forma nakon tiska

Kod visokih RTV takoder se pojavljuje linearna zavisnost izmjerenih RTV u odnosu na nominalne
RTYV kako na filmu, tako i na tiskovnim formama, a nagibi dobivenih pravaca se povecavaju.

[zmjerene RTV na tiskovnim formama su manje od RTV vrijednosti na filmu (sl. 2.),
nastaje negativna deformacija tiskovnih elemenata koja iznosi maksimalno 2%. Najvece
smanjenje RTV je na tiskovnoj formi prije otiskivanja.

Takoder usporedbom izmjerenih RTV na tiskovnoj formi prije tiska u odnosu na RTV
na tiskovnoj formi poslije tiska, u cijelom mjernom podruc¢ju RTV, uofava se smanjenje
njihovih razlika. Pri niskim RTV pozitivna deformacija tiskovnih elemenata na tiskovnoj
formi poslije procesa tiska se smanjuje, te pri RTV od 30% potpuno nestaje, a njihove
vrijednosti se izjednaCavaju. Pove¢anjem RTV iznad 60% ponovno se uspostavljaju razlike
RTV. Nastaje negativna deformacija tiskovnih elemenata, ali ta ovaj puta na tiskovnoj formi
prije procesa tiska. Dobivene RTV se ponovno smanjuju kako se priblizuju nominalnoj RTV
od 100% 1 poprimaju identi¢ne vrijednosti.
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SI. 2. Zavisnosti izmjerenih RTV kod visokih RTV
A - film; B - tiskovna forma prije tiska, C — tiskovna forma nakon tiska

Za razliku od rezultata dobivenih mjerenjem RTV na filmu i tiskovnim formama mjerenja
RTV na otiscima pokazuju potpuno drugacije rezultate (sl. 3, 516.).

Dobiveni rezultati pokazuju znacajnu razliku izmedu otisaka i tiskovne forme. Pri niskim

nominalnim RTV dolazi do velikog povecanja RTV na otisku u odnosu na tiskovnu formu, te
se RTV povecava povecavajuéi nominalnu RTV, a zavisnosti su jo§ uvijek linearne (sl. 3.).
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Sl 3. Zavisnosti izmjerenih RTV o nakladi kod malih RTV
A - tiskovna forma; B — prvi otisak, C — 1000 m; D — 12000m; E — 27000 m

Pri malim RTV povrsina tiskovnih elemenata je relativno mala, mekana 1 podlozna troSenju.
Povecanjem naklade dolazi do trenja izmedu tiskovnih elemenata na kojima se nalazi bojilo i
podloge, a time 1 do troSenja same tiskovne forme. Tiskovni elementi imaju oblik krnjeg
stoSca, te se troSenjem povecava njegova povrsina, a time i prijenos bojila na podlogu.
Mogucée smanjenje RTV na kraju procesa tiska moze biti uzrokovano trajnom deformacijom
tiskovnih elemenata (sl. 4.).
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SI. 4. Zavisnosti koeficijenta smjera pravca o nakladi kod malih RTV
1- tiskovna forma; 2 — prvi otisak, 3 — 1000 m; 4 — 12000 m; 5 — 27000 m

Razlike izmedu tiskovne forme i otiska najveée su u podrucju srednjih RTV, gdje se mijenja
funkcionalna zavisnost izmjerenih RTV iz linearne u polinomsku, s maksimumom na polju
nominalne RTV 40%, i iznosi 31.8% (sl. 5).

Na slici 6. moze se vidjeti da se kod visokih nominalnih RTV razlike se smanjuju 1
pokazuju najmanje odstupanje izmedu tiskovne forme i otisaka s minimalnom vrijedno$¢u na
polju nominalne vrijednosti 95% RTV Tab razlika iznosi oko 4.8%. Kod srednjih i visokih

nominalnih RTV zavisnost izmedu nominalnih i izmjerenih vrijednosti postaje polinomska
(sl.5.16.).
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SI. 5. Zavisnosti izmjerenih RTV o nakladi kod srednjih RTV
A- tiskovna forma; B — prvi otisak, C— 1000 m; D — 12000m; E — 27000 m
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Porastom naklade dolazi do porasta RTV u cijelom ispitivanom rasponu, tj. u malim, srednjim
1 velikim rastertonskim vrijednostima. Primjecuje se da se razlike izmedu tiskovne forme i
otisaka povecavaju porastom naklade, maksimalna razlika je kod 12000 metara, a daljnjim
povecanjem naklade RTV na otisku, a tako i razlike RTV izmedu tiskovne forme i otiska se
smanjuju (sl. 3, 5, 6). Kod visokih RTV se povec¢anjem naklade i nakon 12000 metara ne

smanjuje razlika izmedu tiskovne forme i otiska, $to se moze objasniti zapunjenjem slobodnih
povrsina bojom.
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SI. 6. Zavisnosti izmjerenih RTV o nakladi kod visokih RTV
A- tiskovna forma; B — prvi otisak, C — 1000 m; D — 12000m; E — 27000 m

3.2. Tvrdoéa uzoraka

Kemijskim procesom fotopolimerizacije dolazi do znacajne promjene tvrdocée tiskovne
forme. Povezujuéi molekule polimera, stvaraju¢i mrezastu prostornu strukturu nastali
fotopolimer mijenja svoj volumen, (dolazi do bubrenja i postaje veéi)*, te ujedno dolazi i do
promjene tvrdo¢e materijala. Uocava se znacajno smanjenje tvrdoce od neosvijetljenog
fotopolimera u odnosu na osvijetljeni i razvijeni fotopolimer (tiskovna forma). Smanjenje
tvrdo¢e izmedu tiskovne forme prije i nakon tiska je vrlo malo i iznosi 0.35 Shora (sl. 7).
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SI. 7. Tvrdoce tiskovne forme po Shore C
A- neosvijetljeni fotopolimer,; B — osvijetljeni i razvijeni fotopolimer (tiskovna forma);
C — fotopolimer (tiskovna forma) nakon procesa tiska
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To smanjenje tvrdo¢e omogucava da se fleksibilnom tiskovnom formom moze otiskivati i
na neravnim i hrapavim materijalima (razne polietilenske folije, ambalazni karton). Sam
proces tiska, kao i sastav bojila ne utjeCe znacajnije na promjenu tvrdoce.

No, to smanjenje tvrdo¢e uzrokuje i brze troSenje tiskovne forme, te u konacnici manji
broj ispravnih otisaka.

3.3. Vizualni izgled tiskovne forme

Promjena izgleda tiskovne forme pratila se 1 mikroskopski. Uzorci tiskovne forme
snimljeni su optickim mikroskopom u refleksnom fluorescenom svjetlu Na slici 8. vidi se
izgled tiskovnog elemenata (kod niskih RTV). Nakon procesa tiska rubovi tiskovnog
elementa postaju nepravilni i nejasni uzrokovani njegovim trosenjem.

prije tiska poslije tiska

SI. 8. Mikroskopska snimka tiskovnog elementa pri 15% RTV

Kod visokih RTV slika prikazuje slobodne povrsine buduc¢i da nakon 50% RTV dolazi do
preklapanja tiskovnih elemenata i njihovog povezivanja u vece povrSine. Samim time
dalje je moguce je pratiti promjenu rubova oko slobodnih povrSina (sl. 9.). Moze
primijetiti da na tiskovnoj formi nakon tiska dolazi do veceg odstupanja od idealnog
kruznog oblika tiskovnog elemenata, odnosno slobodne povrsine.

prije tiska poslije tiska

SI. 9. Prikaz izgleda tiskovnog elementa kod 85% RTV

Te promjene geometrije tiskovnih elemenata uzrokovani su njihovim troSenjem, $to se
u konacnici odrazava na kakvocu gotovog proizvoda.
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4. Zakljucci

Iz prikazanih rezultata moze se zakljuciti:

u procesu izrade tiskovne forme pojavljuje se povecanje izmjerenih RTV pri niskim
nominalnim vrijednostima (pozitivna deformacija), a kod visokih se te vrijednosti
smanjuju (negativna deformacija) u odnosu na nominalne vrijednosti.

nakon procesa tiska RTV na tiskovnoj formi se povecavaju, Sto ukazuje na troSenje ,
tiskovne forme

povecanjem broja otisaka oStrina rubova tiskovnih elemenata se smanjuje

iz dobivenih rezultata mjerenja RTV na otiscima moze se zakljuciti da tehnologija
fleksotiska ima suzenu moguénost rastertonske reprodukcije, buduéi da u postavljenim
uvjetima najniza izmjerena RTV izmjerena na polju od 1% na otisku je iznosila 10%.
Istovremeno kod visokih rastertonskih vrijednosti dolazi do njihovog povecanja, i one
poprimaju maksimalne vrijednosti (100%), ve¢ kod nominalne RTV od 85%.

tvrdoc¢a tiskovne forme mijenja se tijekom njene izrade, ona postaje mekSa. Sam
proces tiska, kao i sastav bojila ne utjeCe znacajnije na promjenu tvrdoce.
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TOPLINSKA ANALIZA AUSTENITNOG NEHRPAJUCEG CELIKA
TIJEKOM ZAVARIVANJA

THERMAL ANALYSIS OF AUSTENITIC STAINLESS STEEL DURING
WELDING

Mirko Goji¢*, Ladislav Lazi¢*, Damir Pinoti¢**, Stjepan KoZuh*, Ljerka Slokar*,
Bozidar SaSo***
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Izvorni znanstveni rad / Original scientific paper

Sazetak: U radu su prikazani rezultati toplinske analize 1 mikrostrukture nehrdajuceg
austenitnog Celika AISI 321 tijekom zavarivanja. Nakon pripreme V-spoja Celik je zavaren
rucnim elektrolu¢nim postupkom. Za to vrijeme sniman je temperaturni profil zone taljenja,
zone utjecaja topline i osnovnog materijala termovizijskom kamerom. Izracunate su brzine
hladenja zone taljenja nakon zavarivanja. Nakon toga je na odabranim mjestima uzoraka
provedeno odredivanje tvrdoce, mikrostrukture i udarne radnje loma.

Kljuéne rijeci: austenitni nehrdajuéi ¢elik, zavarivanje, temperaturni profil, mikrostruktura

Abstract: In this work the results of thermal analysis during welding and microstructural
testing of austenitic stainless steel AISI 321 are shown. Welding of V-joint was carried out by
manual electro arc technique. During welding was monitored with thermovision camera the
profil of temperature in weld metal, heat affected zone and base metal. The cooling rates of
the weld metal were calculated after welding. After that was carried out measurement of
hardness, microstructure and impact energy on selected samples.

Key words: austenitic stainless steel, welding, profil of temperature, microstructure
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1. UVOD

Krom-nikal austenitni nehrdaju¢i Celici su konstrukcijski materijali koji imaju Siroko
podrucje primjene. Zbog zadovoljavaju¢ih mehanickih svojstava i korozijske otpornosti ¢esto
se primjenjuju u kemijskoj, petrokemijskoj 1 naftnoj industriji, brodogradnji, postrojenjima za
izradu lijekova i hrane tj. na svim mjestima koja su izloZena djelovanju korozijski agresivnih
medija [1].

Ukoliko je nehrdajuci celik izloZen visokotemperaturnim procesima (zavarivanje ili
toplinska obradba) moze do¢i do promjene svojstava i mikrostrukture [2-4]. Prije zavarivanja
nuzno je obratiti pozornost na odabir odgovaraju¢eg dodatnog materijala. Prilikom odabira
dodatnog materijala glavni parametar je kemijski sastav i sadrzaj delta ferita koji ¢e nastati u
zoni taljenja. Zbog nekontrolirane prisutnosti delta ferita moze do¢i do pogorSanja
mehanickih svojstava i korozijske otpornosti zone taljenja, pogotovo ukoliko je ¢elik izloZen
poviSenim temperaturama. Neodgovarajuca toplinska obradba ili dugotrajna primjena kod
povisenih temperatura moze dovesti do precipitacije karbida, nitrida i intermetalnih faza [5].

Uslijed djelovanja topline u kritiénom temperaturnom podrucju 600-900°C delta ferit
se moze transformirati u krhku sigma fazu ¢ijim nastankom dolazi do drasti¢nog pogorSanja
svojstava, posebice zilavosti [6]. Kako bi se zadrzala Zeljena svojstva nehrdajuc¢ih celika
potrebna je njihova pazljiva toplinska obradba.

Promjena mikrostrukture ¢elika bitno utjece na trajnost ugradenih komponenti [7]. To
je glavni razlog potrebe za nuznim poznavanjem i pra¢enjem mikrostrukture tijekom
zavarivanja. U radu je prikazana toplinska analiza (temperaturni profil) zone taljenja, zone
utjecaja topline i osnovnog materijala AISI 321 te mikrostruktura i prijelomne povrsine nakon
kidanja 1 ispitivanja Zilavosti zone taljenja.

2. EKSPERIMENTALNI DIO

Za istrazivanje je koriSten lim debljine 15 mm izraden iz austenitnog nehrdajuceg
Celika AISI 321. U tablici 1 naveden je kemijski sastav istrazivanog Celika. Za zavarivanje je
pripremljen V-spoj. Zavarivanje je provedeno ru¢nim elektrolu¢énim (REL) postupkom uz
uporabu Bohler FOX SAS2-A 347-17E 19 9 NbR elektrode promjera 2 mm. Temperaturni
profil zone taljenja (ZT), zone utjecaja topline (ZUT) i osnovnog materijala tijekom
zavarivanja sniman je termovizijskom kamerom tip P65. Sadrzaj delta ferita izmjeren je
feritoskopom MP30E-S.

Nakon zavarivanja provedena su ispitivanja mehanickih svojstava, mikrostrukture i
prijelomnih povrsina. Uzorci za navedena ispitivanja izezani su iz osnovnog materijala i iz
zone taljenja. Prije mikrostrukturnih ispitivanja uzorci su pripremljeni (brusenje i poliranje) i
elektroliti¢ki nagrizeni u otopini 60 ml HNOs; + 40 ml H,O kod napona 1V u trajanju 20
sekundi. Fraktografska analiza je provedena pomocu pretrazne elektronske mikroskopije u
slici sekundarnih (SEI) elektrona na uredaju Jeol, JXA 50.

Ispitivanje mehanickih svojstava osnovnog materijala i zone taljenja provedeno je na
standardnim okruglim uzorcima na Instron kidalici tipa 1196 [8]. Ispitivanje zilavosti
provedeno je Charpy metodom na uzorcima 10x10x55 mm s V-zarezom dubine 2 mm kod
sobne temperature.

Tablica 1. Kemijski sastav osnovnog materijala, mas.%

C Mn Si Cu v Mo Al Cr Ni W Ti Co Nb

0,022 | 1,44 | 0,33 | 0,44 | 0,067 | 0,28 | 0,007 | 17,05 | 8,80 | 0,049 | 0,171 | 0,18 | 0,011
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3. REZULTATI I DISKUSIJA

Na slikama 1 i 2 prikazana je raspodjela temperature ili temperaturno polje zavarenog
spoja tijekom njegovog hladenja s odgovaraju¢im krivuljama hladenja kod razli¢itih vremena
1 na razli¢itim pozicijama zavarenog spoja. Izracunato je da su brzine hladenja zone taljenja
na poziciji 1 iznosile 10,6°C/s, na poziciji 2 7,9°C/s a na poziciji 3 zone taljenja 6,4°C/s.

Rezultati mehanickih svojstava istrazivanog celika prije i nakon zavarivanja navedeni
su u tablici 2. Vla¢na &vrstoéa zone taljenja je za 28 N/mm’ veéa od &vrstoée osnovnog
materijala. Osnovni materijal karakterizira izrazito visoko istezanje 1 kontrakcija. Budud¢i je
potpuno austenitna mikrostruktura osjetljivija na pojavu toplih pukotina austenitni nehrdajuéi
celici sadrZe 1 odredeni udio delta ferita. Mikrostrukturni snimci osnovnog materijala ukazuju
da je delta ferit u obliku traka izduzen u smjeru valjanja, slika 3. Nasuprot tome, zona taljenja
sadrzi znatno viSe delta ferita, slika 4. Feritoskopom je utvrdeno 2,0% delta ferita u osnovnom
materijalu 1 9,2% u zoni taljenja. Osim austenita i delta ferita u zoni taljenja nije zamijecena
pojava intermetalnih faza (npr. sigma faza, chi faza) koje se cesto javljaju pri
visokotemperaturnim procesima (zavarivanje, Zarenje).

Tablica 2. Mehanicka svojstva osnovnog materijala i zone taljenja

VVlaén’a Istezanje, | Kontrakcija, | Energija loma, | Zilavost,
cvrstoca, % o J J/em>
N/mm’
Osnovni materijal 581,5 21,9 54,6 258,0 322,5
Zona taljenja 609,5 6,1 15,1 104,0 130,0

Poznato je da se fraktografskom analizom moZe opisati proces prijeloma i ponuditi
pouzdani dokaz o nacinu prijeloma celicnog proizvoda ili njegovog propadanja tijekom
uporabe. Prijelomne povrSine su analizirane nakon kidanja i ispitivanja Zilavosti Charpy
metodom kod sobne temperature. Reprezentativne mikrofraktografije snimljene metodom
pretrazne elektronske mikroskopije u slici sekundarnih (SEI) elektrona prikazane su na
slikama 5 1 6. Moze se primijetiti da kod osnovnog metala dolazi do pojave transkristalnog
prijeloma kojeg karakteriziraju ravne plohe dok kod zone taljenja prevladava sitnojamicasti
duktilni prijelom. Izmjerene su izrazito visoke vrijednosti udarne radnje loma za osnovni
metal (258 J) i oko 60% nize za zonu taljenja (104 J). Na mikrofraktografijama se moze
primijetiti postojanje ukljucaka kao 1 Cestica unutar jamica. Sastav i vrstu ukljucaka i Cestica
potrebno je dodatno analizirati pomoc¢u energetsko disperzijske (EDS) analize.
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Slika 3. Opticka mikrografija osnovnog materijala iz nehrdajuceg Celika AISI 321
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Slika 5. SEM mikrofraktogra



Slika 6. SEM mikrofraktografije uzoraka zone taljenja nehrdajuceg celika AISI 321 nakon

ispitivanja vlac¢ne ¢vrstoce (a, b) i Zilavosti (c, d)
a, c—500X; b, d—1000X

4. ZAKLJUCAK

Na temelju provedene toplinske, mikrostrukturne i fraktografske analize te ispitivanja
mehanickih svojstava na austenitnom nehrdaju¢em celiku AISI 321 prije 1 nakon ru¢nog
elektrolu¢nog zavarivanja moze se zakljuciti sljedece:

Vlagna &vrstoéa zone taljenja je za 28 N/mm® vecéa od &vrstoée osnovnog materijala.
Nasuprot tome, osnovni materijal ima znatno vise istezanje, kontrakciju i zilavost.
Osnovni materijal se sastoji od austenita i manjeg udjela delta ferita (2%), dok zona
taljenja sadrzi veci udio delta ferita (9,2%).

IzraCunate brzine hladenja zone taljenja su u podrucju 6,4-10,6°C/s.

Optickom mikroskopijom nije zamijecena pojava intermetalnih faza.

Fraktografskom analizom su zamijeCena dva oblika prijelomnih povrSina:
transkristalni i sitnojamicasti duktilni prijelom. Unutar jamica postoje odredeni

v e

energetsko disperzijske (EDS) analize.
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EROSION RESISTANCE OF DUCTILE CAST IRON

OTPORNOST NA EROZIJSKO TROSENJE NODULARNOG LIJEVA
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Izvorni znanstveni rad / Original scientific paper

Abstract: Particle erosion is wear loss from surface of solid body because of relative motion
of fluid with solid particles. Erosion where are impact angle is small (less than 30°) is
abrasive erosion and erosion where are impact angle is big (60° do 90°) is impact erosion.
One of the advantages of ductile cast iron in relation to other cast irons is his good wear
resistance. However, we must considered that wear resistance depend of wear condition. Solid
particle erosion resistance is function of impact angle. Results of testing show that abrasive
erosion resistance (impact angle 15°) is much better (~4 times) than impact particle erosion
(impact angle 90°).

Key words: erosion resistance, ductile cast iron, abrasive erosion, impact erosion

Sazetak: Erozija Cesticama je gubitak materijala s povrSine krutog tijela zbog relativnog
gibanja (strujanja ) fluida u kojem se nalaze krute Cestice. Erozija kod koje je strujanje pod
malim kutom u odnosu na povrsinu (manjim od 30°) naziva se abrazivna erozija, a kad Cestice
udaraju o povrsinu gotovo okomito (60° do 90°) to je udarna erozija.

Jedna od prednosti nodularnog lijeva u odnosu na druge lijevove je njegova dobra otpornost
na troSenje. Ipak treba imati na umu da ta otpornost ovisi i 0 uvjetima troSenja. Kad se govori
0 otpornosti na erozijsko troSenje krutim Cesticama, ta otpornost znacajno ovisi o kutu udara
Cestica. Ispitivanja su pokazala da je otpornost na erozijsko troSenje pri udaru Cestica kvarnog
pijeska, mnogo veca (oko 4 puta) ako je kut udara mali (15° - abrazivna erozija) nego ako je
kut upada veliki (90° - udarna erozija).

Klju¢ne rijeci: otpornost na erozijsko troSenje, nodularni lijev, abrazivna erozija, udarna
erozija
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1. INTRODUCTION
Ductile cast iron is cast pseudobinar iron-carbon alloy, where are the
graphite mostly have spheroidal shape, [1].
Chemical composition of ductile cast iron is, [2]:
3,2...3,8 %C
2,4...2,8 %Si
<0,5 %Mn
<0,045% P
< 0,01 %Si
Ductile iron have high fatigue strength because of spheroidal shape of graphite,
especially after quenching and tempering. Higher taughness can be achieved by
austhempering. Youngh modules (aproximatly 180 000 N/mm?2) is higher than grey
cast iron, smothering of vibration are twice worse than grey cast iron and thay can be
welded. Ductile cast iron have good bearing properties and resistance on wear,
corrosion and oxidation. The special properies (like resistance on agressive media) can
be achieved with alloying, [3].

2. PARTICLE EROSION
Particle erosion is wear loss from surface of solid body because of relative motion of
fluid with solid particles. Erosion where are impact angle is small (less than 30°) is
abrasive erosion and erosion where are impact angle is big (60° do 90°) is impact
erosion, [3].
Tipical examples of particle erosion are:

— pump for mud

— sand blast machine

— pipeline for transport powder

Figure 1 shows blade of sand blast machine with scars caused by erosion with
quartz sand

Figure 1 - Blade of snd blast machine with scars causedby erosion with quartz
sand, [4]

Depending of paricle impact angle, possible wear mechanismus are abrasion or erosion.
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3. EXPERIMENTAL PART
Investigation is performed on samples of ductile iron cast in Shipyard in Split.

3.1. Chemical analysis

Quantitative chemical analysis of ductile iron is performed by spectrometer method on
SPECTRUMAT-750 GDS Leco in Laboratory for Metal Analysis at Faculty of
Mechanical Engineering and Naval Architecture in Zagreb.

Table 1 — Analysis of chemical composition of ductile cast iron samples

Mass portion, %

C Si | Mn P S Cu Ni Mo Mg

Ductile

iron 2,34 | 2,72 1 0,72 | 0,054 | 0,011 | 1,14 | 0,095 | 0,016 | 0,033

3.2. Microstructural analysis

Microstructural analysis is performed in Laboratory for Metallography at Faculty of
Mechanical Engineering and Naval Architecture in Zagreb. The microstructure of
ductile cast iron sample is shown on figures 2 and 3.

Fig. 2 - Polished sample of ductile cast iron
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On figure 3 is visible ferrite-pearlite matrix. Volume portion of phases are shown in

table 3.

Fig. 3 - Etched sample of ductile iron

Table 2 — Volume portions of ductile iron phases

Faza

graphite

ferrite

pearlite

Volume portion, %

13

24

63

3.3. Hardness measurements

Hardness measurements of hardness was performed in Laboratory for Testing
Mechanical Properties at Faculty of Mechanical Engineering and Naval Architecture in

Zagreb.
Table 3 — Brinell hardness HB 2,5/1840

d, mm HB

1. 1,01 224

2. 1,02 219

3. 1,00 229

4, 1,01 224

5. 1,00 229

mean value 1,01 225
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Table 4 — Vickers hardness HV 10

d, mm HV 10
1. 0,274 247
2. 0,256 283
3. 0,248 302
4. 0,240 322
5. 0,250 297
6. 0,230 351
7. 0,256 283
8. 0,234 339
0. 0,256 283
10. 0,278 240
mean value 0,252 295

3.4. Testing of solid particle erosion resistance

Testing of solid particle erosion resistance with quartz sand are performed in
Laboratory for Tribology on Faculty of Mechanical Engineering and Naval Architecture
in Zagreb. Particle erosion tester is shown in Figure 4 (detail are shown in Figure 5)

Figure 4. Particle erosion tester
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sammple

sand

Figure 5. Testing of solid particle erosion

Testing parameters:

abrasive: quartz sand Ottawa AFS 50/70
revolution: 1440 rev./min

time oh testing: 13min 53 sec

number of impacts: ~20000

impact angles: 15°, 90°

dimension of samples: 17x17x17 mm

VVVYVYVY

Table 5 shows results of particle erosion testing.

Table 5 - Mass loss of ductile cast iron samples

impact angle samplel | sample2 |  sample 3 | mean value
mass loss, g
15° 0,00040 0,00030 0,00099 0,00057
90° 0,00194 0,00203 0,00266 0,00221

Erosion with little impact angle is abrasive erosion (less than 30°) and with larger
impact angle is impact erosion (between 60° and 90°). Table 5 show that ductile cast
iron has a few times better abrasive erosion resistance than impact erosion resistance.

CONCLUSION

One of the advantages of ductile cast iron in relation to other cast irons is its good wear
resistance. However, must be considered that wear resistance depend of wear condition.
Solid particle erosion resistance is function of impact angle. Results of testing show that
abrasive erosion resistance (impact angle 15°) are much better (~4 times) than impact
particle erosion (impact angle 90°).
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Abstract: The paper presents the procedures and the results of the experiment which researches the
influence of weapon barrel superheat on the microstructure and hardness of weapon barrel material.

The barrel superheat appears when the allowed fire rate is crossed. The fire rate defines the allowed
rounds number in the determined interval of firing time.

The temperature of the powder gases in the barrel reaches up to 3880 K, and the maximum pressure
of the powder gases up to 6000 bar. The surface layers of the barrel bore may be heated over the
temperature of 500 °C to 1000 °C for that. Therefore the test samples were tempered at 600 °C,
700°C, 800 °C and 900 °C, over a period of one hour and air cooled.

The test samples have been made of the barrel material taken from a 20 mm antiaircraft gun. The
analysis shows that the barrel material is heat treated steel 34CrMo4, with the homogeneous
structure of the tempered martensite.

The sample which was tempered at 600°C preserved the martensite structure after the air cooling,
with the surface hardnes of 384 HV0,2. By heating the steel at 700°C, the martensite structure was
also preserved, but the measured hardness was 298 HV0,2. The hardness is smaller because the
annealing temperature is higher.

By heating the steel at 800°C, the uniform small-grained structure was obtained. The measured
hardness of 396 HVO0,2 shows that besides bainite probably martensite appeared in the
microstructure of the barrel steel.

The sample tempered at 900°C and air cooled has slightly bigger grains in its microstructure. The
measured hardness was 408 HVO0,2, so the bainite may appear with the martensite.

The test results shows that spontaneous quenching of the bore surface layers may be caused by the
turbulent, cool air. In case of bigger barrel depth, cooling-rate of material would be slower, so a
rough-grained ferrite-pearlite structure may appear. The steel with a rough-grained structure has
very low toughness and is brittle and breakable.

The test has shown that the determined fire rate must not be exceeded by weapon firing, because the
barrel superheat changes significantly the microstructure and mechanical quality of the weapon
barrel material and therefore, its wear resistance decreases.

Keywords: weapon barrel, superheat, microstructure, hardness
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1. INTRODUCTION

A large heat quantity is developed by the weapon firing, due to powder burning and the
sliding friction between the alignment and rotary bands and the weapon barrel surface. The barrel
material is directly exposed to the firing process which has a very strong and dynamic thermal,
mechanical and chemical effect on the barrel.

The temperature of the powder gases reaches up to 3880 K, and the maximum pressure of
the powder gases up to 6000 bar. The maximum muzzle velocity (vp) is 1800 m/s, with the
projectile movement time through the barrel of approx. 0,01 s [1], [2].

The powder gasses have a compound chemical composition: they contain CO, CO,, H,O, H;
and N, and thus making a very aggressive atmosphere in relation to the barrel material. At the same
time, the powder gases contain as well the solid particles: soot particles and unburned powder
grains.

The heat developed by the powder burning heats the barrel and powder gases. In case of
successive firing, the surface layers of the barrel bore may be heated up to the temperature of
several hundred degrees Celsius and even up to 1000°C.

The barrel heating is not uniform during the transverse section: the bore surface is more
heated but material layers in the direction of the barrel’s outer surface are colder. Therefore, the
thermal stresses which are set up by the large number of the rounds cause the appearance of surface
micro cracks. It is significant that the firing process is very strong and dynamic, so it causes
intensive wear of barrel.

The fire rate is determined for the artillery weapons to prevent the extraordinary barrel heat
and wear. It defines the allowed rounds number in the determined interval of firing time. Table 1
shows the fire rate allowed for 20 mm antiaircraft gun. The barrel material of that weapon was
chosen for the research in this paper.

Table 1. Determined fire rate for antiaircraft gun 20 mm [3]
Allowed rounds number at
continuous fire 180
Cooling time after 180 rounds (min) | 5to 10

However, the fire rate is exceeded by intensive firing, especially during the war, which
causes the barrel to superheat.

This paper presents the influence of weapon barrel superheat on the change of its material
structure and hardness. The analysis of the obtained experiment results may lead to the conclusion
about change on material wear resistance due to its superheat.

2. TEST SAMPLES PREPARATION

The samples have been made of the barrel material taken from the 20 mm antiaircraft gun.
The samples were obtained from the barrel by cold cutting, thus retaining the metallographic
structure of the material.

The chemical composition of the barrel sample material was analysed on the device
SPECTRUMAT 750, LECO, in the Laboratory for Metal Analysis at the Faculty of Mechanical
Engineering and Naval Architecture in Zagreb. The results of the chemical composition analysis are
presented in Table 2.

Table 2. Chemical composition of the 20 mm
antiaircraft gun barrel
Chemical composition (%)
C Si Mn | P S Cr | Mo
0,36 10,32 10,82 | 0,011 | 0,018 ] 1,01 | 0,21
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By comparing the chemical composition with DIN 17006, it has been determined that the
barrel material is heat treated steel 34CrMo4. This is a low-alloyed steel with 2,36 % alloy
elements.

The chromium as an alloy element improves the steel hardenability and decreases the
temperature of the austenitic grains formation. In this way, the chromium enables oil quenching,
more air quenching of the steel. It affects to the austenitic grains decrease, as the toughness also
increases [4].

The molybdenum improves the steel hardenability and increases the impact energy. It affects the
formation of small-grained microstructure of the steel and the improvement of its wear resistance
[4].

The chromium-molybdenum quenching and tempering steels have a very good hardenability
and they are the most temper resistant. So, they are designed to be employed at the increased
temperature (up to 550°C) [4].

The silicon improves the hardness and wear resistance. It also significantly increases the heat
resisting of the steel [4].

The manganese decreases A; and Az temperatures in relation to the carbon steels, so it very
intensively increases the steel hardenability, but it forces the rough-grained structure formatting [4].

Test samples were tempered at 600°C, 700°C, 800°C and 900°C, over a period of one hour
and air cooled. It is similar to heating and cooling as the superheat and cooling of the barrel by
intensive firing. So, microstructure changes obtained at the samples are identical to changes at the
barrel.

The surfaces of the cross-sections were prepared for metallographic analysis by grinding and
polishing. After that, they were etched by NITAL, Figure 1.

Figure 1. Test sample prepared for metallographic analysis

The test samples were heat treated in the Laboratory for Heat Treatment at the Faculty of
Mechanical Engineering and Naval Architecture in Zagreb. The samples were prepared for
metallographic analysis and recorded in the Laboratory for Metallography at the same faculty.

3. METALLOGRAPHYC ANALYSIS AND HARDNESS MEASUREMENT OF THE
SAMPLES

One of the test samples was not heated and the others were. The metallographic structure of
the unheated sample cross-section is shown in Figure 2.
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Figure 2. Metallographic structure of unheated barrel material (34CrMo4)

The homogeneous structure of the tempered martensite is seen in Figure 2. The martensite
develops by the austenitic transformation, so it represents the microstructure of the hardened steel.
It means that the barrel steel was heated to the austenitic range.

Besides, the steel contains 0,36 % carbon, which provides it with good hardenability.

The measured hardness on the sample cross section has the following values:

Hardness of unheated sample
HV1 HVO0,2
435 406

The measuring of the hardness along the whole width of the sample cross-section, with the
aim of determining the possible hardening of the barrel material or modification of the bore surface,
has shown that the hardness is completely uniform at all measuring points. Such uniform hardness
on the whole cross-section and the uniform martensite structure on metallographic picture of sample
show that the analysed steel was only quenched and tempered without subsequent surface
modification — either by means of diffusion procedures and by protective coatings, or by plastic
deformation.

According to the CCT diagram, Figure 3, the austenitizing temperature of steel 34CrMo4 is
840°C. The tempering of that steel was high-temperature, by means of heating to 600°C.
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Figure 3. CCT diagram of steel 34CrMo4 [5]
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The sample which was heated at 600°C during one hour and air cooling is shown in Figure

Figure 4. The sample heated at 600°C and air cooling (34CrMo4)

By the steel annealing at the temperature from 550°C to 650°C, the reduction of internal
stresses in the steel is obtained. At the temperature range from 400°C to 650°C recrystalisation
annealing is conducted. In this way crystal grains take a polyigonic form [6].

The measured hardness along the sample cross-section has the following values:

Hardness of the sample heated at 600°C
HV1 HVO0,2
419 384

The hardness is in some degree lesser than at the unheated sample. These values may
indicate that the temperature of 600°C is a bit higher than the tempering temperature at the barrel
heat treating.

The significant change did not happen after the heating at 700°C and cooling, except that the
slightly smaller grains were observed, Figure 5. This temperature is a bit below temperature A;.

Figure 5. The sample heated at 700°C and air cooling (34CrMo4)

The measured hardness on the sample cross section has following values:
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Hardness of the sample heated at 700°C
HV1 HV0,2
287 298

In relation to the previous condition, the steel hardness is in high degree smaller. This is
caused by the higher annealing temperature.

The martensite microstructure was retained after the heating at 800°C and air cooling, too,
Figure 6. This temperature is 20°C higher than temperature A; (A3=780°C). By the steel extinction
from the austenitic phase, the obtained hardness is as lesser as the cooling is slower.

The measured hardness along the sample cross-section which was heated at 800°C has the
following values:

Hardness of the sample heated at 800°C
HV1 HV0,2
470 396

The hardness is now significantly higher than the hardness of the sample heated at 700°C.

Figure 6. The sample heated at 800°C and air cooling (34CrMo4)

According to the CCT diagram, this hardness value shows that the bainite probably appeared
along with the martensite in the microstructure of the barrel steel. The necessary extinction-rate was
obtained in the air due to the relatively little sample depth, as well as by the chromium influence to
make the air quenching of the steel possible.

The bainite is a result of a part of subcooled austenit. It has got comparatively high hardness
and comparatively high toughness. On the other hand, in the compositions B+M or P+B+M or
F+P+B+M which may be obtained by the continuous quenching, these good bainite properties are
not outstanding [6].

The microstructure of the test sample heated at 900°C and air cooling is seen in Figure 7.

Slightly bigger grains are observed in Figure 7. The measured hardness along the sample
cross-section has the following values:

Hardness of the sample heated at 900°C
HV1 HV0,2
475 408
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Figure 7. The sample heated at 900°C and air cooling (34CrMo4)

The measured hardness shows that the microstructure of the steel probably contains besides
bainite also martensite. According to the CCT diagram, by the bigger barrel depth material cooling
would be slower, so that the rough-grained ferrite-pearlite structure may appear.

4. CONCLUSIONS

The significant heating of the artillery weapon barrel appears during the intensive weapon
firing. This paper presents the influence of the weapon barrel superheat on the change of its material
structure and hardness.

The test samples have been made of the barrel material taken from a 20 mm antiaircraft gun.
The chemical composition analysis shows that the barrel material is heat treated steel 34CrMo4.

In accordance with the barrel heating increase, the test samples were tempered at 600°C,
700°C, 800°C and 900°C over a period of one hour and air cooled.

The metallographic analysis of the unheated sample cross section presents the homogeneous
structure of the tempered martensite, so it is the quenched and tempered steel. Its surface hardness is
406 HVO0,2.

The sample which was tempered at 600°C preserved the martensite structure after the air
cooling, with the surface hardnes of 384 HV0,2. By heating the steel at 700°C, the martensite
structure was also preserved, but the measured hardness was 298 HVO0,2. The hardness is smaller
because the annealing temperature is higher.

By heating the steel at 800°C, which is above temperature A3z, the uniform small-grained
structure was obtained. The measured hardness of 396 HV0,2 shows that besides bainite probably
martensite appeared in the microstructure of the barrel steel.

The sample tempered at 900°C and air cooled has slightly bigger grains in its microstructure.
The measured hardness was 408 HVO0,2, so the bainite may appear with the martensite.

The test results show that spontaneous quenching of the bore surface layers may be caused
by the turbulent, cool air.

In case of bigger barrel depth, cooling-rate of material would be slower, so a rough-grained
ferrite-pearlite structure may appear. The steel with a rough-grained structure has very low
toughness and is brittle and breakable.

The test has shown that the determined fire rate must not be exceeded by weapon firing,
because the barrel superheat changes significantly the microstructure and mechanical quality of the
weapon barrel material and therefore, its wear resistance decreases.
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Pregledni ¢lanak / Subject review

Abstract:

The virtual network MatNet links Slovak scientific, academic and industrial institutions
dealing with research and development in the field of engineering materials and
accompanying technologies in order to enable more efficient transfer of knowledge on
modern materials and processes into Slovak industrial companies. This network for
technological innovations has been developed under the project: “Creation of Virtual Network
for R&D in the Field of Engineering Materials and Technologies”, which is financially
supported by European Social Found. The main communication platform of the network is the
web portal MatNet - Slovakia (http.://www.matnet.sav.sk), gathering and depositing useful
information about materials and technologies via various Slovak and international sources.
The ambition of recently established Slovak network for innovations - MatNet is to enable
developers from Slovak industrial companies (working e.g. in automotive, electrical,
mechanical, building, aircraft, chemical, food and other industrial sectors) more effectively
cooperate with scientists and experts from the academic community in order significantly to
enhance the quality of their products.

Key words: engineering materials, industrial processes, virtual network, web portal
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INTRODUCTION

The experience from countries with economic level comparable to Slovakia shows at
present the great necessity to create conditions for faster and more efficient transfer of
knowledge on recently developed materials and technological processes into the industrial
practice. Establishment of excellently equipped research centres for technological transfer,
which serve mainly to the purposes of small and medium size enterprises, is an essential
prerequisite to raise the level of manufacturing possibilities, and thereby these ones support
the further technological progress.

The creation of the networks linking the institutions and experts working in the field of
material research and development of related technologies is the reliable practice in many
countries with advanced industrialized economy. There are many examples of similar virtual
networks organizing these activities very successfully. One of the most advanced European
network in this field is Materials Valley e.g. [1] established in 2002 in the German region of
Rhein-Main, which links about 750 industrial companies and 120 high educational and
research institutions. The similar CORONET network links 18 institutions from 9 European
Union countries working in the filed of thermoplastic composites [2].

The main impulse for creation of Slovak network MatNet was the fruitful co-operation of
Institute of Materials and Machine Mechanics, Slovak Academy of Sciences and the Faculty
of Mechanical Engineering and Naval Architecture, University of Zagreb. The Croatian web
portal MATNET® was created in Zagreb from 2002 to 2005 within the framework of the
technological project “SUMAT - Development and Application of Advanced Materials,” that
was supported by Croatian Ministry of Science, Education and Sport (program TEST). The
main aim of this project was to establish future network centres oriented to transfer of
scientific knowledge in the field of engineering materials and related technologies into the
Croatian industry [3].

VIRTUAL NETWORK MATNET - SLOVAKIA

The project aimed to establishment of Slovak virtual network for R&D in the field of
materials and technologies is financially supported by European Social Found and is oriented
exclusively to the region of Bratislava. The project links experts from academic institutions,
universities and private sector fostering in the region of Bratislava by research and
development of engineering materials and technological processes in order to support the
transfer of their knowledge into the Slovak industry. The basic task of the project is to build
up useful basis for further fruitful cooperation between research community and end-users
from the industry and step by step to expand these activities to the whole Slovakia. The
Slovak network MatNet will surely support the interdisciplinary know-how transfer between
material science, education and industry in the future.

Bratislava - capital of the Slovakia is a city of materials science with tradition. Favourable
tax laws, sustainable economic growth and directions accommodating investors ensure above-
average growth of direct foreign investments in Slovakia. Large industrial companies such as
VW, Peugeot, Kia or Siemens already profit of the economic advantages of this region. The
volume of procurement of eleven companies manufacturing products and components
exclusively for automotive industry within the radius of 300 km around Bratislava will
increase to more than EUR 40 billion in the year 2008. That is why the professional research
and education in connection with the state-of-the-art infrastructure is of the highest
importance. The virtual network for R&D in the field of engineering materials and
technologies MatNet represents a valuable contribution from this point of view.
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The organization of the network in Bratislava region would start during this project by
linking the existing institutions and centres, which work in the field of materials science and
engineering, and after establishment priority directions of technological development, the
further expansion of the network to the whole Slovakia is assumed. This concept would be
essential to strengthen organization of chains and clusters of various multidisciplinal
technological projects, in which various scientists not only from technical but also natural
sciences, especially physics, mathematics, chemistry and biology could be involved. The
reason for this is the fact that the whole range of technological problems cannot be solved
without basic knowledge of material behaviour, experience in the field of new materials
development and introducing modern processes for production of structural and functional
components.

The main objectives of the virtual network for materials and technologies MatNet are:

e establishment of the network of institutions, experts, laboratories and equipment required for
new knowledge in the field of engineering materials and related technologies,

e development of the beneficial infrastructure, which provides the more effective transfer of
knowledge from scientific community into the industrial practice - organization of
conferences, seminars, courses, workshops, participation in exhibitions and trade fairs

(Fig. 1),
e encouragement for innovation and commercialisation of ideas,

e preparation of proposals for integrated developmental projects tailored to regional industrial
needs,

e provision of technical expertises, consultations and counselling according to the
requirements of Slovak industrial companies,

e encouragement of effective utilization of high-qualified human resources and expensive
scientific devices,

e co-ordinated purchase, installation, utilization and maintenance of the equipment
unavoidable for highly-efficient research, testing, manufacture and improvement of material
properties,

e joint application of research projects for financing from the different sources,

e encouragement for technological development of existing and establishment of new small
and medium size knowledge based enterprises.

The network MatNet is at present created by co-operation of 9 Institutions from region of
Bratislava (5 institutions of Slovak Academy of Sciences, 2 faculties of Slovak Technical
University and 2 private research institutions):

e Institute of Materials & Machine Mechanics, SAS (www.umms.sav.sk)
Institute of Electrical Engineering, SAS (www.elu.sav.sk)
Institute of Physics, SAS (www.fu.sav.sk)
Institute of Inorganic Chemistry, SAS (www.uach.sav.sk)
Polymer Institute, SAS (www.polymer.sav.sk)
Faculty of Mechanical Engineering STU (www.sjf.stuba.sk)
Faculty of Electrical Engineering and Information Technology STU
(http://aladin.elf.stuba.sk)
e PRVA ZVARACSKA (The First Welding Company), Inc., Bratislava
(www.pzvar.sk)
e International Laser Centre, Bratislava (www.ilc.sk).
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B
Figure 1 Exhibition of Slovak Academy of Sciences on international building trade fair
CONECO 2007 in Bratislava (A - advanced materials developed by IMMM SAS,
B - Slovak President Ivan GaSparovi¢ during discussion about aluminium foam
with experts of network MatNet, C - the best applications of scientific knowledge
for building industry were awarded by Prize of trade fair CONECO 2007).

In order to support the transfer of knowledge of latest scientific results in the field of
modern engineering materials and technologies into industrial practice, Institute of Materials
& Machine Mechanics of SAS organizes educational courses in this field. The aim of these
courses is the training of engineers from industrial companies, designers, teachers from
universities, scientists and doctoral students in new complex principles for structural design of
components and structures. The basis of this approach is the proper material selection with
regard to functionality, type of operation loading and cost of product or construction and
synchronized optimization of component outline and selection of appropriate manufacturing
process. At the education, the modern software - Cambridge Engineering Selector (CES) is
applied (Fig. 2). It belongs to the most recognized educational tools in this field at renowned
world universities. IMMM SAS is the only proprietor of multi-licence for this educational
product in Slovakia. During the courses, the participants have an opportunity to work on one's
own with real databases containing properties of nearly all current materials, as well as
parameters of modern processes and to learn the use of these databases in proposals of
optimum design of components for various industrial applications, especially in mechanical,
electrical and building industries.
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Figure 2 The education of Cambridge Engineering Selector (CES), right is described the
chart exploring thermal and electrical conductivities of engineering materials
according to CES EduPack (Granta Design, Cambridge 2007).
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WEB PORTAL MATNET - SLOVAKIA

The web portal MatNet - Slovakia (http.://www.matnet.sav.sk) is the main communication
engine of the network. It was established in 2006 under the project: “Creation of Virtual
Network for R&D in the Field of Engineering Materials and Technologies”, which is
financially supported by European Social Found. It provides gathering and saving of useful
information about materials and technologies via various Slovak and international sources.
Fig. 3 shows graphic design and various examples of the web portal MatNet - Slovakia.

The structure of web portal MatNet - Slovakia is built up of several chapters:

MATERIALS (basic information about various families of engineering materials,
such as metals, polymers, ceramics, glasses, composites, etc.)

PROCESSES (basic principles of most frequently used production processes)
MATERIAL TESTING (facilities for testing of basic mechanical, physical and
structural properties of materials)

EXPERT SYSTEM (information about experts, contacts, possibility of
communication with experts, forum of discussions, etc.)

EDUCATION (e-learning - see Fig. 4, announcements of educational courses and
seminars organized by the network MatNet)

NEWS AND ADVERTISEMENTS (information for material professionals,
scientific and industrial news, calendar of conferences, seminars, workshops, trade
fairs, etc.)

INSTITUTIONS (list of Slovak research institutions, material producers and traders,
professional associations, etc.)

PUBLICATIONS (scientific journals, books with full text access, patents - see
Fig. 4, technical norms, etc.)

USEFUL LINKS (links of web sites with scientific information in the field of
engineering materials and related technologies, etc.)

@ .Mametﬂ ﬁ .)l/lat.NetE | @ Matet]

B o C

Figure 3 Web portal MatNet - Slovakia (http://www.matnet.sav.sk), records describing:

A - technology of friction stir welding, B - expert and C - institution of the network
MatNet.
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Prehl'ad patentov «

B

Figure 4 Records of the web portal MatNet - Slovakia (examples) describing: A - e-learning
lesson: “Selection of aluminium alloy for aeroplane - case study”, B - patents
of the network MatNet.

CONCLUSION

The Slovak virtual network for technological innovations in the field of engineering
materials and accompanying technologies should enable a more efficient linking of scientists and
experts from the academic community and the industry, transfer of knowledge and more rational
purchase of equipment, realisation of complex projects, etc.

Web portal MatNet - Slovakia (http://www.matnet.sav.sk), a communication platform of the
network, has been already established in region of Bratislava and its further enlargement to the
whole Slovakia is assumed because of the enormous potential of huge capital investments as the
consequence of recent very extensive expansion of Slovak automotive industry.
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Strucni ¢lanak / Professional paper

Abstract: Corrosion causes construction and facility destructions, lose of valuable sources,
product contamination, efficiency reduction and big maintenance costs. Often, at the same time
with corrosion, some other forms of material deterioration act with which speed of deterioration
multiplies and can result with catastrophe. Erosion corrosion is one form of synergic (physical -
chemical) material deterioration which cause progressive removal of the material from the
surface and usually appears in fluid (corrosive) transport systems. Ensuring the resistance
towards erosion corrosion deterioration and durability and safety of structures in exploitation
adequate protection methods which correspond to the working environment conditions should be
applied.

Key words: erosion corrosion, material, medium

Sazetak: Korozija uzrokuje razaranje konstrukcija i postrojenja, gubitak vrijednih izvora,
onediéenje proizvoda, smanjenje djelotvornosti te velike troskove odrzavanja. Cesto se
istodobno s korozijom pojavljuju i neki drugi oblici oste¢ivanja materijala pri ¢emu se brzina
oSte¢ivanja viSestruko povecava Sto u konacnici moze rezultirati katastrofama. Erozijska korozija
je jedna vrsta takvog sinergijskog (fizikalno-kemijskog) oStecivanja materijala koja uzrokuje
progresivno odnoSenje materijala s povrSine, a uglavnom se javlja u sustavima za prijenos
tekuc¢ina (korozivnih). Kako bi se osigurala postojanost na erozijsku koroziju te trajnost i
sigurnost konstrukcije u eksploataciji potrebno je primijeniti odgovarajue metode zastite koje
odgovaraju uvjetima radne okoline.

Kljuéne rije¢i: erozijska korozija, materijal, medij
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1. Uvod

Materijalni proizvodi ljudskog drustva izlozeni su razli¢itim kemijskim, fizikalnim i
bioloSkim utjecajima koji mogu Stetno djelovati na te proizvode smanjujuc¢i njihovu uporabnu
vrijednost. Konac¢na posljedica tog djelovanja obi¢no je neupotrebljivost proizvoda nakon
odredenog vijeka trajanja. Takva neupotrebljivost vrlo je Stetna ako do nje dode prije tehnickog
zastarijevanja, §to je Cest slucaj [1].

Korozija je cesto uzrok neupotrebljivosti konstrukcija te uzrok znatnih gubitaka u
gospodarstvu svake zemlje. Samo u SAD-u troskovi korozije iznose 1000 USD/god po
stanovniku S$to je 3,2 BDP [2]. Korozija posebno moze biti opasna kad se pojavljuje zajedno uz
druge vrste oSte¢ivanja materijala kao $to je to mehanicko (fizikalno) ili biolosko oste¢ivanje
kada su brzine oSte¢ivanja tolike da ugrozavaju normalni rad postrojenja.

2. Erozijska Korozija

Erozijska korozija je primjer istodobnog djelovanja kemijskog (korozije) i fizikalnog
(erozije) oste¢ivanja materijala. Erozija je mehanicki potpomognut proces troSenja materijala, a
definira se kao progresivan gubitak materijala s povrSine konstrukcije zbog mehanickog
medudjelovanja povrSine 1 medija. U slucaju djelovanja u agresivnom (korozivnom) mediju
dolazi do pojave erozijske korozije Sto je Cest slucaj u sustavima za prijenos tekucina. Oste¢enja
tada vrlo brzo nastaju ¢ak i kad je korozivnost medija vrlo mala. Razlog tome je medusobno
sinergijsko djelovanje korozije i1 velike brzine strujanja medija (Cesto lokalno) $to posebno moze
biti opasno u pogonima za transport i preradu zapaljivih medija gdje oSte¢enje moze dovesti do
havarije pogona (slika 1.).

Erozijsko-korozijsko razaranje koljena iz uglji¢nog Detalj oStecenja stjenke.
¢elika nakon 2 mjeseca u eksploataciji, medij: smjesa Pocetna debljina stjenke: 8 mm.
benzina, vodika i vode.

Slika 1. Posljedica erozijsko korozijskog ostecenja cjevovoda za transport nafte [3]

Erozija skida zastitne slojeve s povrSine materijala u obliku otopljenih iona ili
dimenzijski stabilnih korozijskih produkata i onemogucuje njihovo zastitno djelovanje pri cemu
dolazi do izlaganja povrSine materijala korozivnom djelovanju medija. Istodobno, korozija
povecava hrapavost povrSine metala 1 tvrdi kompaktni metal obi¢no pretvara u meksi rahli
korozijski produkt, §to, dodatno, ubrzava eroziju.

Metali koji stvaraju relativno debele slojeve zastitnih korozijskih produkata (poput
uglji¢nog celika) podlozniji su erozijskoj koroziji od konvencionalnih pasivnih metala (poput
nehrdajuceg Celika 1 titana) jer je sloj oksida nehrdajuc¢ih metala tanji 1 mnogo bolje prianja na
povrsinu. Meki metali poput bakra i nekih bakrenih legura jako su podlozni eroziji (slika 2) [4].
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Erozijsko troSenje unutrasnjosti stjenke bakrene cijevi Erozijsko - korozijsko razaranje rotora pumpe za vodu
uslijed pojave turbulencije u podrucju neposredno iza od aluminijske bronce CuAl8Fe3.
redukcijskog spoja.

Slika 2. Erozijsko-korozijska oste¢enja [3]

Prisutnost krutih Cestica (npr. pijesak) ili mjehuri¢a plina u mediju dodatno povecava rizk
od erozijsko korozijskog oste¢ivanja. Ovisno o vrsti metala, svojstvima erozivnih Cestica (oblik,
tezina, tvrdoca, gustoca rasprSenih Cestica), brzini 1 agresivnosti medija te pojavi turbulencije
(lokalnog ubrzavanja strujanja medija) erozijska korozija manifestira se obliku konjskog kopita
(potkove), ugriza, brazdi ili udubljenja nakon naslaga ili rupica. Svi oblici oste¢ivanja povrSine
uvijek su orijentirani u smjeru protoka (slika 3.).
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- - |
_ ¥ G
Shematski prikaz ostecivanja stjenke u smjeru protoka | Erozijsko korozijsko oste¢enje u obliku brazdi unutarnje
strujanja medija. stjenke bakrenog cjevovoda.

Slika 3. Oblici erozijsko-korozijskog razaranja [3]

Ukoliko na erodiranoj povrSini nema naslaga i korozijskih produkata tada se erozijska
korozija pojavila nedavno. Ipak, nije uvijek mogucée na temelju izgleda zakljuciti je li rije¢ o
erozijskoj koroziji ili €istoj eroziji. To najviSe ovisi o lokalnim uvjetima kao $to je sastav medija.

Posebni oblik erozijske korozije je impingement corrosion ili attack (slika 4.) koji je
posljedica napada na materijal kapljicama vode iz agresivnhog medija (mokra para, dvofazni
mediji) na mjestima gdje dolazi do promjene smjera strujanja, a uzrokuje lokalno jaku erozijsku
koroziju u obliku rupicaste korozije (pitinga) [4]. Kapljice vode koje su mnogo gus¢e od medija
(dvofaznog) pri skretanju strujanja zbog inercije produzuju ravno, udaraju u stjenku i erodiraju
je. Dodatno, uz stjenku se stvara jedan stalni film vode (kemijski agresivne) Sto pridonosi
iniciranju elektrokemijskog korozijskog procesa. Takoder, impingement mogu izazvati i plinski
mjehuriéi u kapljevini.
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Kontinuirano djelovanje (udari) takvog medija na materijal konstrukcije rezultira
umorom povrsine pri ¢emu na povrsini ili ispod povrSine se javljaju pukotine koje se postupno
Sire Sto dovodi do otkidanja materijala s povrSine ostavljajuci tragove trosenja u obliku jamica ili
kopita.

Ostecenja u obliku rupica - kopita na stjenci cijevnog Detalj: SEM analiza detalja rupice uslijed erozijsko
koljena u petrokemijskom postrojenju, korozijskog razaranja, 63x.
materijal: uglji¢ni celik,
vrijeme ekspoloatacije: 2 — 3 mjeseca.

Slika 4. Impingement corrosion - erozijsko korozijsko oste¢ivanje povrsine kapljicama [3, 4]

Na pojavu i intenzitet impingementa uvelike utjeCe brzina strujanja medija, vrsta medija i
materijal od kojeg je konstrukcija izradena tako da i sama brzina pri kojoj dolazi do pojave
impingementa se razlikuje od slucaja do slucaja. Prema literaturi brzina iznad koje dolazi do
impingementa u cjevovodima je 2,1 m/s [5] 1 svakako bi trebalo parametre strujanja medija
odrzavati ispod te vrijednosti. Uslijed povrSinskih ili drugih nehomogenosti (korijen zavarenog
spoja, nadviSenja, nesimetri¢nosti, nagle promjene smjera strujanja i sl.) 1 kod manjih brzina
strujanja, dolazi do pojave lokalnog turbulentnog strujanja pri ¢emu lokalno, iza prepreke
strujanju (slika 5.), brzine mogu dosti¢i brzinu i do 100 m/s §to u korozivnom mediju ima za
posljedicu pojavu erozijsko korozijskog razaranja.

i il i A i W L

¥
S velaocity 2m/s
Vil

/M)L/f e ER S

debﬁs dirt velocity up to 100m/s
weld spatter, etg

YyYyvy

f

Shema lokalnog povecéanja brzine strujanja medija kod | Erozijsko korozijsko oSte¢ivanje na zavarenom spoju
nailaska na prepreku strujanju. cijevi i T-komada (prepreka strujanju).

Slika 5. Pojava lokanog povecanja brzine strujanja iza prepreke strujanju [3, 4]
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Slika 6. prikazuje erozijsko korozijsko oSte¢ivanje cjevovoda u petrokemijskom
postrojenju. Cjevovod je izraden iz uglji¢nog Celika debljine stjenke 13 mm. U roku 75 dana
debljina stjenke se smanjila za treé¢inu. Karakter oStecenja stjenke cjevovoda ukazivao je na
erozijsku koroziju. SEM analizom stanja povrSine utvrdene su kuglaste Cestice koje su indikator
umora povrsine uslijed erozijsko korozijskog ostec¢ivanja kapljicama. Kao posljedica generiranja
stalnih naprezanja koncentriranih u tockama udara kapljica o povrSinu dolazi do stvaranja
pukotina ispod povrSine materijala u kojima se pocinju stvarati kuglaste Cestice koje izlaze na
povrsinu, ulaze u medij i uzrokuju daljnju eroziju cjevovoda.

SEM MAG: 373 ket
Mame: slikal2
Sh: RESOLUTION

DET: SE Detector
DATE: 0712106
H: 3000 Ky

| SRS AR |
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Makro 1
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mediju — posljedica umora povrSine.
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SEM MAG: 4.76 kx
Mame: Juraga 2_18
Shi: RESOLUTION

DET: 5E Detector
DATE: D6/30/06
Hv 29.7 K

Karakteristi¢ne kuglice i povrsinske pukotine, x2000.

Karakteristi¢na kuglica, x4700.

Slika 6. Nastajanje kuglastih Cestica umorom povrsine [3]
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Nadalje, ispitivanjem svojstva medija utvrdene su visoke koncentracije klorida koji smanjuju pH
vrijednost medija i djeluju izrazito korozivno na materijal cjevovoda. Rezultat strujanja medija
takvih karakteristika bio je sinergijsko kemijsko (korozijsko) i intenzivno mehanicko (erozijsko)
trosenje dijelova cjevovoda.

Podru¢ja podlozna erozijskoj koroziji su koljena, T-koljena, ulazni dijelovi cijevi
izmjenjivaca topline, pumpe 1 ventili kao 1 podru¢ja nizvodno od naglih promjena promjera,
korijena zavara, krajeva umetnutih cijevi i lokalnih naslaga, dok preostali dio postrojenja,
opreme i sl. uglavnom nije zahvacen korozijom.

3. Sprecavanje erozijske korozije

Na temelju iznesenog moze se zakljuciti da su problemi koji nastaju djelovanjem korozije
kao 1 problemi zastite od korozije vrlo sloZeni. Njihovo rjeSavanje zahtjeva temeljito proucavanje
svih kemijskih, fizikalnih 1 bioloskih ¢imbenika koji djeluju na procese korozije 1
interdisciplinarnu suradnju stru¢njaka razlicitih profila. Svi faktori oSte¢ivanja su medusobno
povezani, pa se ista zastitna metoda u mnogim slucajevima primjenjuje za spre¢avanje razlicitih
vrsta oSteéivanja.

Neke od metoda sprecavanja erozijske korozije:

¢ Primjena materijala vece korozijske i erozijske postojanosti

e Zastita od korozije konstrukcijsko tehnoloSkim rjeSenjima (koljena s blazim radijusom,
povecanje promjera cijevi radi smanjenja brzine strujanja fluida i sl.)

e Zastita od erozijske korozije promjenom okolnosti (smanjenje agresivnosti medija,
primjena inhibitora korozije, katodna zastita)

e Zastita od troSenja nanoSenjem prevlaka

3.1. Primjena materijala vece korozijske i erozijske postojanosti

Odabir odgovarajué¢eg materijala ovisi o nizu faktora od kojih su vazniji brzina strujanja
medija, temperatura, tlakovi, ¢isto¢a medija, korozivnost, viSefaznost i sl. Npr., cjevovod iz
ugljicnog celika ¢e pretrpiti jaka erozijsko-korozijska osStecenja kapljicama (impimgement
attack) kod prijenosa mokre pare, dok nehrdajuci Celici iz razreda AISI 300, priblizno jednake
tvrdoce 1 ¢vrstoce su izuzetno pogodni za transport mokre pare zbog stvaranja stabilnog pasivnog
filma na povrSini materijala [6]. Sli¢cno svojstvo ima i titan kojemu otpornost na erozijsku
koroziju pruza stabilni povrsinski film TiOs.

Uglji¢ni €elici 1 olovo imaju relativno dobru otpornost na odredene koncentracije H,SO4
kod manjih brzina gibanja medija. Otpornost oba materijala ovisi o sulfatnom filmu koji nastaje
na povrSini materijala, ali njihova otpornost opada vrlo brzo kod uklanjanja tog zaStitnog
sulfanog filma. Drugi primjer je taj da uglji¢ni Celici i neki niskolegirani ¢elici upotrebljavaju za
transport 1 manipulaciju naftnih fluida koji sadrze H,S. Pri manjim brzinama ili kod stati¢nih
uvjeta, ovi materijali su zadovoljavajuci zbog stvaranja ¢vrstog zastitnog filma zeljeznog sulfida
na stijenci materijala zbog ¢ega se i primjenjuju za izradu cjevovoda za manipulaciju naftnim
derivatima pri odredenim brzinama. Ali, pove¢anjem brzine, film biva odnesen erozijom koju
tada prati vrlo brzo korozijsko razaranje. Zbog opasnosti samog procesa, ako se radi o
rafinerijama ili petrokemijskim industrijama potrebno je poznavati karakter strujanja i svojstva
medija te drzati proces pod stalnim nadzorom kako erozijsko-korozijsko oste¢ivanje ne bi imalo
kobne posljedice [6].

Brzina strujanja Cesto povecava djelovanje erozijske korozije, ali moze djelovati 1 na
smanjenje ovisno o materijalu konstrukcije i korozivnosti okolisSa. Npr., povecanje brzine
povecava brzinu oste¢ivanja ugljicnog Celika kod transporta mokre pare zbog povecanja dotoka
0O, 1/ili CO, na povrsinu materijala. S druge strane, u rashladnim sustavima, povecanje brzine
¢esto smanjuje brzinu oSteCivanja ugljicnog celika zbog poboljSavanja djelovanja dodanog
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inhibitora korozije te onemogucéavanja stvaranja naslaga ispod kojih moze do¢i do iniciranja
rupicaste korozije [6].

Mnogi nehrdajuéi Celici serije AISI 300 su skloni oste¢ivanju uslijed rupicaste korozije
(pitinga) te korozije u procjepu u morskoj vodi. Ipak, ti materijali mogu biti postojani u morskoj
vodi ako se ta voda giba nekom odredenom brzinom. Gibanje medija ¢e onemoguciti stvaranje
naslaga te usporiti brzinu op¢e korozije, pitinga i korozije u procjepu [6].

3.2. Zastita od korozije konstrukcijsko tehnoloskim rjeSenjima

Oblikovanje materijala, poc¢evsi od konstruiranja do izrade pojedinih dijelova i sloZenih
proizvoda, mjerodavno je za unutrasnje faktore oSteCivanja, pa i korozije. Prema tome o
oblikovanju uvelike ovise vrsta, oblik, intenzivnost i tok korozije, $to utjece na funkcionalnost,
estetski dojam, cijenu i trajnost proizvoda. S korozijskog bi gledista trebalo opéenito birati onaj
tehnoloski proces izrade koji daje proizvode §to homogenije strukture i teksture, sa $to manje
zaostalih napetosti i sa §to gladom povrSinom [1].

U proto¢nim sustavima treba sprije€iti jaku turbulenciju, kao i lokalnu stagnaciju
tekuc¢ina ("mrtve kutove") jer te pojave poticu rad korozijskih ¢lanaka. Turbulencija strujanja
nastaje najceS¢e na mjestima nagle promjene smjera strujanja, naglog suzenja presjeka ili pak
losih konstrukcijskih rjesenja uslijed kojih dolazi do promjena u homogenosti strujanja.

Neka od konstrukcijskih rjeSenja sprecavanja erozijske korozije su ugradnja koljena s
blazim radijusom zakrivljenja, izvesti blaza suzavanja ili proSirenja cjevovoda, uklanjanje
lokalnih prepreka strujanju, uklanjanje eventualnih nepravilnosti pri montazi, postavljanje
umetaka od kvalitetnijih materijala na kriticne lokacije u sustavu (mjesta promjene toka
strujanja) i sl. (slika 7.).
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Slika 7. Utjecaj konstrukcijsko tehnoloSkih mjera na karakter strujanja medija: a) Smetnje u strujanju
mogu stvoriti turbulenciju i izazvati impingement. b) Direktni udar medija na povrSinu bi trebalo
izbjegavati npr. upotrebom zastitnih ploca (odbojnika). c) Udare tekucine uslijed izlijevanja je potrebno
sprijeciti npr. premjestanjem konstrukcije, povecanjem volumena posude ili upotrebom odbojnika. d)
Rasprsivanje koncentriranog medija na stijene spremnika bi trebalo izbjegavati. e¢) Podloske za
zavarivanje mogu biti uzrok stvaranja lokalne turbulencije i procijepa. f) Kosine na konstrukciji
omogucavaju zadrzavanje laminarnog strujanja fluida [6].
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Konstrukcijsko tehnoloskim rjeSenjem povecanja promjera cjevovoda doci de
smanjivanja brzine strujanja pojave lokalnih turbulencija medija koja pridonosi pokretanju i
intenzitetu erozijsko korozijskog oste¢ivanja.

3.3. Zastita od erozijske korozije promjenom okolnosti

Promjena svojstva medija

Zastitu od erozijske korozije je moguce sprijeciti smanjenjem korozivne i erodivne
agresivnosti medija Sto se najcesce provodi razli¢itim rjeSenjima filtracije medija. Erozija je
osobito brza ako su u fluidu rasprSene tvrde Cestice.

Iz tog razloga potrebno je provesti uklanjanje tvrdih Cestica suspendiranih u fluidu.
Nadalje, sadrzaj klorida, kisika, pH-vrijednost medija i temperatura dominantni su ¢imbenici za
intenzitet korozije. Kloridi smanjuju pH vrijednost medija i izazivaju porast kiselosti, odnosno
ubrzavanje korozijskog razaranja. U slucaju pojave klorida u mediju potrebno je odredenim
tehnickim rjeSenjima onemoguciti kontaminaciju kako bi se sprijecilo korozivno djelovanje
medija na materijal konstrukcije. Na korozivnost medija se moZe utjecati i smanjivanjem
koli¢ine otopljenog kisika u mediju koji je jaki depolarizator u korozijskom ¢lanku.

Problem erozijske korozije je posebno opasan kod sustava za preradu i1 prijenos
zapaljivog medija pod tlakom (npr. crpljenje, transport i prerada nafte) kada uslijed oSte¢ivanja
dolazi do stanjivanja stjenke konstrukcije §to u kona¢nici moze dovesti do pucanja i eksplozije.

Kod transporta viSefaznih medija postoji moguénost od oSte¢ivanja materijala
konstrukcije uslijed erozijsko korozijskog oste¢ivanja kapljicama (impigement corrosion). U tom
slu¢aju potrebno je razmotriti metodu spreCavanja korozije djelovanjem na temperaturu i tlakove
medija kako bi se medij za vrijeme transporta zadrzao u jednofaznom stanju.

Primjena inhibitora korozije

Na korozivnost medija se moze utjecati dodavanjem inhibitora korozije, supstanci
organskog ili anorganskog porijekla koje dodane u okoli§ (medij) smanjuju brzinu korozije do
tehnoloski prihvatljivih vrijednosti. Inhibitori korozije imaju $iroku primjenu za zaStitu od
korozije cirkulacijskih i proto¢nih sustava kada se periodicki ili kontinuirano doziraju u medij.

3.4. Zastita od Kkorozije nanoSenjem prevlaka

NanoSenjem prevlaka mijenjaju se i unutrasnji i vanjski faktori korozije jer se s gledista
osnovnog materijala mijenja okolina, tj. vanjski faktori, a s glediSta agresivne okoline karakter
povrSine materijala, tj. unutrasnji faktori [1]. Kod erozijsko korozijskog oStecivanja, pored
antikorozivnog djelovanja potrebno je primijeniti prevlake koje imaju visoku tvrdo¢u i otpornost
na abraziju i eroziju.
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4. Zakljucak

Izbor pogodne metode povrSinske zastite ovisi o vrsti, obliku 1 intenzitetu osStecenja koje
je potrebno sprijeciti ili ukloniti, vrsti konstrukcije ili strojnog dijela, kao i o sastavu okolisa
odnosno medija koji mijenja prirodu zastitnog filma na materijalu konstrukcije 1 ubrzava
oSte¢ivanje. Sam mehanizam oStecivanja Cesto se sastoji od kombiniranog djelovanja razlicitih
vrsta oSte¢ivanja materijala (npr. erozije 1 korozije) pri ¢emu pri ¢emu su brzine oStecivanja u
odnosu na pojedina¢ni mehanizam ostec¢ivanja puno vece i opasnije.

Erozijska korozija je oStec¢ivanje materijala koje se Cesto javlja u sustavima za prijenos
tekuc¢ina 1 kao takvo moze uzrokovati vrlo brzo troSenje materijala konstrukcije. Erozijsku
koroziju je moguce sprijeciti raznim metodama kojima se moze djelovati na medij, njegovu
korozivnost 1 sadrzaj suspendiranih Cestica te materijal i oblikovanje konstrukcije. Ostecivanje
moze za posljedicu imati ogromne troSkove zbog €ega je uvijek potrebno poznavati okolinu u
kojoj ¢e konstrukcija djelovati kako bi se pravilnim projektiranjem konstrukcije i sustava zastite
od korozije mogla osigurati dugotrajnost i sigurnost u eksploataciji.
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Abstract: Thermal spraying is perspective technology of creating coatings more than 50 pm
thick. Thermal spray technology encompasses a group of coating processes that provide
functional surfaces to protect or improve the performance of a substrate or component. Many
types and forms of materials can be thermal sprayed — which is why thermal spray is used
worldwide to provide protection from corrosion, wear, and heat; to restore and repair
components; and for a variety of other applications. The coatings that are thermal sprayed can
after spraying be heat treated. Heat treatment includes diffusion between the substrate and
sprayed coating and crates metallurgical bonding and higher strength, residual stresses are
relaxed and interparticle cohesion is increased. Ductility, impact resistance, fracture toughness
and modulus of elasticity are improved. By heat treatment are created new microstructural
textures that improve mechanical properties of coatings Phase and structural changes may
occur. Also diffusion may serve to reduce porosity. In this work the attention was aimed at
mechanical properties of HVOF sprayed coatings that were after spraying influenced with
laser treatment. Coatings were made in SKODA RESEARCH LTD. by parameters standard
used for industry applications and parameters for laser surface treatment were optimized for
each type of coating in AVCR in Prague. Four types of HVOF sprayed coatings were
investigated — on the base of cermets WC-Co and Cr3;C,-NiCr, of the alloy NiCrBSi and of the
steel AISI 316L. Surface hardness, surface roughness and abrasion wear resistance were
measured before and after laser treatment. After abrasion wear test were documented the
microstructure of the coatings by scanning electron microscopy. Results show the dependence
of coating properties on the laser treatment. Laser treatment does not have nearly any
influence for surface hardness but this technology markedly improves the abrasion wear
resistance of all coatings. For cermets coatings increased the resistance about 34% and 44%,
for NiCrBSi coating about significant 72% and for AISI 316 L about 28%. Laser after-
treatment appears like advantageous technology for development of coatings properties that
are in themself very distinguished.

Introduction

HVOF (High Velocity Oxygen Fuel spray) is the spray technology that uses high
velocity spraying of the flame. This method was developed most of all for spraying of the
cermets coatings. This technology is based on the special torch design where in the nozzle-
end rapidly expand the products combustion and consequently it comes to the dramatic
acceleration of the combustion products and the injection powder accomplishes supersonic
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velocity. By the combustion it is also accomplished the heating for melting of accessory
powder. The melting particles impinge on the grit-blasting substrate and create the coating.
By HVOF technology are created coatings with high adhesion, cohesion, density and with a
low oxides and pores contents. The main advantage of HVOF technology is the deposition
cermets coatings with the hardness about 55-66 HRC that are used for the most exacting
applications [1].

Generally is thermal spraying a good possibility to conform the surface properties of
engineering components to conditions where they work => preservation of component life,
increase in operating reliability and safety of components.

Demands on thermal spray coatings:
- wear resistance (abrasion, erosion, cavitation)
- repairing parts — by adding material onto worn locations
- resistance to combined loading
- resistance to aggressive chemical media
- excellent tribology properties
- resistance to extremely high temperatures

Good properties of thermal sprayed coatings can be improved by laser-after treatment.
This possibility can increase cohesive strength between coating and substrate, decrease the
pores content in the coating, improve wear resistance and so on.

Experimental procedure

With HVOF technology were created four coatings, in SKODA RESEARCH Ltd. in
Pilsen. Coatings on the base of cermets WC-Co, Cr;C,-NiCr, coating from the steel powder
AISI 316L and from alloy powder NiCrBSi.
These coatings were double sprayed also for laser
after-treatment. To obtain the best properties of
such influenced coatings is necessary to find
optimal parameters for laser remelting. Laser

Sand

energy density, scanning velocity, laser power, 1 f“ghts
working wavelength, focus distance and the beam oy, | F=

width are important parameters that have to be  Rubberlmned ‘ '
controlled and optimized [3,4,5]. The parameters wheel 7, N SHeeien

for laser treatment were optimized and done in “\{,r\ 0 I-r—

AVCR in Prague. On so prepared coatings were \\ 5 Pl

provided several measurements. Surface hardness

HRI5N and abrasion wear resistance by “Dry

Sand/Rubber Wheel Test” were measured. The Fig 1:Schematic diagram of test apparatus
surface Rockwell hardness was measured by hardometer “Amsler — Wolpert Testor HT
2003%, used loading was 15kg and the type of indentor was a diamond cone. The principle of
wear test is described in fig.1. This method involves the abrading of a standard test specimen
(76x25x5 mm) with a grit of controlled size and composition (Al,O; size 212-250 um). The
abrasive was introduced between the test specimen and a rotating wheel with a rubber rim of
hardness 62 Shore A. This test specimen was pressed against the rotating wheel at a force 22
N by means of a lever arm while a flow of grit (530g/min) abrades the test surface. The
rotation of the wheel was such that its contact face moves in the direction of the sand flow.
The abrasion line was 1436 m, divided to five cycles. Specimens were cleaned and weighed
before and after the test at the digital scale “sarterius 1602 MP” with the accuracy 0,0001g.
This method is described in ASTM G-65[2].
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Results and discussion

The value of volume losses of the coatings from the wear test are shown in the tab.1.
From the results is seen that the best wear resistance has the cermet coating WC-Co. Also
good wear resistance is recorded by the cermet coating Cr;C,-NiCr. The low wear resistance
occurs for coatings AISI 316L and the worst result is for the coating NiCrBSi. Surprising is
that the coating AISI 316 L has better wear resistance then coating NiCrBSi that has higher
surface hardness, fig.5. In fig.2 is documented the damaged surface of the coatings after wear
test. All coatings are finely grooved of abrasive particles. In spite of that the surface
morphology after wear test is for each coating different. In the case of WC-Co coating the
wear mechanism consists in pull-out of WC carbide grains from Co matrix. Also WC grains
have a tendency to protrude from the metal matrix because of the Co lower hardness.
Therefore is the Co-matrix faster abraded. For the second cermet coating is the surface after
wear test also grooved but without pull-out of cermet grains. Carbide grains are not protruded
from matrix and the abrasive mark is smoother than by WC-Co coating. In case of softer
coatings is the main wear mechanism a high plastic deformation, fig.2c and 2d.

a)

Fig.2: Wear mechanism of coatings:
a) WC-Co, mag.1000x, BS electrons,
b) Cr;C,-NiCr, mag. 1000x, BS

electrons,
c¢) NiCrBSi, mag. 3000x, SE+BS
electrons,
d) AISI 316L, mag.3000x, SE+BS
; electrons
. Average volume Wear rate Total volume loss
CIREUIG, loss [mm®] [mm?®/m] [mm?]
WC-Co 0,4317 0,0015 2,3263
Cr3C,-NiCr 2,7262 0,0092 13,5620
AISI 316L 16,5502 0,0561 81,3868
NiCrBSi 23,3436 0,0792 -

Tab.1: Values of abrasion wear test

The results from wear test of the laser treated coatings are recorded in the tab.2. The
comparison of wear resistance of these coatings is the same like in the first case only for
cermets coatings. The WC-Co coating is the most wear resistant, next is Cr3;C,-NiCr, but the
wear resistance of NiCrBSi coating is now better then of AISI 316L.
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Coating Average vol 3L’Jme Weargrate Total volugne loss
loss [mm°] [mm*/m] [mm?]
WC-Co 0,2456 0,0008 1,3373
Cr3C,-NiCr 1,7614 0,0060 8,8901
AIlSI 316L 11,9442 0,0404 59,2927
NiCrBSi 6,5912 0,0224 32,9911

Tab.2: Values of wear test of remelted coatings

If we take all results from the abrasion wear test and make the comparison between
“only-sprayed” and laser treated coatings we find specific dependence. In fig.3 are recorded
volume losses of tested coatings. Strictly speaking it concerns about cumulative volume losses
of tested samples. The cumulative volume loss is measured in mm® and is determined from
the weight loss by thy help of coatings density.

& WC-Co-reemelted M Cr3C2-NiCr-reemelted AISI 316L-reemelted WC-Co
X Cr3C2-NiCr @AISI 316L +NiCrBSi NiCrBSi-reemelted
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Fig.3: Abrasive wear resistance of “remelted” and “unremelted” coatings

The best wear resistance occurs by cermets coatings WC-Co and Cr;C,-NiCr no
matter how the coatings were prepared (remelting with laser or not). The worst wear
resistance from all investigated coatings has NiCrBSi “only-sprayed” coating.

From the line direction, in fig.3, is also possible to determine the abrasive wear rate.
The wear rate is expressed in mm®/m. In all cases the wear rate significantly changed for all
laser treated coatings. For better orientation is the wear rate transformed to the graph in fig.4.
From these results we come to interesting conclusions. For remelted coatings is good apparent
considerable lower wear rate, accordingly a higher wear resistance. By cermet Cr;C,-NiCr
wear rate decreased about 34% and by the cermet WC-Co about expressive 44%. For
NiCrBSi coating is the wear rate decreasing for remelted coating about high 78% and for AISI
316L about 28%.
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Fig.4: Wear rate

From the result of abrasive wear test is obvious that the laser treatment has a
significant influence on the wear resistance of coatings. But this process hasn’t nearly any
effect on coating surface hardness, fig.5. Hardness value are for every coatings same for
remelted and unremelted coatings. A small imperceptible increase is recorded only for coating
AISI 316L.
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Fig.5: Surface hardness

Conclusion

Laser treatment has a high influence on the coating properties. Heat treatment includes
diffusion between the substrate and sprayed coating and crates metallurgical bonding and
higher strength, residual stresses are relaxed and interparticle cohesion is increased. Ductility,
impact resistance, fracture toughness and modulus of elasticity are improved. By heat treating
are creating new microstructural textures that improve mechanical properties of coatings,
phase and structural changes may occur [6]. In our study the abrasive wear resistance is by the
help of laser technology better for all remelted coatings. These results have high interest and it
will be required to clarify the relationship between mechanical properties and microstructure
of laser treated thermally sprayed coatings.
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MEDICAL REHABILITATION ROBOTICS
David Kennedy, Philip Deering, Jim Conlon
Department of Mechanical Engineering
Dublin Institute of Technology Bolton Street
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Abstract

Robotic Rehabilitation is a novel field of bio engineering combining precise mechanical design
with control technology through the interaction of Medical and Engineering professionals to
produce a new tool in medical rehabilitation. Paralysis is one of the common symptoms of a
stroke sufferer; a medical condition causing weakness in one side of the body. It is treatable with
a course of physiotherapy and Interactive robotics can greatly accelerate recovery. Although
Robotic Rehabilitation is a relatively new technology its benefits are well recognized.

The objective of this research work was to develop an interactive robot for the medical
rehabilitation of stroke victims. This interactive robot will reduce labour intensive procedures,
accelerate rehabilitation and provide a valuable aid for rehabilitation therapists.

At present, a typical rehabilitation session for a patient suffering from paralysis requires a
therapist to execute exercises involving hand on hand interaction. The therapist takes the patients
hand and guides him/her through the exercise. Such exercises require circular or diagonal
movement, arm extension, retraction and hand movement. Figurel. shows a typical exercise path
movement for the right arm. Green diagonal lines
show the elbow motion and yellow, the shoulder
motion. The blue circle and square show how both
elbow and shoulder regions can be combined in some
exercises.

The interactive robot design develop allows the
e patient to carry out such exercises without assistance
of a therapist. Different exercise paths and degrees of
difficulty can be selected from a menu and exercises
x can be carried out at any time in any suitable location,
B and at home.

Elbow

Elbow And Shoulder =

Figure 1. Typical Exercise Paths

Principle of operation of the Interactive Robot Design
A patient sits viewing a PC screen that shows the desired exercise path and the position of an end
effector (handle) grasped and held by the hand. The patient must use hand eye coordination to
move it along the desired path as shown in Figure. 2. The robot guides the hand along the desired
path which can be a desired shape and has the option to be interactive. In this case, deviation
from the desired path increases the resistance to movement (impedance). The end effector is free
to move in the direction of the desired path as seen by
PR the rollers. The motion to the left and right of the
desired path is restricted by the spring-damper
arrangement, offering the patient guidance. The spring
Sprin D and damper forces (and thus the impedance) are
W/\A—‘\—:D_E Rt | programmable, providing gradable exercises. This will
be necessary as the patient’s condition improves and
his/her dependence on the robot for guidance reduces.
Figure 2. Control System

End-Effector
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IDENTIFYING THE CAUSES OF PIPE CRACKING
AT THE GAS PIPELINE PRESSURE TEST

D.Kolednjak(l), B.Radosevi¢?, D.Kamene&ki®, Z.Schauperl(3)

() 0il & Gas Engineering Ltd., SR Njemacke 10, Zagreb
@ PLINACRO Ltd., Savska cesta 88, Zagreb
) F SB, Ivana Lucic¢a 5, Zagreb
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Abstract: A part of the pipe from the main gas pipeline Pula — Karlovac DN 500/75 was
delivered to a laboratory at the Faculty of Mechanical Engineering and Naval Architecture (FSB).
The pipe was longitudinally welded, the material specification was API 5L grade X70. The
delivered pipe cracked at the factory-made weld, and then deformed. The pipe is passed factory
hydrostatic at 101 bar for 20 s min., and should withstand the field pressure test of 94 bar for 24
hours. However, the cracking occurred at hydrostatic pressure test of 72 bar only. It is therefore
necessary to detect the cause of the material fracture, i.e. why the pipe deformed and burst.
Laboratory tests were carried out on the fractured pipe material. The tests included visual control
of pipe material, weld and fractured areas, non-destructive testing methods, testing of mechanical
characteristics of the base material and weld, hardness testing and microstructure analysis of the
base material and weld joint cut out from the pipe of the main gas pipeline.

The results were compared with the specified gas pipeline material characteristics, and the
conclusions were made about the possible causes of the pipe butrst.

Key words: Gas pipeline, material testing, microstructure
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1. Introduction

In 2006, Plinacro company constructed the main pipeline Pula — Karlovac, of a nominal diameter
500 mm and a maximum operating pressure 75 bar. This pipeline connects North Adriatic gas
fields and the gas transmission system of Italy with the gas transmission system of Croatia.

After the gas pipeline had been constructed (i.e. after the pipes had been welded, laid into the
excavated trench and backfilled) it was necessary to carry out hydrostatic pressure test. During
the testing, one of the test sections the pipe burst. The 94 bar test pressure had to be achieved, but
the pipe fractured at a 72 bar pressure.

Having been subjected to a pressure test, the pipe should have withstood the pressure 22 bar
higher then the pressure at which it burst. It was therefore necessary to detect the cause of the
material fracture, i.e. why the deformation and bursting happened.

Therefore, laboratory tests were carried out on the fractured pipe material in the laboratory at the
Faculty of Mechanical Engineering and Naval Architecture (FSB). The tests included visual
control of pipe material, weld and fractured areas, non-destructive testing methods, testing of
mechanical characteristics of base material and weld, hardness testing and microstructure analysis
of base material and weld material cut out of the main gas pipeline.

On the basis of received results, it was necessary to draw a conclusion, to explain the cause of gas
pipeline burst.

2. Pipe data

The pipe was longitudinally welded, the material specification was API 5L grade X70, and wall
thickness 6.6 mm. The API Standard for this material specifies the following chemical
composition and mechanical properties.

Table 1. Chemical composition of material for X70

C,% | Mn,% | P,% | S,%
max. max. max. | max.
0,23 1,6 0,03 | 0,03
Table 2. Mechanical properties of material for X70
R, N/mm? R, N/mm?
min. max. min. max.
483 621 565 758

During the production chemical analysis of the material was carried out and mechanical

tests were performed, with the following results:

Table 3. Chemical composition of pipe material

C% Mn % P % S % Si % Cr % Ni % Mo % Cu %
0,0624 1,554 0,0181 0,0012 0,2189 0,0193 0,022 0,0037 0,0106
Ti % Nb % V% Al % Sn % Ca% N % B %
0,0216 0,0576 0,0545 0,0188 0,001 0,0028 0,0052 0,0001
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Table 4. Mechanical properties of pipe material

R,
Ro,
N/E;nz N/ R./Rp A% N/mm® of
weld
566 689 0,82 26 592

3. Non-destructive testing (NDT)

Prior to non-destructive testing, the corrosion products and the paint on the crack edges were
removed, at interior and exterior wall. The cleaning was carried out by a metal brush and glass

paper.

Picture 1. Removal of corrosion product from pipe

Picture 2. The area prepared for the test

3.1. Magnetic control
FLUOFLUX Magnetpulver Suspension TIEDE 690.1 (sensitivity 3.0um) was used for the test.
The result is shown at pictures 3 and 4.
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Picture 3. Fracture — interior pipe wall

Picture 4. Fracture — exterior pipe wall

Considering the size of the pipe fracture, the fracture continuously propagates along the
material but to a negligible extent. The pipe burst caused by the hydrostatic pressure test at 72 bar
occurred over the entire pipe length.

Based on the test we can conclude that the further extension of the fracture will not occur.

3.2. Ultrasonic testing

The test was carried out by an angle-probe MWB 70 - 4. The Krauthramer USN 60
instrument was calibrated before the test by appropriate calibrated samples. The testing area was
100 mm, and a fluid gel used was COUPLANT FYT, gaining 83 dB.
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Picture 5. Pipe ultrasonic testing
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Picture 6 Example of ultrasonic testing results

The ultrasonic testing method did not detect any defects at the fracture ends, which might
cause further fracture propagation.

4. Pipe material mechanical properties test

Sampling was carried out for static tensile test and bend testing.
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Picture 7. Marked locations on pipe for testing material cutting out

a) b)

Picture 8. Marked locations on pipe for testing material cutting out, large scale

On the picture 8a the mark SVP shows the position wherefrom the testing material was cut out to
carry out static tensile testing of the base material on a tensile machine; the mark S shows the
position wherefrom the testing material was cut out to carry out the longitudinal weld bend
testing. On the picture 8b the mark SVP shows the position wherefrom the testing material was
cut out to carry out the testing of the pipe circumstantial field weld joint.
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4.1. Static tensile test

Static tensile test was carried out on a tensile machine of the following characteristics:

manufacturer: VEB Werkstoffpriifmaschinen, Germany;
type: EU 40 mod;

serial no: 990.06/35;

test area: 20 - 400 kN;

accuracy class: 0.5

The test was carried out in compliance with the standard DIN EN 10002-1 at the temperature 20
+ 1°C.
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Picture 9. Flat testing material constructed from base pipe material, mark A

At picture 10 flat testing material cut out from a pipe segment of the circumferential weld
joint to carry out static tensile testing has been shown.

TTERmERaN

Picture 10. Flat testing material for field weld testing, mark B
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Table 5. Analytic results of static tensile testing of the base pipe material

Flat f Testi Testi
Flat Flat ? ge'ss © ©s 11'1g e 11'1g Testing
. . initial material . material .

) testing testing fransverse startin Flow Maximum final material
Testing material material " £ i force force d final
material ) cross section | measure measure

length dth length
mark cne e of t. material length Fe Frn length cne
a 0 b 0 S o L 0 kN kN L a u
mm mm ) : mm
mm mm mm
Al 6,71 22,33 149,8 70 91,32 98,77 84,78 3,75
A2 6,71 22,35 150 70 85,27 98,25 85,61 3,92
Final ) .
testing material Yield strength Tensile strength Elongation Contraction
width R, R, A Vi
b . mm N/mm? N/mm? % %
u?
17,70 610 650 21,1 55,7
17,66 568 655 22,3 53,8

Table 6. Analytic results of static tensile testing of circumferential weld joint

flat flat flatness of initial
testin testln.g testln.g transve'rse maximum tensile strength
.g material material cross section of force R
material length width testing material F m
mark m Jmm 2

ag b, So KN N/mm
mm mm mm’

B1 6,68 15,11 100,5 64,93 644

B2 6,71 14,97 100,4 64,31 641

When testing the testing material cut out from the base material we can conclude that
yield strength R, is relatively high and close to the value of tensile strength R, indicating that

the possible strength concentration around the crack will decrease through elastic deformation,
not through plastic deformation (i.e. crack propagation) what would result in pipe fracture.

The testing material cut out from the location of circumferential weld fractured in the area
of heat affected zone (HAZ).

The yield strength of the welded joint R _ is approximately equal to yield strength of the

base material R, i.e., circumferential weld is not the critical location on the pipe.

4.2. Bend testing

The testing material forms for pipe bend testing are shown on the picture 11. The testing

material dimensions are shown on the picture 12.
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Picture 11. Pipe testing material to carry out bend testing

a0

116 | |66

Picture 13. Testing material after bend testing

g =

On the picture 13b we can see that the cracks did not occur. On the picture 13¢ we can see
the crack initiating.

In the bend testing process the testing material (cut out from the longitudinal weld location)did
not burst, but only a potential crack occurred. However, the cracks did not appear on all testing
material samples (of the test pipe), only on testing material samples having been laid on a support
from the interior pipe side, i.e. when these testing material samples are bend tested, the angle is
wider than 120°. It is due to the fact that it is not possible to obtain plane testing material
samples, as these samples were bent at a certain angle even before the testing.
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5. Chemical analysis of the gas pipes

Quantitative chemical analysis of the pipes material is done by SPEKTRUMAT-750 GDS, and
this instrument operates on the principle of optic chemical spectrometry.

Table 7. Results of chemical analysis of the pipe sample

Alloy elements C% Si% Mn % P%

Test sample 0.08 0.20 1.51 0.020
Testing in factory 0.07 0.213 1.53 0.015
detej;?zjgrvda oo | 0:23 max . 1.6 max 0,03 max
Alloy elements S % Si % Cr % Ni % Mo % Cu% Ti %

Test sample 0,001 0,222 0,018 0,026 0,004 0,011 0,022
Testing in factory | 0,0012 | 0,2189 | 0,0193 0,022 0,0037 | 0,0106 | 0,0216
Alloyelements | ot | vo, | Al% | Sn% | Ca% | N% | B%

Test sample 0,002 0,216 0,02 0,021 0,003 0,011 0,022
Testing in factory | 0,0012 | 0,2189 | 0,0193 0,022 0,0037 | 0,0106 | 0,0216

According to the table 7 it can be concluded that the chemical analysis results comply
with the manufacturer attested material, and meet the conditions specified by API 5L standard.

6. Pipe metallographic examination

The samples were cut by machine saw in the Machining department after previously cut by the
burner in the Department for welding constructions.

tion
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The samples for metallographic testing of pipes were taken from both sides of the fracture
(A and B), at the beginning (1), in the middle (2) and at the end of fracture (3).

Sample grinding

Due to small dimensions, unsymmetrical shape and also the needed insight in the
microstructure on the ends of the sample before grinding, after the sampling, the pipe specimen
was cold mounted in resin by a two-component medium, Varidur 20 (powder + liquid in
proportion 2:1).

Picture 15. Samples in plastic

The grinding of sample was done in four phases, by intensive water cooling. The phases
and parameters of grinding are given in the table 8.

Table 8. The phases and parameters of grinding

Phase of .. Semi-rough . L. Very fine
.. Rough grinding .. Fine grinding o
grinding grinding grinding
grinding wheel 180 320 600 1000
Abrasive SiC SiC SiC SiC
Lubrication water water water water
Rev. in.
ev. pet min 300 300 300 300
(o/min)
Pressure force manual manual manual manual
time until smooth until smooth until smooth until smooth

During the grinding the samples were periodically turned for 90° in order to remove all
scratches.

Sample polishing

Pipe sample polishing was done in two phases. In the first phase (pre-polishing), a
diamond paste of 3 um and after that a diamond paste of 1 um for the fine grinding procedure
were used. The base is nylon and the fabric is Mastertext (the fibre should not be long because it
causes uneven surface). The abrasive, diamond paste is easily spread on the sample by cloth. The
Table 9 shows phases and parameters of the pipe sample polishing.
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Table 9. Phases and parameters of grinding

PHASE Rough Fine grinding
Material Mastertext Mastertext
Abrasive DP-suspension DP-suspension
Grain quality 3 1
No. of rev/min 150 150
Pressure force manual manual
Time by experience by experience

Sample etching

Etching of the pipe sample material was done with 0.5% HF in water, within three
seconds. After that the reaction was stopped and the samples washed in alcohol.
Qualitative analysis of microstructure

Testing was done by laboratory light microscope Olympus BGH-2.
The photos were taken by a digital camera Olympus in different scale.

Picture 16. Middle of the pipe, sample Al

Picture 17. Middle of the pipe, sample Al, larger scale
384



Picture 18. Middle of the pipe, sample B2

Picture 19. Middle of the pipe, sample B2, larger scale

Picture 19. Middle of the pipe, sample B2, larger scale
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Picture 20. Middle of the pipe, sample B3

Picture 21. Middle of the pipe, sample B3, larger scale

By the analysis of base material microstructure of all samples similar homogeneous
ferrite-perlite microstructure was visible. It was interesting that the weld zone and the heat
infected zone were not clearly marked on any sample.

On samples 1A,B and 3A,B in the zone next to crack there was no significant change in
microstructure. In sample 2A,B in this zone the structure was more oriented when compared to
the other sample, and in some places the grains were much finer.

7. The pipe microhardness testing

The microhardness of the pipe material sample was measured by microhardness
measuring device PMT-3 in the Laboratory for metallography.
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Picture 22. Microhardness measuring device PMT — 3

The hardness was measured five times on the initial point of the crack for each sample
separately. Test was done by HVO0.2.

Tablel0. Hardness HV0.2 at the fracture location

No. of Sample Sample Sample Sample Sample Sample

measurements 1A 1B 2A 2B 3A 3B

1 260 269 210 233 313 298

2 288 260 207 204 244 265

3 283 269 213 186 255 308

4 308 260 191 202 252 252

5 269 260 223 191 293 288

X 281.6 263.6 208.8 203.2 271.4 282.2

By measurement of microhardness it is visible that there are no significant differences in
HVO0.2 in the basic material of the samples 1A,B and 3A,B, while the material of 70 HVO0.2 is
softer in the middle of the crack, i.e. in place of the supposed crack start.

8. Conclusion

All laboratory tests indicated that, beside the existing fracture, no additional fractures
and/or locations to indicate unsatisfactory material properties were noticed.

Microstructure and microhardness tests at the fracture ends do not deviate significantly
from the specified values. At the fracture edges, normalised homogeneous fine-grained structure
is visible. However, at the location of the major pipe deformation, i.e. at 2A,B location, we can
see a significantly rougher, heterogeneous structure.

This indicates that at that location the structure has changed due to an external effect, and
the mechanical properties have consequently been changed. At the fracture location we recorded
significantly lower hardness. Therefore, the strength of that location has been significantly lower.
This caused a slight deformation, i.e. it contributed to the fracture occurrence.

As the pipe fracture has been located at a factory-made weld, we can conclude that it was
caused by disturbance in welding technology, or that the subsequent heat treatment was not
carried out properly. The rough-grained structure might have been caused by rapid cooling or
insufficient heating process, because after the welding, the weld joint was normalised at 880°C.
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To determine exact cause of the fracture, one should be have insight into the factory
procedure of pipe welding, the procedure of subsequent heat treatment, the equipment, and the
regulations associated with these technologies.
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Introduction

The Cu/W metal matrix composite (Cu/W MMC) is the material that has been used for applica-
tions where high heat flux is present and where high strength, high thermal conductivity and low
thermal expansion at elevated temperature are required. The attraction of Cu/W materials comes
from exceptional mechanical properties of W-fibres and ideal compatibility of tungsten with
copper, which shows very good ductility and oxidation resistance.

Suitable high temperature properties give the Cu/W MMC a chance to find applications in fusion
devices, e.g. in a divertor. The long-term objective of fusion research is to harness the nuclear
energy provided by the fusion of light atoms to meet future energy needs. The fusion research
teams are now ready to design the international ITER experiment, in which it is to show that fu-
sion could be used to generate electrical power. Within the ITER project, scientists study the
plasma in conditions similar to those expected in a electricity-generating fusion power plant and
test a number of technologies and new types of materials [1].

If the composite is utilised in the highest thermally loaded zone of a fusion device - at the inter-
face between plasma facing material (C or W) and heat sink (CuCrZr), the plasma facing com-
ponent has to withstand temperature up to 550 °C. High temperatures are necessary for efficient
energy production of future fusion power plants [2]. During operation of fusion devices the ma-
terial like the Cu/W MMC is subjected to particle fluxes from the plasma (ions, electrons, atoms)
and to electromagnetic radiation. Such materials have to show improved properties in terms of
e.g. erosion behaviour and heat flux capability. Application of composite materials into the
plasma-facing components also needs detailed research in the field of interfacial engineering,
since dissimilar materials are in the MMC applied.

For the Cu/W MMC production two main technologies can be preferably used — the liquid infil-
tration or diffusion bonding. In the first one continuous W-fibres are arranged to a suitable pre-
form (cylindrical or rectangular), which is then immersed into a molten copper. Liquid metal
easily fills gaps among fibres due to very good wetting between constituents. Heating of copper,
immersion of the preform and infiltration is performed in a low vacuum (100 Pa). Infiltration
temperature is approximately 1200 °C and sometimes little pressure might be applied in this step
(up to 1 MPa).

In the diffusion-bonding route W-fibres are wound on the copper foil and then fixed on it by
copper deposition (the galvanic method). In this way a thin composite layer can be produced.
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Then these MMC layers are diffusion bonded at temperature 700 °C, pressure 100 MPa and time
900 s. The process runs in vacuum of 107 Pa.

Disadvantage of the liquid state technology is that W-fibres are exhibited to temperatures that
are very close or higher than the recrystallization temperature (1100 °C). Tungsten wire can re-
tain its microstructure and exhibit ductile fracture behaviour at temperatures up to 982 °C. At a
temperature of 1260 °C, the tungsten wire microstructure undergoes a transition - recrystalliza-
tion starts to remove the strong, ductile fibrous structure and replace it with more equiaxed-
recrystallized grains. Such material presents reduced strength and ductility [3].

Because tungsten fibres play an important role in the MMC, their properties can influence the
behaviour of the whole composite. The aim of the work is to analyse how the exposition to high
temperature can influence mechanical properties of the W-fibre.

Experimental part

For the Cu/W MMC preparation the OSRAM W-fibre with a diameter 100 um was used. Some
properties of the tungsten bulk material are presented in table 1. A W-fibre with a length of ap-
proximately 80 mm was taken from a coil and glued to a paper frame (tested fibre length, I,, was
20 mm). The frame was then clamped to a testing machine. Room temperature mechanical prop-
erties were measured on tensile sPecimens with the gauge of using ZWICK testing machine at
the cross ram speed of 1 mm.min™.

Tab.1 Selected properties of tungsten [4].

Lattice Type body centred cube
Density at 20 °C (g/cm®) 19.3
Melting Point (°C) 3420
Thermal Conductivity (W/m.K) 164

CTE, linear, at 20°C (ppm/°C) 4.2
Working Temperature (°C) <1700
Recrystallisation Temperature (°C) 1100 - 1400
Tensile Strength, ultimate, at 200°C (MPa) - a sheet material, stress relieved | 1200
Tensile Strength, yield, at 200°C (MPa) - a sheet material, stress relieved 1200
Modulus of Elasticity (GPa) 410
Poisson's Ratio 0.28

Shear Strength (MPa) 400

Properties of W-fibres were measured in the as-received state and then after following heat
treatments:
1. heating in different atmospheres (vacuum, nitrogen and argon) at the 1200 °C for 1 min
2. heating at 1200 °C in vacuum for different periods of time (2 min, 10 min and 20 min)
3. heating at 1200 °C during three minutes in vacuum - heat that come from both the cruci-
ble and the heating element was shielded by a Mo-sheet and by a graphite felt
4. heating at 1200 °C during three minutes in the molten copper — shielding from heat was
the same as in the point 3 was used
During heat treatment the fibre was several times wound on the molybdenum sheet with dimen-
sions 100 mm x 50 mm, which was in the furnace oriented horizontally. In the treatment 3 and 4
fibres were exposed to the heat in the area above molten copper and they were immersed into the
metal, respectively. During the experiment two types of shielding materials were used: the Mo-
sheet and the Mo-sheet together with graphite felt. In one shielding design W-fibres were pro-
tected against heat from all sides (in Fig.11 in a legend described as "all side shielding”) while in
the second one fibres were not protected from above (in Fig.11 in a legend described as “one
side free™).
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Fibres, which were heat treated according to the point 4 (immersed into the molten metal) were
infiltrated / covered with copper after withdrawal. The copper layer was removed from them by
etching for 2 hours in diluted HNOs acid.

Results

In Figures 1-3 one can see that the W-fibre heated at 1200 °C for 1 minute in both argon and ni-
trogen atmospheres presented brittle fracture mode in the tensile test. On the other hand the fibre
heated in vacuum showed the plastic deformation mode and neck formation. Fibres that under-
went the plastic deformation also achieved substantially higher tensile strength than those pre-
senting brittle cracking (Tab.2).

Fig.1 Fracture mode of W- Fig.2 Fracture mode of W- Fig.3 Fracture mode of W-

wires annealed for 1 minute at wires annealed for 1 minute at wires annealed for 1 minute at
1200°C in argon. 1200°C in nitrogen. 1200°C in vacuum.

Tab. 2 Tensile strength of W-wires heat-treated in different atmospheres for 1 minute

Tensile strength of the Reduction in tensile strength compared to
Atmosphere type W-fibre (MPa) as-received wires
Argon 2030 32.3%
Nitrogen 2200 26.7 %
Vacuum 2700 10.0%

In Figures 4-7 is presented how the heating time may influence the failure mode of W-fibres.
Only the fibre that was heated for a shorter time (2 minutes) showed plastic deformation
while fibres treated at 10 and 20 minutes presented brittle behaviour.

[tk
| f ,5 _
Fig.4 Fracture surface of as-received W-wire. Fig.5 Fracture surface of the W-wire annealed in
vacuum at 1200°C for 2 minutes.
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Fig.7 Fracture surface of the W-wire annealed in

Fig.6 Fracture surface of the W-wire annealed in vacuum at 1200°C for 20 minutes.

vacuum at 1200°C for 10 minutes.

Influence of shielding on fibre behaviour is presented in Figures 8-13. One can see that W-
fibres that were shielded from all sides during copper melting showed plastic deformation be-
haviour. Fibres that were not fully shielded cracked in the brittle mode (Fig. 9).

Fig.8 Fracture surface of W-wires annealed in vac- Fig.9 Fracture surface of W-wires annealed in vac-

uum above molten Cu at 1200°C for 3 minutes - uum above molten Cu at 1200°C for 3 minutes -
wires were shielded with Mo-sheet from all sides. wires were not shielded from one side.

Fig.10 Fracture surface of W wires annealed in Fig.11 Fracture surface of W wires annealed in
vacuum above molten Cu at 1200°C for 3 minutes - vacuum above molten Cu at 1200°C for 3 minutes
shielded with the Mo-sheet and the graphite felt shielded with the Mo-sheet and the graphite felt
from all sides. from all sides.
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Fig. 12 Fracture surface of W-wires annealed in Fig. 13 Fracture surface of W-wires annealed in

vacuum with immersion into the molten Cu at vacuum with immersion into the molten Cu at
1200°C for 3 minutes - shielded with Mo-sheet 1200°C for 3 minutes - shielded with Mo-sheet
from all sides during heating. from all sides during heating.

In Fig. 14 the ultimate tensile strength of two groups of samples is presented — one group was
not shielded against heat from all sides (from above fibres were not protected) and the second
one was shielded from all sides. The shielding was performed with the Mo-sheet or with both
Mo-sheet and the graphite felt.

From the figure 14 it can be seen that the as-received fibre presented the higher tensile
strength than thermally influenced fibres by approximately 16 %.

In the case of shielding with both the Mo-sheet and the graphite felt, samples that were
shielded from all sides presented lower mechanical properties than those that were not
shielded from above by 4 % - 13 % (in the legend named as “graphite shielding”). On the
contrary, fibres immersed into molten Cu shielded from all sides presented higher strength in
all cases (by 3 % - 16 %) than fibres not completely shielded. In the case where fibres were
heated above molten copper those ones shielded from all sides presented higher strength in
four cases (by 4 % - 17 %) and lower strength in three cases (by 2 % - 11 %) in comparison to
those fibres with one side without shielding.

& graphite shielding - all sides shielding &8 graphite shielding - one side free
m above Cu -all sides shielding O Above Cu - one side free
& immersed in Cu - all sides shielding immersed in Cu - one side free
O W-wire as received
3500 T
3000 | M ] ] M M M M
g?‘ r
S 2500 ¢ A o
< ; :
S 2000 N — i
[ B H
o i :
% 1500 ¢ H
Q E H
‘@ 1000 1 H X
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o r H
[t r u
500 1+ —H H
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Fig. 14 Bar chart describing influence of different heat treatment on mechanical properties of the W-wire. Heat-
treated samples are compared with the as-received material.
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Discussion

Results of different thermal treatment of W-fibres showed that fibres that were heat-treated in
both argon and nitrogen atmospheres broken in a brittle failure mode. This happened probably
due to the better thermal conductivity of the gaseous atmosphere in comparison to the vac-
uum. In the case of vacuum - that is very good insulator - fibres could be shielded better from
the heat and that is why recrystallization was not so intensive.

Also influence of thermal treatment duration showed to the fact that fibres should be exposed
to the temperature higher than 1100 °C for as short time as possible. From heat treatment ex-
periments one could conclude that infiltration time should not be much longer than three min-
utes.

Shielding experiments presented that during copper melting W-fibre preform should be pro-
tected from the heat that comes from the crucible and the heating element. It was showed that
suitable shielding — one layer of the Mo-sheet or more complex shielding consisting from the
Mo-sheet and graphite felt can help the fibre to stay in the not recrystallized state and present
higher mechanical properties after infiltration. However no general trend was observed in
shielding application. In one case fibres protected from all sides achieved higher strength than
fibres that were not protected from above (immersion into Cu), however in other case (heating
above molten Cu — graphite shielding) the situation was completely opposite. This can is
probably caused by non-homogeneous microstructure and initial properties of the tungsten
raw material that is wound on the coil.

Conclusions
W-fibres that are used for production of the Cu/ W MMC should be:
e heated in the vacuum during melting of copper

e shielded from heat during copper melting that comes from both the molten metal and
the heating element

e use infiltration time as short as possible — approximately not much longer than three
minutes

e as-received properties of the W-wire (microstructure, tensile strength) should be ana-
lysed in the larger extent - larger number of samples are needed in order some statis-
tics can be performed
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European Project ,,ExtreMat“ (contract NMP-CT-2004-500253) and with financial support by
the European Community. It only reflects the view of the authors and the European Commu-
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Sazetak: U radu su prikazani rezultati mikroskopske analize optickim i pretraznim
elektronskim mikroskopom (SEM) opremljenim sustavom za energetsko disperzijsku (EDS)
analizu nehrdajuceg Celika nakon zavarivanja i toplinske obradbe. Zavarivanje lima debljine
15 mm iz austenitnog nehrdajuc¢eg celika AISI 316L provedeno je rucnim elektrolu¢nim
postupkom. Toplinska obradba zavarenog spoja provedena je na temperaturi 850°C u trajanju
4 sata uz hladenje na zraku. Provedena je mikrostrukturna analiza osnovnog metala i zone
taljenja. Zapazeno je da se mikrostruktura austenitnog nehrdajuceg celika AISI 316L prije
toplinske obradbe sastoji od austenita i o-ferita. Nakon toplinske obradbe u mikrostrukturi je
uocena pojava c-faze.

Kljuéne rije€i: austenitni nehrdajuéi Celik, zavarivanje, mikrostruktura, toplinska obradba

Abstract: In this work the results of microstructural analysis of stainless steel after welding
and post-weld heat treatment using light and scanning electron microscopies (SEM)
equipment with device for energy dispersive spectrometry (EDS) analysis are shown.
Welding of austenitic stainless steel AISI 316L sheet with thickness of 15 mm was carried out
using manual electric arc welding. Post-weld heat treatment of welded join was carried out at
850°C for four hours and cooling in the air afterwards. Microstructural analysis of the base
and weld metal was carried out. The presence of austenite and o-ferrite in microstructure of
austenitic stainless steel AISI 316L before post-weld heat treatment was observed. Also, the
presence of sigma phase in microstructure after post-weld heat treatment was observed.

Key words: austenitic stainless steel, welding, microstructure, post-weld heat treatment
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1. UVOD

Austenitni nehrdajuci Celici imaju vaznu ulogu zbog svoje raznovrsne primjene (npr.
kemijska i1 petrokemijska industrija, eksploatacija nafte, plinovodi, brodogradnja, postrojenja
za izradu lijekova i1 hrane i sl.). Glavne karakteristike nehrdajucih Celika su dobra korozijska i
toplinska otpornost, zadovoljavaju¢a svojstva pri niskim temperaturama, povoljan odnos
¢vrstoCa/masa, niska magnetna permeabilnost itd. [1, 2]. Veéina svjetske proizvodnje
nehrdajucih ¢elika se odnosi na austenitne nehrdajuce ¢elike (skupina AISI 304 i 316 odnosno
AISI 304L 1 316L). Tijekom zavarivanja i toplinske obradbe dolazi do promjene svojstava i
mikrostrukture nehrdajucih celika [3-6]. Prilikom odabira dodatnog materijala za zavarivanje
vazno je obratiti paznju na sadrzaj delta ferita koji ¢e nastati u zoni taljenja. Nekontrolirana
prisutnost delta ferita predstavlja osnovu za pogorSanje mehanickih svojstava i korozijske
otpornosti zone taljenja, pogotovo ukoliko je celik izloZzen poviSenim temperaturama.
Neodgovarajuca toplinska obradba ili dugotrajna primjena kod poviSenih temperatura moze
dovesti do precipitacije karbida, nitrida i intermetalnih faza [7]. Ukoliko je austenitni
nehrdajuci Celik izloZen djelovanju topline u temperaturnom podru¢ju 600-900°C delta ferit
moze transformirati u krhku sigma fazu ¢ijim nastankom dolazi do drasticnog pogorsanja
svojstava, posebice zilavosti [8-10]. Kako bi se nastajanje precipitata ili intermetalnih faza
svelo na minimum, a time i zadrzala Zeljena svojstva, potrebna je pazljiva obradba ovih
celika.

Smatra se da promjena mikrostrukture ¢eli¢nih materijala bitno utjeCe na trajnost,
odnosno "zivotni vijek” ugradenih komponenti [11, 12]. Zato je nuzno poznavati i pratiti
mikrostrukturne promjene dijelova iz austenitnog nehrdajuceg celika tijekom odvijanja
visokotemperaturnih procesa (zavarivanje, Zarenje) ili njihove primjene u uvjetima povisenih
temperatura.

2. EKSPERIMENTALNI DIO

Lim debljine 15 mm iz austenitnog nehrdajuceg Celika AISI 316L pripremljen je u
obliku V-spoja za zavarivanje. Zavarivanje je provedeno rucnim elektroluénim postupkom uz
primjenu Bohler FOX SAS-4A elektrode. U tablicama 1 1 2 naveden je kemijski sastav
osnovnog i dodatnog materijala koriStenog za zavarivanje. Dodatni materijal (elektroda)
odgovara po kemijskom sastavu osnovnom materijalu. Glavni legirajuci elementi austenitnog
nehrdajuceg Celika AISI 316L su krom, nikal i molibden. Korijen zavara izveden je pomocu
elektrode promjera 2,5 mm a popuna elektrodom 3,25 mm. Nakon zavarivanja provedeno je
zarenje lima na temperaturi 850°C u trajanju 240 minuta uz hladenje na zraku.

Tablica 1. Kemijski sastav osnovnog materijala, mas.%

C Mn | Si | Cu \Y Mo | Al Cr Ni \% Ti Co | Nb

0,026 | 1,49 | 0,45 | 0,35 | 0,060 | 2,04 | 0,008 | 16,75 | 10,80 | 0,066 | 0,081 | 0,20 | 0,016

Tablica 2. Kemijski sastav elektrode Bohler FOX SAS 4-A , mas.%
C Si Mn Cr Ni Mo Nb

<0,03 0,8 0,8 19,0 11,5 2,7 +
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Mikrostrukturna ispitivanja provedena su optickom mikroskopijom, pretraznom
elektronskom mikroskopijom (SEM) uz uporabu sustava za energetsko disperzijsku analizu
(EDX). Uzorci dimenzija 25x15x15 mm za analizu mikrostrukture obuhvacali su osnovni
materijal, zonu utjecaja topline i zonu taljenja, slika 1. Nakon brusenja i poliranja provedeno
je elektroliticko nagrizanje uzoraka s razliitim sredstvima. Za otkrivanje granice zrna
austenita koriStena je otopina 60 ml HNOs i 40 ml H,O pri naponu od 1V u trajanju 20
sekundi. Sigma faza je identificirana pomocu otopine 56g KOH u 100 ml H,O pri naponu od
2V u trajanju 10 sekundi.

Sadrzaj delta ferita u osnovnom materijalu 1 zoni taljenja izmjeren je pomocu
feritoskopa. Mjerenje feritoskopom se temelji na ¢injenici da je ferit magnetican dok austenit
nije.

Slika 1. Fotografija uzorka za mikrostrukturnu analizu

3. REZULTATI I RASPRAVA

Budu¢i da elektroluéni postupak zavarivanja spada u postupke zavarivanja taljenjem
tijekom zavarivanja u zoni taljenja dolazi do mijeSanja osnovnog i dodatnog materijala
(elektrode). 1z kemijskog sastava zone taljenja (tablica 3) vidljivo je da je on slican
kemijskom sastavu osnovnog materijala (tablica 1).

Tablica 3. Kemijski sastav zone taljenja, mas.%

C Mn Si Cu Vv Mo Al Cr Ni w Ti Co Nb

0,024 | 0,85 | 0,74 | 0,11 | 0,074 | 2,44 | 0,004 | 19,15 | 10,86 | 0,048 | 0,009 | 0,095 | 0,289

Poznato je da mikrostruktura odreduje veéinu mehanickih, fizikalnih i kemijskih
svojstava. Tijekom zavarivanja i zarenja dolazi, zbog temperaturnog i kemijskog gradijenta,
do nastajanja nehomogene strukture koja je gotovo uvijek metastabilna u temperaturnim
uvjetima primjene. To se moZe zapaziti iz snimljenih mikrostruktura.
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U idealnom slu¢aju mikrostruktura austenitnih nehrdajucih Celika se sastoji od samo
jedne faze tj. austenita koji je stabilan u Sirokom temperaturnom podrucju. Medutim, potpuno
austenitna mikrostruktura je osjetljivija prema pojavi toplih pukotina pa je nuzna manja
prisutnost delta ferita. Iz mikrostrukturnih snimaka prikazanih na slikama 2 i 3 vidljivo je da
se osnovni materijal AISI 316L sastoji od poligonalnih zrna austenita s niskim sadrzajem
ferita dok je u zoni taljenja prisutan znatno visi sadrzaj delta ferita. Veli¢ina (G) austenitnih
zrna u osnovnom materijalu iznosi 7,58 s srednjom povr§inom zrna 679 pm? i 1496 zrna/mm?.
Delta ferit u osnovnom materijalu nalazi se u obliku traka te je izduzen u smjeru valjanja.

“'-I-l-~‘: o X0 i

Slika 3. Opticka mikrografija zone taljenja prije Zarenja nehrdajuceg celika AISI 316L

Fazne transformacije u austenitnim nehrdaju¢im celicima mogu se odrediti pomocu
ekvivalenata kroma i nikla [13]:

Creq = %Cr + 1.5%Si + %Mo + 0.5%(Ta+Nb) + 2%(Ti) + %W + %V + %Al (1)
Nieq = %Ni + 30%C + 0.5%Mn + 0.5%Co 2)

Omjer Crq/Nieq za osnovni materijal AISI 316L koriSten u ovom radu iznosio je 1,59.
Prema Schaefflerovom dijagramu [13] mikrostruktura takvog celika se sastoji od austenita i
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oko 5% delta ferita. Navedeni sadrzaj delta ferita se podudara s izmjerenim sadrzajem (3,4%)
pomocu feritoskopa. Opcenito vrijedi da 4-8% delta ferita u osnovnom materijalu osigurava
otpornost prema toplim pukotinama. Sposobnost ferita da smanji pojavu toplih pukotina se
moze pripisati spre¢avanju nastanka spojeva niskog talista (sulfidi, fosfidi) koji segregiraju u
interdendritnom podrucju te u posljednjem stadiju skruc¢ivanja iniciraju medukristalne tople
pukotine. Omjer Creq/Nieq za zonu taljenja (tablica 3) iznosi 1,91 $to prema Schaefflerovom
dijagramu osigurava oko 16% delta ferita u mikrostrukturi. Mjerenjem sadrzaja delta ferita s
feritoskopom utvrdeno je 14,2% delta ferita u zoni taljenja. PoviSeni sadrzaj delta ferita u zoni
taljenja predstavlja veliku opasnost u pogledu nastanka krhke sigma faze. Medutim, prisutnost
sigma faze u zoni taljenja prije Zarenja nije zamijecena, slika 4. Mikrostruktura zone taljenja
prije zarenja sastoji se od austenita i ferita. U mikrostrukturi su mjestimi¢no zamijeceni
ukljucci troske te je EDX pokazao da se takvi ukljucci sastoje uglavnom od Zeljeza, mangana,
silicija 1 kroma, slika 5.

_austenit :

.

* .
i o
=

b

»

<«— ukljudak

HNTF UOMI-LJ

Slika 4. SEM mikrografija zone taljenja prije Zarenja nehrdajuceg celika AISI 316L

Fe
Mn
Q Cr
3 .
[ Si Element | Linija Intenzitet Mas.%
k= (c/s)
E o) K, |19,56 1,612
g Si K, |12996 7,625
< Ti K, |4843 2,809
Ti Cr K, |253,77 19,503
Mo | =
o [Mo . i Mn K, |246,66 |23,452
| Ti U | U\f\, Fe K, |33396 |37.421
: : : Ni K, |29.21 4,777
0 2 4 6 8 Mo L, 24,37 2,447

Energija, keV

Slika 5.EDS spektar ukljucka prikazanog na slici 4
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Mikrostruktura zone taljenja nakon Zarenja sastoji se od austenitnih zrna s Cesticama
sigma faze (slike 6 i 7). Poznato je da je sigma faza intermetalna faza koja nastaje u Fe-Cr
sistemima ukoliko je Celik izlozen u temperaturnom podrucju od 600°C do 900°C. Kao Sto se
moze vidjeti na slici 7a, te jo§ detaljnije na slici 7b, Cestice sigma faze zamijecene su po
granicama ferit/austenit. Morfologija sigma faze je obicno ekviaksijalna. Prisutnost
precipitirane sigma faze u mikrostrukturi moze dovesti do smanjenja korozijske otpornosti,
lokalnih naprezanja izmedu sigma faze 1 osnove te znafajnog smanjenja Zzilavosti. EDX
analiza je pokazala da su zeljezo, krom, nikal i molibden glavni konstituenti sigma faze, slika
8. Sastav sigma faze u ispitivanim uzorcima je bio: 59-64%Fe, 22-27%Cr, 5-7%Ni 1 3-5%Mo.
Medutim, taj sastav je neSto drugaciji od sastava sigma faze karakteristicnog za AISI 316 i
316L (55%Fe, 29%Cr, 11%Mo i 5%Ni) [14]. Razlog tome lezi u Cinjenici da je sastav sigma
faze sklon promjeni te ga je vrlo tesko definirati preciznom formulom. Nastankom sigma faze
dolazi do osiromasenja okolne metalne osnove s kromom. Prisutnost zona osiromasenih
kromom predstavlja podlogu za pojavu korozije buduci da su takve zone najosjetljivija mjesta
za nastanak jamicaste (pitting) korozije.

Slika 6. Opticka mikrografija zone taljenja nakon Zarenja nehrdajuéeg celika AISI 316L na
850°C

NTF UNI-LJ ZakW Fi2: TAE ZHm HNTF UMI-LJ

Slika 7. SEM mikrografije zone taljenja nakon Zarenja nehrdajuceg celika AISI 316L na
850°C
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Slika 8. EDS spektar sigma faze prikazane na slici 7b

4. ZAKLJUCCI

Na temelju provedenih mikrostrukturnih istrazivanja na zavarenom austenitnom
nehrdaju¢em celiku AISI 316L prije i nakon toplinske obradbe moze se zakljuciti slijedece:

- Osnovni materijal se sastoji od poligonalnih austenitnih zrna i manjeg udjela delta
ferita. SadrZaj delta ferita u osnovnom materijalu je 3,4% dok je u zoni taljenja 14,2%.

- Prije toplinske obradbe mikrostruktura zone taljenja sadrzi austenit i ferit. Mjestimi¢no
su zamijeceni ukljucci troske. EDS analiza je pokazala da se takvi ukljucci sastoje od
Zeljeza, mangana, silicija i kroma.

- Nakon toplinske obradbe u mikrostrukturi zone taljenja dolazi do pojave sigma faze
slijedeceg sastava: 59-64%Fe, 22-27%Cr, 5-7%Ni i 3-5%Mo.
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COPPER - CARBON FIBRE COMPOSITES
WITH EXTRAORDINARY THERMAL CONDUCTIVITY

I. Kramer, F. Simancik, K. IZdinsky, P. gtefénik, J. Korab, N. Frankovicova, T. Dvorak
IMMM SAS Bratislava

Izvorni znanstveni rad / Original scientific paper

Abstract: Since the requirements on materials which are used for thermal management cannot
be further fulfilled with pure metals or conventional alloys, development and subsequent
application of novel metal matrix composites are unavoidable. These composites make use of
extremely high thermal conductivities (TC) of diamond, pitch based carbon fibres (long and
short), carbon nanofibres and nanotubes, graphite flakes, etc, which are dispersed in metallic
matrix made of copper, silver or aluminium. In this work the potential of copper matrix
composites reinforced with continuous pitch based carbon fibres for novel heat sink applications
has been investigated. The composites were prepared by gas pressure infiltration of liquid
copper alloy into carbon fibre preform and their properties were characterised by measurement
of thermal conductivity and by thermal cycling in dilatometer accompanied with microstructural
examinations.

Key words: metal matrix composites, thermal management, carbon fibres

451



Introduction

The increasing performance of electronic devices in many application fields, including
microelectronic, power electronic, optoelectronic, RF generation, military, aircraft, etc.,
demands a radical improvement of thermal management. The most serious problem to be
solved is overheating of electronic components, resulting from the inability of conventional
materials to spread the generated heat and transfer it to colder environment. Since the
innovative cooling concepts such as use of heat pipes or active liquid cooling have some
practical limitations, new heat sink materials with significantly higher thermal conductivities
and enhanced resistance against thermal cycling failure are urgently needed. As the maximum
thermal conductivity (TC) of pure metals is only around 400 W/m.K (Ag 430 W/m.K, Cu 400
W/m.K, Al 230 W/m.K), targeted TC value for novel heat sinks lies above 600 W/m.K. For
this purpose metal matrix composites containing highly conductive phase are of prime
interest. Possible candidates for this phase are: diamond, pitch based carbon fibres, carbon
nanofibres and nanotubes, graphite flakes, etc., with TC exceeding 1000 W/mK [1, 2, 3].
However, introduction of graphite based fibres or particles into metallic matrix, generates
large internal stresses due to large CTE mismatch between matrix material and reinforcement.
This is because coefficient of thermal expansion (CTE) of the matrix is considerably higher
(Cu - 17 ppm/K, Al — 24 ppm/K and Ag — 20 ppm/K) than CTE of carbon based
reinforcement which is lower than 2 ppm/K, sometimes even slightly negative. CTE
mismatch can lead to delamination of interface and subsequent degradation of properties in
these composites, especially if they are cycled in wider temperature range.

Nowadays, most popular composites for heat sinks make use of highly conductive diamond
particles. Depending on purity, diamonds can exhibit TC in the range 600 — 2400 W/m.K.
Diamond - MMC’s with Cu, Al or Ag matrix are prepared via gas pressure infiltration,
squeeze casting or powder metallurgy methods (hot pressing, HIP, spark plasma sintering,
extrusion, etc.), whereas obtained TC lies in the range from 450 W/m.K for aluminium based
composites up to 800 W/m.K for composite with silver matrix. Resulting average CTE are in
the range of 7-10 ppm/K in dependence of diamond volume fraction. In order to match CTE
of adjacent insulation layers made of alumina or aluminium nitride (CTE~7 ppm) rather
higher volume fraction of particles (above 60 vol.%) is necessary. However, poor
machinability and high roughness at these volume fractions are the main drawbacks of such
composites [4, 5, 6].

Composite materials using graphite flakes are relatively cheap and easily machinable.
Obtainable TC and CTE are in the range of 400500 W/m.K and 7-10 ppm/K respectively at
high graphite phase volume, however in this case the mechanical properties, in particular
bending strength are rather low [7, 8].

A possible solution is utilisation of long carbon fibres that provide the best tool for tailoring
of CTE, even at low fibre volume fractions, whereas machinability makes no problem.
Moreover the high strength and elasticity modulus of these fibres significantly contribute also
to stiffness and strength improvement of such composites. Concerning quality of carbon
fibres mainly pitch based fibres with TC up to 1000 W/m.K are of interest if high TC of heat
sink is to be achieved.

Therefore this work is aimed to investigate the capability of such fibres to be used as
reinforcement in copper matrix composites for applications in highly conductive heat sink
materials.
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Experimental procedure

Copper based composites reinforced with pitch based high modulus K1100 carbon fibres have
been produced via gas pressure infiltration technology. Chosen K 1100 fibres have the highest
thermal conductivity of all pitch based carbon fibres currently present on the market. Because
of fibrous nature their properties significantly differ in longitudinal (in fibre axis) and
transversal directions: longitudinal TC 1000 W/m.K, transversal TC 2.4 W/m.K, longitudinal
CTE -1.45 ppm/K and transversal CTE 12 ppm/K. It is obvious that such anisotropy of fibres
will be reflected also in anisotropy of final composites [9].

The main advantage of carbon-copper system is that copper doesn’t react with carbon and
thus no interfacial phases are formed during infiltration. However wetting angle between pure
Cu and carbon substrates is higher than 150°, which makes infiltration of pure copper into
fibrous preform with extremely narrow capillaries (diameter~ 4um) practically impossible,
even if extremely high pressures are used for infiltration. The lack of wetting results also in
weak interfacial bonding. This can cause delamination of interface during temperature
changes (even on first cooling), due to CTE mismatch. Both problems can be partially solved
by use of binary or ternary copper alloys with addition of carbide forming elements (Cr, B, V,
Ti, etc.). According to literature survey, alloying of copper with Cr lowers the wetting angle
significantly; already 1 wt.% of chromium results in drop of wetting angle below 45°. Based
on this fact and on sessile drop wetting experiments performed in-house, binary CuCr alloys
with various chromium content (0.1. 0.2, 0.25, 0.5 and 1.0 wt.%) have been chosen as matrix
material [10, 11, 12]. Also composites with pure Al matrix, which is strong carbide former
were prepared for comparison.

In order to diminish the effect of strong anisotropy, also laminated cross ply fibre preforms
were infiltrated beside unidirectional composites.

Material characterization
Microstructural investigations

Infiltrated samples were subjected to scanning electron and light microscopy observations in
order to investigate quality of infiltration and state of fibre-matrix interface.

3 Hum
Figure 1. Light micrograph of CuCr/K1100 Figure 2. Formation of the chromium carbide
composite with fibre volume fraction Vi=63%.  layer at the fibre-matrix interface in

CuCr0.25/K1100 (Vf=55%) composite
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Figure 3. Detail of carbon fibre from Figure 4 Detail of CuCr0.1/K1100 composite
CuCr0.2/K1100 composite (SEM). (SEM).

Microstructural analysis of all composite materials with variable chromium contents (0.1, 0.2,
0.25, 0.5 and 1.0 wt. %) showed good infiltration and homogeneous distribution of carbon
fibres what can be seen on Fig. 1- 4. Fracture surface analysis and light microscopy revealed
existence of chromium carbide Cr;C, at the matrix-fibre interface (Fig. 2). As expected, the
amount of carbides is higher in sample with CuCrl matrix compared to the matrices with
lower chromium content. Carbide layer on the fibre surface is not continuous. It should be
noted, that high amount of Cr is probably depleted during infiltration, predominantly in
regions close to preform surfaces, whereas lower chromium content was observed in the
preform centre. It was not rare to find fibres with completely debonded matrix as can be seen
on Fig. 3.

20 um
—_—

e

Figure 5. Light micrograph of AI/K1100 sample Figure 6. SEM showing surface of carbon fibres
with Vi= 57%. with high amount of Al,C;.

Microstructural investigations of aluminium based composites showed homogeneous
distribution of carbon fibres (Fig. 5) and sound pore-free material. However, as expected,
good wetting was accompanied with formation of high amounts of aluminium carbides at the
fibre surfaces as shown in Fig. 6.
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Figure 7. Cross section of 2D CuCr0.5/Dailed Figure 8. Cross section of 2D cross ply
K1392U fibers composite CuCr0.5/K1100 fibers composite

Alloying of copper with Cr allowed to infiltrate also cross ply fibre preforms and obtain
almost pore-free structures as shown in Fig. 7 and Fig. 8. However, it was rather difficult to
produce fabric made of pitch based carbon fibres since they are very brittle and manipulation
with them leads to their premature breakage.

Thermophysical properties

Thermal conductivity of the material in longitudinal and transversal direction was calculated
from thermal diffusivities obtained by flash method [13]. Results are shown in table 1.

Table 1. Thermal conductivity of composites.

cpp s s Fiber Thermal .
o Diffusivity . . Density
Sample Direction (m?/s) volume conductivity (g/cm’)
fraction (W/m.K)

CuCr0.25/K1100 Long. 2.352E-4 0.55 580 5.215
CuCr0.25/K1100 Trans. 2.640E-5 0.55 65 5.215
CuCr0.5/K1100 Long. 2.875E-4 0.53 695 5.349
CuCr0.5/K1100 Trans. 2.400E-5 0.56 57 5.148
CuCrl/K1100 Long. 2.900E-4 0.63 648 4.679
CuCrl/K1100 Trans. 3.600E-5 0.52 88 5.416
Al/K1100 Long. 3.178E-4 0.57 615 2.415

Values presented in Table 1. confirm anisotropic character of unidirectional composites
reinforced with carbon fibres. TC of copper matrix materials in longitudinal direction is in the
range 580-700 W/m.K, but in transversal it is only 55-90 W/m.K. Nevertheless, obtained
properties can be very effectively used for applications in which unidirectional heat removal
is of prime interest. Properties of aluminium based composites have shown the importance of
good interface between fibre and matrix. Despite significantly lower TC of matrix the thermal
conductivity of Al based composite of about 615 W/m was comparable with copper matrix
one. However, it should be noted, that formation of aluminium carbide is highly undesirable
since it can decompose under the influence of moisture and thus degrade the properties of
composites..
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Figure 9. CTE of CuCr1/K1100 composite during  Figure 10. Relative length change of

three cycles (RT up to 550°C). CuCr1/K1100 composite during three cycles (RT
up to 550°C).

Thermal cycling of copper based composites was performed in temperature range from RT up

to 550°C to investigate relative length change, coefficient of thermal expansion and possible

debonding of fibres from the matrix.

Thermal cycling again confirmed the anisotropy of unidirectional composites. CTE in

longitudinal direction is 0-1 ppm/K matching the CTE of fibres while CTE in transversal

direction is 16-20 ppm/K, which is similar to copper matrix. Deformation in transversal

direction indicates plastic deformation of matrix material due to high thermal stresses

exceeding yield strength of the matrix. However no fibre-matrix debonding was observed,

what was also confirmed by obtaining of same TC values before and after thermocycling

(1000 cycles in temperature range -50+150°C).

Conclusions

Following conclusions can be extracted from performed work:

- Gas pressure infiltration is suitable method for preparation of sound composites reinforced
with long pitch based carbon fibres. Wettability of copper-carbon systems was improved
via application of binary CuCr alloy with 0.1, 0.2, 0.25, 0.5 and 1.0 wt. % of Cr. All
experiments yielded almost pore free materials with homogeneous distribution of carbon
fibres.

- Fracture surface observations showed no or minimum interfacial reaction if copper with
low Cr content was used. Increasing of Cr content up to 1 wt. % has led to limited carbide
forming reaction, although carbides were not homogeneously distributed within the entire
sample, what indicates depletion of Cr during infiltration. High amount of brittle and
hygroscopic Al4C; at the fibre surface was observed in Al/Cy composite.

- Beside unidirectional, also cross ply 2D composites with pitch based carbon fibres have
been produced via GPI. Preparation of preforms was extremely difficult since this type of
carbon fibres is very brittle.

- Longitudinal thermal conductivities of prepared materials were considerably enhanced
(580-700 W/m.K) if compared with pure copper (400 W/m.K). Also Al based materials
attained very high TC (615 W/m.K), what indicates the importance of good bonding
between fibre and matrix.

- Transversal TC was ten times lower than longitudinal one, what reflects the strong
anisotropy of fibrous preform.
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- CTE of unidirectional composites was very low in longitudinal direction (0-1 ppm/K) and
at the level of matrix in transversal direction.

- Thermal cycling from RT up to 550°C showed permanent deformation in transversal
direction due to the plasticity of copper matrix, but no deformation at the fiber-matrix
interface.
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KARAKTERIZACIJA INTERMEDIJERNE SPINELNE FAZE U
PREMULITNOM PRASKU DOBIVENOM SOL-GEL POSTUPKOM
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Izvorni znanstveni rad / Original scientific paper

Sazetak: Kristalizacija mulita iz amorfnog dvofaznog gela proucavana je diferencijalnom
pretraznom kalorimetrijom (DSC), rendgenskom difrakcijom praha (XRD), Furier
transformiranom infra-crvenom spektroskopijom (FTIR) i gravimetrijskom analizom. Na
DSC krivulji kalciniranog premulitnog praska pojavljuju se dva egzotermna efekta, prvi
povezan s kristalizacijom slabo definirane spinelne faze (pri 977°C), te drugi (u
temperaturnom intervalu 1200-1300°C) prouzrocen kristalizacijom mulita. Selektivhom
ekstrakcijom s 1M kipu¢om NaOH i gravimetrijskom analizom uzorka prethodno termicki
obradenog pri 1000°C tijekom 2 h odreden je udio amorfne faze bogate na SiO, u uzorku te
sastav spinelne faze. Primjenom XRD i FTIR utvrdeno je da se fazni sastav uzorka nakon
termiCke obrade Al-Si spinelne faze (po uklanjanju amorfne faze bogate na Si0;) kvalitativno
1 kvantitativno razlikuje od faznog sastava dobivenog termickom obradom izvornog uzorka.
Kljuéne rijeci: Al-Si spinel, mulit, kristalizacija, XRD

Abstract: The crystallization of mullite in amorphous diphasic gel has been studied using
differential scanning calorimetry (DSC), powder X-ray diffraction (XRD), Fourier transform
infra-red spectroscopy (FTIR) and gravimetric analysis. Two exothermic peaks on DSC scan
of calcined premullite powder were observed; the first associated with the crystallization of
poorly defined spinel phase at 977 °C and the second one caused by mullite crystallization in
the temperature interval of 1200-1300 °C. By selective extraction of sample previously
thermally treated at 1000°C for 2 h with 1M boiling NaOH, and gravimetric analysis, the
amount of amorphous SiO,-rich phase in the sample and the composition of spinel phase have
been determined. XRD and FTIR investigation have showed that phase composition of the
sample obtained by thermal treatment of Al-Si spinel (after the extraction of SiO,-rich phase)
is qualitatively and quantitatively different from that formed by crystallization of original
sample.

Keywords: Al-Si spinel, mullite, crystallization, XRD
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Uvod

Mulit, A1V (ALY 5:2:S12.2¢)O10x (gdje je 0.17<x<0.58) [1], je najvaznija kristalna faza
klasiénih keramickih materijala. Zbog izuzetnih termomehanickih svojstava intenzivno se
istrazuje u cilju dobivanja novih inZenjerskih materijala [1]. Potrebe za visokokvalietnim
mulitom potakle su istrazivanja novih metoda sinteze poput sol-gel postupka. Ova metoda
omogucila je dobivanje finih prasaka visoke ¢istoce, koji se mogu sinterirati na nizim
temperaturama. Ovako dobiveni fini premulitni praSci vaZna su sirovina u optici 1 elektronici
[2]. Tako su provedena opsezna istrazivanja usmjerena na proces sinteze te karakterizaciju
premulitnih prasaka dobivenih sol-gel postupkom, spoznaje o kristalizacijskom ponaSanju
ovog materijala joS uvijek nisu potpune.

Prema homogenosti, premulitni gelovi

Al(NO,);x9H,0 : Si(OC,Hy), : dobiveni sol-gel postupkom dijele se na dva tipa

H,0=1:28 C,H,OH=1:15 [3]: Monofazne, ¢&ija je homogenost na

| : molekularnoj razini a mulit kristalizira direktno

Sinteza, Al:Si=3:1 iz amorfne faze pri ~980°C, te dvofazne, s

Mijesanje, refluks, 60°C, 8 dana homogenoséu na nanometarskoj razini. Kod

dvofaznih gelova pri ~980°C dolazi do

Susenje, 105°C, 3 dana, Mljevenje, <63 mm, kristalizacije spinelne faze a mulit se stvara pri

Kalciniranje 700°C, 2h temperaturama vi§im od 1150°C. Ovakav tijek

l kristalizacije ogleda se i u izgledu DTA krivulja

B - te su one, za monofazne gelove, karakterizirane

Premulitni prasak .| Tijek kristalizacije | g5 jednim jakim egzotermnim efektom pri

(DSCTGAXRD)| _980°C dok krivulje dvofaznih gelova imaju i

dodatni, slabi egzotermni efekt pri viSim

—1 temperaturama. Klasifikacija utemeljena na

Termicka obrada, . . . .

1000°C. 2h > LuZenje ho'mo'genos.t'l sustava pokazgla ose i

- najprikladnijom buduci da je opéenito prihvac¢eno

l l da je tijek kristalizacija premulitnih gelova

Kristalizirani LuZeni odreden  njihovom  strukturom  odnosno

prasak prasak raspodjelom aluminija i silicija unutar sustava

[4]. Unato¢ intenzivnom istraZivanju, slaganje

Karakte'rizacija . . oko' sastava spinelne  faze joS uvijek nije

. Sastav spinela postignuto.

e e (isplinjavanje) | Vecina autora sl e spi

(XRD, FTIR) utora slaze se da se je spinelna faza,

nastala iz dvofaznog premulitnog gela, Cvrsta
otopina SiO, u strukturi y-Al,Os (budu¢i se radi
o strukturi spinelnog tipa ova faza nazvana je Al-
Si spinel), neslaganja postoje oko sastava ove faze. Neki autori smatraju da je spinelna faza Cisti
v-AlLOs [5, 6, 7, 8], ve¢ina ipak smatra da odredena koli¢ina SiO, ulazi u strukturu spinela.
Razlike se pojavljuju oko tocne koli¢ine SiO, u Al-Si spinelu. Okada i Otsuka [9] predlazu za
ovu fazu sastav 6Al1,03xSi0,, do sli¢nog rezultata dolaze 1 Jin et al [10]. Schneider i suradnici
[11] smatraju da spinelna faza moze sadrzavati do 18 mol. % SiO; u Al,O3;. Low i McPherson
[12] tvrde da je spinel po sastavu blizak sastavu 2/1 mullita, odnosno 2Al,03;xSiO, dok
Chakravorty [13] predlaZe sastav jednak stehiometrijskom mulitu odnosno3Al,03;x2Si0,. Sastav
spinela blizak 3:2 mulitu nalaze i Srikrishna i suradnici [13].

Cilj ovog rada bio je odredivanje sastava spinelne faze nastale iz premulitnog gela
pripravljenog iz silicijskog alkoksida i1 aluminijevog nitrata modificiranom metodom spore
hidrolize [9].

Slika 1. Dijagram toka istrazivanja.
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Experimentalni dio

=
[\S}

Tijek sinteze 1 istrazivanja
prikazan je na slici 1. Gel je
pripravljen otapanjem Al(NO3);*9H,0
(Kemika) u vodi u molarnom omjeru
1:28, otopina je mijeSana uz refluks pri
60°C. Nakon jednog dana otopini je,
kap po kap, dodan tetraetoksisilan,
(Merck) koji je prethodno pomijesan s
etanolom u molarnom omjeru 1:15, te
\"0““"--?—38 mijeSan pri sobnoj temperaturi lh.
977 C Smi . ey fluks i .
Py S R i N R T jesa je mijeSana uz refluks i pri
’ 200 400 600 800 1000 1200 temperaturi od 60°C 8 dana, tijekom

T/°C ovog razdoblja doslo je do geliranja.

Slika 2. DSC (puna linija) i TGA (isprekidana ¢l je suSen pri 105°C 3 dana,

linija) krivulje premulitnog praska dobivene uz kaI'C}plraI} pri 700°C 2 b, mlleve? do

brzinu zagrijavanja od 10°Cmin™. Veh.cme Cestica < 63 um te pohranjen u
eksikator.

Tijek kristalizacije premulitnog praska istrazivan je primjenom diferencijalne scanning
kalorimetrije (DSC) i termo-gravimetrijske analize (TGA). KoriSten je aparat za simultanu
termicku analizu NETZSCH 409, s Pt lon¢i¢ima i a-Al,Os kao standardom. U cilju
odredivanja kristalnih faza nastalih tijekom termicke obrade uzorci su zagrijavani na razlicite
temperature te analizirani metodom rendgenske difrakcije (XRD). Koristen difraktometar
SIEMENS D 500/PSC, CuKa zracenje i kvarcni monokromator. Nakon termicke obrade na
1000°C u trajanju od 2 h, dio uzorka luZen je s 1 M kipu¢om NaOH. Nakon toga uzorak je
filtriran, ispran destiliranom vodom, osuSen, zaren i izvagan. Na ovaj nacin odredeni je udio
amorfne faze u uzorku. U preostaloj spinelnoj fazi udio SiO, odreden je isplinjavanjem s HF.
Uzorci su istrazivani i metodom infracrvene spektroskopije (FTIR). IR apsorpcijski spektri
snimljeni su u podru&ju 4000 do 400 cm™ metodom KBr peleta na aparatu Bruker Equinox
55.

=
(=)

DSC signal / uV/mg
=
[\

Rezultati i rasprava

Tijek kristalizacije premulitnog praSka karakteriziran je pomocu diferencijalne
scanning kalorimetrije (DSC) kombinirane s termo-gravimetrijskom analizom (TGA). DSC i
TGA krivulje gela kalciniranog 700°C u trajanju od 2 h prikazane su na slici 2. Na DSC
krivulji primjecuju se dva egzotermna efekta: prvi, vrlo izrazen efekt pri 977°C te manji pri
1243°C. Na TGA krivulji kontinuirani gubitak mase primjecuje se sve do ~800°C $to se moze
pripisati dehidroksilaciji uzorka tako da ukupan gubitak mase uzorka iznosi ~8%. Prvi
egzotermni efekt posljedica je kristalizacije Al-Si spinela [9,15] dok do kristalizacije mulita
dolazi pri viSoj temperaturi.

Da bi se opisani tijek kristalizacije detaljno istrazio uzorci su zagrijavani na razlicite
temperature te potom podvrgnuti rendgenskoj difrakcijskoj analizi (slika 3). Prasak je
amorfan do temperature pri kojoj zapo€inje prvi egzotermni efekt. Pri temperaturi koja
odgovara pocetku prvog egzotermnog efekta na difraktogramu se pojavljuju vrlo proSireni
difrakcijski maksimumi neznatnog intenziteta (slika 3, 947°C). Intenziteti difrakcijskih
maksimuma blago se pojacavaju s povisenjem temperature na vrijednost koja odgovara vrhu
(slika 3, 976°C ) odnosno kraju prvog egzotermnog efekta (slika 3, 1075°C). Buduéi da y-

109



AlLOs 1 Al-Si spinel imaju slicne kristalne strukture i parametre elementarne Ccelije
difrakcijski maksimumi ovih dviju faza javljaju se pri istim kutovima i slicnog su intenziteta.
Zbog toga ith u slabo kristaliziranim uzorcima rendgenskom difrakcijom nije moguce
razlikovati [16]. Slab intenzitet te proSirenje difrakcijskih linija spinelne faze, karakteristi¢ni
za premulitne praske ovog tipa, Schneider [16] objaSnjava postojanjem relativno velikih
spinelnih domena (10-100 nm), koje pokazuju visok stupanj nereda. Pojaavanje intenziteta
difrakcijskih maksimuma i njihovo suzZenje povecanjem temperature posljedica je povecanja
reda i rasta kristalita.

Intenziteti spinelnih
maksimuma blago opadaju od uzorka
zagrijavanog do 1025°C (vrh drugog
DSC maksimuma) da bi gotovo nestali
na difraktogramima uzoraka
zagrijavanih do 1350°C (slika 3).
Ocito je da se spinelna faza trosi na
kristalizaciju mulita §to je u skladu sa
zapazanjima Lia i Tompsona [17].
O 1620°C AlL,O3 zagrijavanjem prolazi kroz
slijed faznih transformacija ovisnih o

tipu prekursora [18, 19]. Temperature
| gl 1350°C pri kojima dolazi do transformacija

takoder ovise o tipu prekursora pa

tako pocetno formirani Al,O; nastao
a a o polikondenzacijom alkoksida
m]

Intenzitet

T

podlijeze strukturnoj transformaciji na
1250°C ~1200°C. Na toj temperaturi po&etno

o 8o o0 o U formirani oksidi prelaze u a- Al,O3

a o o 4 o 1075°C  [20]. Prisutnost dopanata u strukturi
976°C Al,O; wusporava transformaciju i

a Q pomice visokotemperaturni

047°C  egzotermni efekt uslijed stvaranjac -
AlL,O; ka visoj temperaturi [20, 21,
N U 22]. Utvrdeno je da ugradnja malih
20 30 4 30 60 7 koligina ~ Si0,  pomie  owu
0 transformaciju za 150°C [20]. Stoga
20/ Cuko Chakravorty [13] izostanak opisanih
transformacija do temperature od
1250-1300°C smatra  dokazom
postojanja Al-Si spinelne faze. U
skladu s prethodnim zakljuckom,
stabilnost spinelne faze u
istrazivanom uzorku do temperature
od 1350°C moze se smatrati indikacijom ulaska SiO; u strukturu Al,Os.

Proces koji dominira u uzorcima termicki obradenim pri viSim temperaturama (1250-
1600°C) je kristalizacija mulita. Posljednji difraktogram na slici 3 (1600°C) karakteriziran je
jakim difrakcijskim maksimumima mulita s jasno razdvojenim difrakcijskim linijama 120 i
210, Sto je karakteristika dobro kristaliziranog ortorompskog mulita. Na difraktogramu se
primjecuje i nekoliko slabih difrakcijskih maksimuma a- ALOs.

Selektivna ekstrakcija uzorka, prethodno termicki obradenog pri 1000°C u trajanju od
2h, provedena je s 1M kipuéom NaOH. Mijenjanjem trajanja eksperimenta utvrdeno je da

Slika 3. Difraktogrami uzoraka zagrijavanih do
temperatura navedenih na slici u aparatu za DSC.
Difrakcijski  maksimumi spinela oznaceni su
kvadratima a difrakcijski maksimumi korunda
krugovima. Neobiljezeni difrakcijski maksimumi
pripadaju mulitu.
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optimalno vrijeme luzenja iznosi 30 minuta, budu¢i da daljnjim luzenjem ne dolazi do
promjene mase uzorka (slika 4). Budu¢i da je amorfni dio uzorka daleko podlozniji luzenju od
kristalnog, za dio uzorka preostao nakon luzenja opravdano je pretpostaviti da se radi o Cistoj

spinelnoj fazi.

1004 o
. 90-
o\_
5
£ 801 %
<
70- B ©

t /min
Slika 4. Gubitak mase u ovisnosti o vremenu
luzenja premulitnog praska s kipuéom 1M NaOH.

Uzorak je prethodno termi¢ki obraden pri 1000°C u
trajanju od 2 h.

8
5
5
£ L
N
20 30 40 50 60 70

20 / °CuKa

Slika 5. Difraktogrami uzoraka termicki obradenih
pri 1000°C u trajanju od 2 h. N - neluzeni uzorak, L
- luzeni uzorak.

Dok  rezultati  rendgenske
difrakcije
luZzenog i neluzenog uzorka prethodno
termi¢ki obradenih pri 1000°C ne
pokazuju zamjetljivu razliku, imajuci
iste Siroke difrakcijske maksimume
(slika 5), IR spektar (slika 6) pokazuje

odredene razli¢itosti. Spektar
neluzenog uzorka (slika 6, N)
karakteriziran je Sirokom

apsorpcijskom vrpcom sa srediStem na
~1100 cm’, §to se pripisuje
vibracijama istezanja Si-O-Si veza u
nekristaliniénom Si0,. [9, 23, 24] dok
se slaba vrpca pri ~470 cm™ pripisuje
se 0O-Si-O vibracijama savijanja
takoder u nekristalinicnom SiO, [9,
11]. U spektru luzenog uzorka (slika 6,
L), vrpca na 1100 cm’ gotovo
izostaje, ukazujuéi na nestanak
amorfne faze. Pojavljuje se Siroki plato
izmedu 980 1 1080 cm'l, ova
apsorpcijska  vrpca  pripisuje  se
prisustvu Si-O-Al veza [24] pa se
njena pojava moze smatrati dokazom
ugradnje odredene koli¢ine silicija u
spinelnu  fazu [11]. Slabe vrpce
smjestene pri ~570 cm™ [25] i ~830
cm’  [26] karakteristiéne su za
istezanje Al-O veze dok se slaba vrpca
pri ~740 pripisuje savijanju Al-O veze
[26, 27]. IR spektar neluZenog uzorka
zagrijavanog do 1350°C prikazan na
slici 6, Nz, s karakteristiénim vrpcama
istezanja Si-O veze pri 1130 1 1180
cm’, tipi¢an je za mulitnu fazu [28].
IR spektar luzenog uzorka
zagrijavanog do 1350°C (slika 6, Lz)
karakteriziraju slabije apsorpcijske

vrpce karakteristi¢éne za mulit dok su one koje se pripisuju vezi Al-O [25] intenzivnije.

Usporedbom XRD difraktograma luzenog i neluzenog uzorka zagrijavanih do 1350°C (slika
7) uocavaju se znacajne razlike. Na difraktogramu luzenog uzorka (slika 7, L) u odnosu na
neluzeni (slika 7, N) jace su izraZzeni difrakcijski maksimumica -Al,Os. Difrakeijski
maksimumi mulita znatno su slabiji a uocava se i1 pojava difrakcijskih maksimuma 6-Al,0;.
Prisutnost 8-Al,0; te povecane koli¢ine « -Al,O3; ukazuju na novi tijek kristalizacije koji se
javlja kao posljedica izostanka amorfne faze, odnosno u njoj sadrZzanog SiO,. Samo
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postojanje mulita u ovom uzorku dokaz je prethodne ugradnje SiO; u strukturu Al,Os jer bi u
suprotnom slucaju doslo do njegovog izluzivanja. S druge strane velika koli¢ina a- Al,O3
ukazuje da je koli¢ina SiO; u luzenom uzorku bitno manja u odnosu na neluzeni inace bi
umjesto « - Al,O3 nastao mulit.

Uz pretpostavku da je nakon 30 minuta izluZen Citav amorfni dio uzorka, a da je
kristalni pri tom ostao netaknut, slijedi da se uzorak termicki tretiran pri 1000°C 2 h sastoji od
~ 28 mas. % amorfne i ~72 mas.% kristalne faze. Sastav spinelne faze, nakon selektivne
ekstrakcije uzoraka termi¢ki obradenih na 1000°C 2h sa IM kipu¢om NaOH, odreden je
gravimetrijski, isplinjavanjem s HF, te je ustanovljeno da u spinelu ima ~21 mol% SiO,.
Dobivena vrijednost bliska je razultatima Schneidera i sur [11].

Slika 6. Infracrveni spektri uzoraka u
podrugju 400 — 1200 cm™. N — uzorak
termicki obraden pri 1000°C u trajanju
od 2 h, L- uzorak termicki obraden pri
1000°C u trajanju od 2 h te luzen, Nz -
uzorak termicki obraden pri 1000°C u
trajanju od 2 h i zagrijavan do 1350°C,
Lz - uzorak termicki obraden pri
1000°C u trajanju od 2 h, luzen i
zagrijavan do 1350°C.

Apsorbancija

— T
1400 1200 1000 800 600 400

Valni broj / cm’'
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Slika 7. Difraktogrami uzoraka
zagrijavanih do 1350°C. Nz -
o uzorak termicki obraden pri
o o o %% 1000°C u trajanju od 2 h i
S el e L zagrijavan do 1350°C, Lz -
uzorak termicki obraden pri
1000°C u trajanju od 2 h, luZen i
zagrijavan do 1350°C.
Difrakcijski maksimumi spinela
oznadeni su kvadratima,
difrakcijski  maksimumi -
AL,O; rombovima a difrakcijski
&) a a maksimumi korunda krugovima.
: : . . . . , Nz Neobiljezeni difrakeijski
20 30 40 50 60 70  maksimumi pripadaju mulitu.
20/ CuKoa

Intenzitet

Zakljucak

Pripravljeni gel karakteriziran je s 2 egzotermna efekta u visokotemperaturnom
podrucju. Na temelju podataka dobivenih rendgenskom difrakcijom 1 infracrvenom
spektroskopijom utvrdeno je da je faza koja prva kristalizira u sustavu Al-Si spinel.
Zahvaljuju¢i ugradnji SiO, u strukturu spinela ova faza stabilna je do znatno visih
temperatura nego $to je to slucaj s ¢istim y - ALOs.

Selektivnom ekstrakcijom 1 gravimetrijskom analizom odreden je udio SiO, u
spinelnoj fazi od ~21%. Uzorak se, nakon termic¢ke obrade 1000°C u trajanju od 2h, sastoji od
~75% spinelne faze bogate na Al,O; te ~25% amorfne faze bogate na SiO,.

Spinelna faza se pri viSim temperaturama troSi na kristalizaciju mulita. U ovom procesu
sudjeluje 1 Si0, iz amorfne faze. Separacijom amorfne faze, bogate na SiO,, u uzorku nastaje
manje mulita a pojavljuje se suvisak Al,Os koji slijedom transformacija daje a-Al,Os.
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Abstract:

Test results of the uncoated and coated with TiC+TiN, Ti(C,N)+TiN,
TiC+Ti(C,N)+Al,O3+TiN, TiN+ Al,O3, Al,O3+TiN coatings in the CVD process tool ceramics
are presented in the paper. Values of the surface fractal dimension and the multifractal spectra
were determined using the projective covering method basing on data obtained on the atomic
force microscope AFM. The paper presents test results of mechanical properties, including
thickness, hardness, and roughness tests, as well as of the service properties. Moreover, analysis
was carried out of the relationship between the selected service properties, including roughness,
micro-hardness and cutting ability, and parameters describing the multifractal spectrum of the
CVD coatings. Neural network models were developed based on the experimental results,
making it possible to determine the relationship between the coatings properties and some of the
parameters describing the multifractal spectrum.

Keywords: CVD coatings, multifractal geometry, AFM, neural network, modelling
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1. INTRODUCTION

The fractal and multifractal geometry have been applied in many branches of science, which is
confirmed by a number of publications in the renowned journals [1-3, 5-12, 15, 16, 18-26].

The fractal and multifractal geometry were employed for surface description in materials
engineering. J. Perry presented in [4] test results of the TiN coatings deposited with the CVD
technique on the sintered carbides. It was determined using Fourier analysis that the obtained
surface may be treated as a fractal and its dimensions do not change after ion deposition, which
means that erosion caused by ion implementation affects it inconsiderably. Assessment of the
polymer fillers scatter was carried out using the elektron microscope and the multifractal analysis
[24]. Spatial image of the filler particles was prepared on the specific X-ray spectrum
microscope. The multifractal analysis provided the quantitative description of the scatter quality
thanks to employment of the numerical coefficient connected with the multifractal spectrum
width. Surface examination results of the laser treated material subjected to the multifractal
analysis were presented in [15]. The multifractal spectra were obtained with the wavelet
transform modulus maxima. The fractal parameters obtained make it possible to determine the
way in which the laser beam energy affects the shapes of the spectra. Examination of the coatings
structures and properties using the Green function was presented in [17]. It was found out using
the obtained results that the multifractal spectrum width grows along with the roughness growth
of the analysed surface. Topography was presented in [22] in the multifractal formulation of the
SnO, surfaces obtained at 400, 450, and 500°C. Tests were carried out to determine in which
way the coating deposition temperature affects roughness of the analysed material surface.

The multifractal analysis of the complex Si/TiN/Pd coatings deposited onto the NiCuP alloy
substrate with the electroless coating during the different time periods (10, 40, and 80 sec) was
presented in [23]. The spectra obtained present the effect the coating deposition time on its width.
It was found out that the bigger spectrum Ao width and Af distance between the spectra
correspond with the longer coating deposition time. This confirms the observation of the
inhomogeneity of the vertical coating distribution, in case of extension of their deposition time.

Investigation results are presented in [27, 28] of the possibility of employing the artificial
neural networks and fractal analysis for description of the analysed surface roughness. Results of
the own research [1, 12-14, 29, 30] on the coatings properties and fractal methods of their
description induced authors to begin work on investigating the relationships between the CVD
coatings service properties and the multifractal parameters, using the artificial neural networks.

2. EXPERIMENTAL PROCEDURE

The investigations were carried out on the multi-point inserts made from the Si3Na,
AlL,O3+Zr0O2, Al,O3+SiC and Al,O3+TiC ceramics uncoated and coated in the CVD process
with TiC+TiN, Ti(C,N)+TiN, TiC+Ti(C,N)+ALO3+TiN, TiN+ Al,03;, ALO3;+TiN coatings
(Table 1).

The microhardness tests of coatings were made on the SHIMADZU DUH 202 ultra
microhardness tester. Test conditions were selected so that the required and comparable test
results would be obtained for all analyzed coatings. Measurements were made at 0.07 N load,
eliminating influence of the substrate on the measurement results.

Cutting ability of the investigated materialswas determined basing on the technological
continuous cutting test of the EN-GJL-250 grey cast iron. The following parameters were used in
the machining capability experiments: feed rate =0.20 mm/rev; depth of cut ap=2mm; cutting
speed V=400m/min.

Examinations of the topography of the substrate material surface and of the deposited coatings
were made on the scanning electron microscope and using the atomic force microscopy method
(AFM) on the Digital Instruments Nanoscope E instrument. Scanning ranges were 5 and 2 um
respectively. The detailed methodology of the fractal and multifractal analyses was presented in
[1-3].
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The artificial neural networks were employed for investigation of the relationships between
the parameters defining the multifractal spectrum (Ds, Omin, Omax, A0, f(Omin), f(0max) and Af(a))
and their service properties. Experiment results presented in Table 1 featured the base for
calculations; they were used for development of the data base necessary in the neural networks
training process. All calculations were carried out using the Statistica Neural Network software.
Therefore, the standard regression statistics calculated by the program were assumed to be the
base evaluation characteristics of the developed neural networks, including:

e average error for the output variable, defined as the module of the difference between the
values — assumed and obtained at the output,

e standard deviation of the output variable error,

e quotient of standard deviations for errors and data (this is the main quality coefficient for the
regression model developed by the network),

e correlation expressed with the R Pearson correlation coefficient value for the assumed value
and the one obtained at the output.

Table 1.

The detailed results of the fractal and multifractal analysis and of the roughness parameter R,

micro-hardness and cutting ability results

Material type Coating ra;rILIgle Ds “ljn Omax | Omin Ao | f(Opay) | fOtmin) | Af Xr]i HV 07
Si3N4 - 2000 | 2,007 | 0,13 | 2,004 | 1,963 | 0,041 | 1,944 | 0,957 |-0,987| 0,3 | 1850
Si3N4 TiC+TiN 2000 | 2,011 | 0,18 | 2,007 | 1,903 | 0,104 | 1,898 | 0,204 |-1,694| 0,3 1982
Si3N4 Ti(C,N)+TiN | 2000 | 2,032 | 0,26 | 2,017 | 1,861 | 0,156 | 1,817 | 0,124 |-1,693 | 0,3 2225

. TiC+Ti(C,N

Si3N4 +A1203(+Ti1\)1 2000 | 2,043 | 0,60 | 2,053 | 1,702 | 0,351 | 1,655 | 0,106 |-1,549| 0,3 2968
Si3N4 TiN+AI203 | 2000 | 2,011 | 0,36 | 2,022 | 1,777 | 0,245 | 1,814 | 0,333 |-1,481 | 0,16 | 3260
Si3N4 AI203+TiN | 2000 | 2,026 | 0,50 | 2,059 | 1,766 | 0,293 | 1,596 | 0,073 | -1,523 | 0,16 | 2630

AR03+Zr02 - 2000 | 2,015 | 0,03 | 2,010 | 1,831 | 0,178 | 1,902 | 0,057 |-1,845 - 1850

AR203+ZrO2 | TiN+AI203 | 2000 | 2,126 | 0,56 | 2,327 | 1,618 | 0,709 | 0,431 | 0,178 | -0,253 - 3410

AI203+SiC(w) - 2000 | 2,015 | 0,02 | 2,008 | 1,893 | 0,115 | 1,913 | 0,377 | -1,536 - 1870

AIR03+SiC(w) | TiN+AI203 | 2000 | 2,059 | 0,47 | 2,247 | 1,719 | 0,528 | 0,957 | 0,251 | -0,707 - 3670

AI203+TiC - 2000 | 2,020 | 0,03 | 2,012 | 1,808 | 0,204 | 1,870 | 0,180 |-1,690 - 1970

AI203+TiC TiN+AI203 | 2000 | 2,074 | 0,50 | 2,355 | 1,607 | 0,748 | 0,753 | 0,187 |-0,567 - 3470
Si3N4 - 5000 | 2,012 | 0,31 | 2,006 | 1,891 | 0,115 | 1,916 | 0,156 | -1,760 | 0,3 1850
Si3N4 TiC+TiN 5000 | 2,021 | 0,80 | 2,021 | 1,827 | 0,194 | 1,809 | 0,358 | -1,451| 0,3 1982
Si3N4 Ti(C,N)+TiN | 5000 | 2,046 | 0,95 | 2,031 | 1,802 | 0,229 | 1,711 | 0,158 |-1,553| 0,3 2225

. TiC+Ti(C,N
Si3N4 +A1203(+Ti1\)1 5000 | 2,057 | 1,24 | 2,051 | 1,661 | 0,390 | 1,633 | 0,377 | -1,256| 0,3 2968
Si3N4 TiN+AI203 | 5000 | 2,035 | 0,89 | 2,034 | 1,807 | 0,228 | 1,742 | 0,120 |-1,622 | 0,16 | 3260
Si3N4 AI203+TiN | 5000 | 2,110 | 0,98 | 2,059 | 1,758 | 0,301 | 1,573 | 0,012 | -1,561| 0,16 | 2630

A1203+7r02 - 5000 | 2,014 | 0,06 | 2,009 | 1,831 | 0,178 | 1,904 | 0,069 | -1,834 - 1850

Al203+ZrO2 | TiN+AI203 | 5000 | 2,046 | 0,51 | 2,133 | 1,716 | 0,417 | 1,246 | 0,346 |-0,900 - 3410

A203+SiC(w) - 5000 | 2,015 | 0,04 | 2,007 | 1,902 | 0,105 | 1,919 | 0,417 | -1,501 - 1870

AI203+SiC(w) | TiN+AI203 | 5000 | 2,108 | 0,52 | 2,157 | 1,684 | 0,473 | 1,112 | 0,003 | -1,109 - 3670

ARO3+TiIC § 5000 | 2,017 | 0,04 | 2,006 | 1,885 | 0,122 | 1,920 | 0,147 | -1,773 | - 1970

ARO3+TIiC | TiN+AI203 | 5000 | 2,063 | 0,44 | 2,150 | 1,640 | 0,509 | 1,268 | 0,244 |-1,025| - | 3470

The average error value (expressed in %) was assumed as the auxiliary quality assessment
criterion for calculating the multifractal parameters, according to the relationship:
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i|—1 - (1)

where:

E —relative error (in %) of determining the multifractal parameters,
N — number of data in the test set or in the full training set,

X,; — i-th calculated value.

X, — 1-th measured value.

The value of this error was calculated both for the test subset and for the entire training set (all
cases).
It was assumed that the following relationships will be determined:
e between the roughness determined based on results obtained on the AFM microscope
according to [2] and the multifractal parameters,
between the roughness and micro-hardness, and the multifractal parameters,
between the roughness, micro-hardness, and cutting ability, and the multifractal parameters,
between micro-hardness of PVD coatings and Ds, tmin, Omax, F(0min), F(0max) parameters,
between roughness of PVD coatings and Ds, Oumin, Omax> F(0min), F(0max) parameters.
The RBF (networks with the radial base functions) and MLP networks (multilayer
perceptrons) with one and two hidden layers were analysed as network types. The number of
input neurons was one in case when the multifractal parameters were calculated based on
roughness, two in case of calculations based on roughness and micro-hardness, and three neurons
in case when the multifractal parameters assessment was made based on roughness, micro-
hardness, and cutting ability of the analysed CVD coatings. One output neuron was assumed in
each case, corresponding to the analysed multifractal parameter value. The number of the hidden
layers and the number of neurons in the hidden layers was selected automatically by the program.
In each case several thousand to a dozen thousand of various networks were analysed, and in
case of analysis of the assumed network quality coefficients the best one was selected.

3. RESULTS

Fractal dimension of the substrate material and of the analyzed coatings deposited onto the
ceramics was determined using the projective covering method. The determined A(J) values are
presented in bilogarithmic plots (Fig. 2) and the auxiliary plots were made (Fig. 3) which show
changes of the fractal dimension value, determined basing on two consecutive points of the
bilogarithmic diagram make their correct selection easier. Based on the multifractal analysis
spectra of the generalised fractal dimensions were determined for all scanning ranges and their
corresponding multifractal spectra (Fig. 4) of the analysed coatings and substrate material.
Measurements carried out using the AFM atomic force microscope (Fig. 1) made it also possible
to determine parameter R characterising the analysed surface roughness according to [2]. The
detailed fractal and multifractal analysis summary results and the obtained R parameter and
mechanical properties results are presented in Table 1.

Test results presented in Table 1 were used for development of the neural networks models
describing relationships between the coatings properties and the fractal parameters. The
experimental data set was split into three subsets: training, validation, and the test one. Cases
from the training subset were used for modification of the network weights in the training set and
those from the validation subset for evaluation of the prediction errors in the training process.
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The test subset was used for the independent assessment of the network efficiency when its
development procedure was completed. Splitting the input data set into the particular subsets was
carried out at random. The following proportions of case numbers in the subsets were used:
training — 50%, validation — 25%, test — 25%.

Assessment of the efficiency of the artificial neural networks was carried out based on:
average absolute terror, quotient of standard deviations for errors and for data, which — for the
ideal prediction — assumes the value of 0, and the correlation coefficient. Types, structures of the
particular networks, and assessment coefficients of the neural network efficiency are listed in
Tables 2-5.
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Table 2: Type, structure of particular neural networks and quality coefficients for calculating the

multifractal parameters on the basis of roughness

Multifractal Type of NN Star'lda.lrd Quotient of Pearsqn Relative
the neural Data set Error deviation | standard | correlation
parameter Structure . . error E, %

network of the error| deviations | coefficient

Testing 0.070 0.103 0.768 0.64 16.9

Otmax MLP ) 1-20-20-1 10 e 0.067 0.097 0.751 0.73 19.9

Testing 0.076 0.024 0.320 0.95 213

Ofmin MLP 1-4-6-1 Average 0.048 0.037 0.350 0.93 14.0

Testing 0.148 0.062 0.532 0.88 20.9

Aa MLP 1-6-1 Average 0.129 0.130 0.641 0.81 18.6

Testing 0.128 0.184 0.445 0.90 8.0

foma) | MLP ) 1-10-1 B0 ee | 0010 | 0160 | 0428 0.90 11.8

Testing 0.268 0.338 0.749 0.76 13.4

{(0tin) MLP 1371 rage 0.174 0.231 0.575 0.81 347

Testing 0.268 0.331 0.732 0.69 12.9

Af MLP 1351 rcraee | 054 | 0206 | 0497 0.82 25

Table 3: Type, structure of particular neural networks and quality coefficients for calculating the

multifractal parameters on the basis of roughness and micro-hardness

. Type of Standard |Quotient of| Pearson .
Multifractal the neural NN Data set Error deviation | standard | correlation Relatlv;c
parameter Structure - : error E, %
network of the error | deviations | coefficient

-~ MLP 9671 Testing 0.063 0.095 0.704 0.72 18.4
Average 0.054 0.083 0.628 0.81 13.4
- MLP 2111 Testing 0.025 0.027 0.358 0.95 6.9
Average 0.036 0.047 0.454 0.90 10.7
Ad MLP 9-1.0-1 Testing 0.035 0.036 0.314 0.98 4.9
Average 0.079 0.116 0.541 0.83 11.3
Testi 0.086 0.129 0.528 0.93 5.7

fom) | MLP | 2-3-6-1 |——28
Average 0.205 0.278 0.584 0.82 11.9
Testi 0.127 0.178 1.678 0.42 133

f((x'xnin) MLP 2-6-1 =
Average 0.075 0.103 0.816 0.74 7.2
Af MLP 9-10-7-1 Testing 0.141 0.190 0.584 0.86 9.3
Average 0.222 0.284 0.594 0.81 13.0

Table 4: Type, structure of particular neural networks and quality coefficients for calculating the
multifractal parameters on the basis of roughness, micro-hardness and cutting ability

. Type of Standard |Quotient of| Pearson .
Multifractal the neural NN Data set Error deviation | standard | correlation Relat“’?
parameter Structure -~ . error E, %
network of the error | deviations | coefficient

Testi . . 282 . 10.
- RBF 39.1 esting 0.006 0.008 0.28 0.96 0.8
Average 0.009 0.011 0.508 0.82 16.9
. MLP | 3-37-31-1 Testing 0.062 0.072 0.693 0.78 20.5
Average 0.029 0.031 0.313 0.92 8.9
Aat RBF 34-1 Testing 0.065 0.073 0.557 0.83 18.6
Average 0.031 0.038 0.302 0.94 7.4
Testi 0.038 0.061 0.351 0.95 11.0

flome) | MLP | 3-181 |—8

Average 0.016 0.025 0.156 0.98 4.0

Testi 34 4 1. . 11.
Het) MLP 3181 esting 0.340 0.488 056 0.97 3
Average 0.133 0.181 0.492 0.97 36.5
Af MLP 1.1 Testing 0.190 0.027 0.337 0.99 34.8
Average 0.195 0.187 0.701 0.78 21.8
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Table 5: Type, structure of particular neural networks and quality coefficients for calculating the

properties of the CVD coatings on the basis of multifractal parameters

Type of NN Standard |Quotient of| Pearson Relative
Property | the neural Data set Error deviation | standard | correlation N
Structure _— . error E, %
network of the error | deviations | coefficient
Micro- RBF 39.1 Testing 201 238 0.372 0.95 14.2
hardness Average 128 144 0.232 0.98 8.6
Testi .14 1 381 .94 10.
Roughness| MLP 3-37-31-1 cene 0 0.137 0.38 09 0.7
Average 0.119 0.128 0.321 0.93 14.3

The optimum types and structures of the neural networks, the error function type, the
activation function type, the normalization method for the input values, the training method and
parameters, were assumed analyzing the effect of these quantities on the quality assessment
coefficients of the developed models.

Analysis of the effect of the coatings properties (micro-hardness and roughness) on values of
parameters describing the multifractal spectrum, presented in figures 5-8 was carried out as an
application example for the developed neural networks.

The most interesting results are when the properties of the coating are being calculated (micro-
hardness and roughness) on the basis of multifractal parameters. Then, the quality of the worked
out neural networks are satisfactory (table 5) and enable the analysis of the influence of selected
parameters on the properties of the coatings, what has been presented in figures 9-12.

Il 0,63278
Il 0,525

Fig.6. Effect of the roughness and micro-
hardness on the Ao multifractal parameter

Fig.5. Effect of the roughness and micro-
hardness on the am.x multifractal parameter
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Fig.7. Effect of the roughness, micro-

hardness and cutting ability (constant value

0,16) on the amin multifractal parameter
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Fig.8. Effect of the roughness, micro-hardness
and cutting ability (constant value 0,16) on the

Ao multifractal parameter
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Fig. 9. Effect of oimax and ouyin multifractal
parameters on the micro-hardness (for

Ds=2.007; f(Olimax)=1.944; f(0linin)=0.957)

Fig. 10. Effect of f(0tmax) 1 f(0lmin) multifractal

parameters on the micro-hardness (for
Ds=2.007; f(0inax)=1.944; f(0min)=0.957)
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Fig. 11. Effect of dimax and ouyin multifractal
parameters on the rougnhess (for Ds=2.007;
f((xmax)zl 944, f(amm)=0957)

Fig. 12. Effect of f(otmax) 1 f(0tmin) multifractal
parameters on the rougnhess (for Ds=2.007;

f(amax)= 1 944, f(amln)=O957)
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FINAL REMARKS

In the paper there have been presented the possibilities of deployment of neural artificial
networks in the analysis of interrelations between the selected service properties like roughness,
microhardness and cutting abilities and the parameters describing the multifractal spectrum of
CVD coatings. For this purpose, on the basis of the experimental results, suitable models of neural
networks have been developed, and their quality coefficients have been presented in tables 2-5. The
results indicate that in most cases the quality of the network is satisfactory as the average relative
error of estimating the multifractal parameters does not exceed 15%, and a quotient of standard
deviation and Pearson correlation coefficient, as the basic indicators of neural network evaluation,
obtain the values which confirm it. Moreover, the surface diagrams have been presented which
show the influence of the analyzed service properties on the value of the selected mutifractal
parameters. The presented in the paper examination results indicate that neural networks are useful
tools for modeling the interrelations between the multifractal parameters and the service properties
of CVD coatings.
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IMPROVEMENT OF THE MATHEMATICAL MODEL OF STEEL
CARBURIZING USING NEURAL NETWORK AND GENETIC
ALGORITHM
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Izvorni znanstveni rad / Original scientific paper

Abstract: In the paper, using of neural network and genetic algorithm for calculating the laws of
the complex processes (among which are diffusion processes at steel carburizing) is presented.
For determining of technological parameters of carburizing which are necessary for obtaining the
required flow of carbon curve in the carburized layer, simulation of mathematical model for
Carbomaag carburizing process is presented. For training of the neural network, the results of
the empirical carburizing model that was proven in practice were used and compared to the
results of computer simulation of the mathematical model. Comparing the experimental data and
simulation data, it was proven that neural network shows good generalization properties for
estimating of time and carbon potential required for carburizing. Based on results of the neural
network (NN), using genetic algorithm (GA), the experimental equation, which is a part of the
mathematical model, showing influence of alloying elements to the flow of carburizing curve
was improved. Introducing of the improved equation into the existing mathematical model
enables achieving of the empirically required 0.6-0.8%C in the surface layer, at the required
effective carburizing depth (Eqp) about 0.35%C, which enables achieving of 550 HV1 hardness
after quenching.

Key words: carburizing, neural networks, genetic algorithm
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1. INTRODUCTION

Essential requirements for carburizing process are the following:

- surface hardness: 60-64 HRC

- effective depth of carburized layer: 0,1-3 mm

Besides the essential requirements, requirements on microstructure (eg. grain size) or mechanical
properties (eg. core toughness) are often set. In order to fulfil the essential demands, specific
course of carbon concentraction in the surface layer must be reached during carburizing. Carbon
concentration in the surface layer is to be from 0.6-0.8 %C, in the required effective depth of
carburized layer (Egp), about 0.35 %C, which enables obtaining of hardness 550 HV1 after
quenching. The following factors influence course of carbon curves in the carburized layer: type
of gas atmosphere, carbon potential of gas atmosphere, carburizing temperature, carbon
concentration in steel, concentration of alloying elements and carburizing time. For determining
of technological carburizing parameters, primarily of C-potential and necessary carburizing time
- t which enables obtaining of required course of curves in the carburized layer, various models
are used, which are classified in two main groups: empirical models (EM) and mathematical
models (MM). Empirical models are not universal, as they are limited to narrow field of
application, which is their main deficiency. Contrary to them, mathematical models provide
solutions that are more universal in nature, as they are based on essential physical-chemical laws
of carburizing process. However, the described mathematical model does not provide desired
carbon content of 0.6-0.8%C in the surface layer for all steels, which was the reason for starting
the research. It happens because mathematical model employs experimental function describing
influence of alloy elements; the coeffiecients that are comprised by this function do not include
all interactions occuring in carburizing process. In order to comprise these interactions, a neural
network was modelled. This network, based on empirical data, estimates main carburizing
parameter - duration t. Introducing of, in that way obtained, carburizing time t into the algorithm
of mathematical model enabled using of genetic algorithm for optimizing of the function
describing influence of alloying elements.

2. MATHEMATICAL MODEL OF CARBURIZING - (MM) [2]

Carburizing process is run at constant temperatures; instead of chemical potential,
thermodinamical activity of carbon, a; is introduced. Thermodinamical activity of carbon is
introduced because austenite is not an ideal solid solution i.e. carbon activity is not linearly
proportional to carbon concentration. Figure la shows quantitative relationship of carbon
concentration and activity at constant temperature for binar composition of Fe-C alloys (non-
alloyed steels). Standard state (a.=1,00) is graphite, which is related to S'-E' line in the state
diagram for equilibrium state.
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Figure 1. a) Relationship between activity and concentration of carbon in austenite
b) Schematic presentation of the mathematical model of carburizing

Most of cementation steels contain alloying elements which in different ways influence
thermodinamical activity of carbon in austenite. For example, Si and Ni increase, but Mn and Cr
decrease carbon activity in austenite. Influence of alloying elements can be calculated using
known interaction coefficients. Thus, relationship between carbon concentrations in binar Fe-C
system and carbon concentration in alloy steel, at constant value of thermodynamical activity of
carbon, is calculated. Taking into account the mentioned concept, mathematical model is based
on laws of carbon activity distribution (Figure 1b). The second Fick law describes distribution of
carbon activity in steel:

ot ox?
Coefficient of carbon diffusion D2 is valid for gradient activities of carbon. It is calculated using

the following boundary conditions:
a) the first boundary condition relates to change of carbon activity on the phase boundary

K(ag —a&")x=0 )
b) the second boundary condition relates to the process which is run in the semi-infinite body:
af =al zax=w A3)

If the process is in accordance with laws of carbon activity distribution, coefficients K and Dg

do not depend on carbon activity. It means that their values do not change in course of the
process. It significantly simplifies solution of the model. The explicit solution provides
distribution of carbon activity depending on all parameters:

K-x+K2-t‘

X X t
aX =al + (a2 —a2)- (erfe— e —exp erfe(— X —+K | ) (@)
2 /Dg-t Dg 21/Dg-t Dg
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In the next step, the solution is expressed as course of carbon concentration in the carburized
layer, as these values are required and controlled after carburizing. Already known relationships
between carbon activity and concentration are used, i.e. molal share of carbon (Nc):

%C

2295 12,01
| =——-0,863+0,15%C + log N N. = ! 5
OgaC T + 0 +Og C C %C +100_%C ()

12,01 55,85
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Figure 2. Computer simulation of the mathematical model of carburizing
For alloy steels, Gunnarson equation that describes influence of alloying elements is used:
Fe-C

log )a, =0,055%Si — 0,013%Mn — 0,04%Cr +0,014%Ni — 0,013%Mo (6)

( CLeg
This way, for certain carburizing conditions, theoretical course of carburizing curves for any steel
can be calculated. Based on the presented mathematical model, computer simulation programme
was done, see Figure 2.

3. EMPIRICAL MODEL OF CARBURIZING - (EM)

Based on previous experiments, relationships between carburizing time and effective depth are
established, meeting the requirement on carbon content in surface layers of the steel.
Relationships are exponential and valid for certain process parameters: gas atmosphere, C-
potential of gas atmosphere, carburizing temperature, steel composition. That way, each
empirical model is limited to narrow field of application. It means that, for each steel type
(carbon and numerous alloy cementation steels), it is indispensable to determine relationships in
carburizing in different gas atmospheres with constant “C-potentials” and carburizing
temperatures.

In accordance with [1] depth of carburized layer for  “Carbomaag” process is approximately
equal to square root of carburizing time (Figure 3):
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Table 1. Proportional factor, K [1]

DIN 17006 Edp, mm T,°C Cp, % K, mm/vh
c10 0,1-0/4 880 1,2 0,375
C15 05-0,7 900 1,15 0,425

14NiCr14 0,8-1,0 820 1,15 0,475

1,1-3,0 940 1,15-1,0 0,525
15CrNi6 0,5-0,7 900 1,0-0,8 0,450
18CrNi8 0,8-1,0 920 1,0-0,8 0,500
0,1-0,7 880 1,0 0,400
16MnCr5 0,4-0,7 900 1,0 0,425
20MnCr5 0,8-1,0 920 1,05-0,90 0,475
1,1-3,0 940 1,05-0,80 0,525
4. EXPERIMENTAL WORK

Modelling of neural network is based on practical EM-model which is described in point 2.
Equation (7) was used for calculating of proportional factor-K for different combinations of
temperature-T, carburizing depth-Eq, and C-potentials- Cpo. The values in Table 2 make the
initial data set for training of neural network.
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Table 2.Data set for training of neural network

Code Chemical composition CARBOMAAG
DIN 17006 (average values) Carburizing parameters
1 2 3 4 5 6 7 8 9 10 11
. . T Edp Cef Cp K
C Si Mn Cr Ni °C mm mm % mm/\h

880 0,10 0,35 1,20 0,375
0,20 0,35 1,20 0,375

C10 900 0,50 0,35 1,15 0,425

0,55 0,35 1,15 0,425
0,1 0,25 | 0,45 | 0,00 | 0,00 920 0.80 0.35 115 0.475

0,85 0,35 1,15 0,475
940 1,10 0,35 1,00 0,525
1,50 0,35 1,00 0,525
880 0,25 0,35 1,20 0,375
0,30 0,35 1,20 0,375
o g
C15 0,15 0,25 0,45 0,00 0,00 920 0.90 0,35 115 0,475
0,95 0,35 1,15 0,475
940 2,00 0,35 1,00 0,525
2,50 0,35 1,00 0,525
880 0,35 0,35 1,20 0,375
0,40 0,35 1,20 0,375
o |08 Lo e Tas
14NiCr14 0,14 0,40 0,55 1,50 3,25 920 0.95 0,35 1,15 0,475
1,00 0,35 1,15 0,475
940 2,50 0,35 1,00 0,525
3,00 0,35 1,00 0,525
900 0,50 0,35 0,80 0,450
0,60 0,35 0,80 0,500
920 0,80 0,35 0,90 0,450

0,85 0,35 0,95 0,500
wo |0
18NiCr8 0,18 0,28 | 0,50 1,95 1,95 920 0.90 0.35 1.00 0,450
1,00 0,35 1,00 0,500
880 0,10 0,35 1,00 0,400
0,20 0,35 1,00 0,400
90 |50 | o035 | 100 | 0425
16MnCr5 0,17 0,28 1,15 0,95 0,00 920 0.80 0.35 0,90 0,475
0,85 0,35 0,90 0,475
940 1,50 0,35 1,05 0,525
2,00 0,35 1,05 0,525
880 0,25 0,35 1,00 0,400
0,40 0,35 1,00 0,400
wo G
20MnCr5 0,20 0,28 1,25 1,15 0,00 920 0.90 0,35 0,90 0,475
1,00 0,35 0,90 0,475
940 2,00 0,35 1,05 0,525
3,00 0,35 1,05 0,525

15NiCr6 0,15 | 0,28 | 0,50 | 1,55 | 1,55

For training, feedforward network was used with Levenberg-Marquardt [3] training algorithm.
Input network parameters are: chemical composition, carburizing temperature and effective
carburizing depth. Network output data: carburizing time and C-potential.
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5. COMPARISON OF RESULTS OF NEURAL NETWORK AND MODEL

Two comparisons of results of neural network and model were done. The first comparison is
given in Table 3, which refers to comparison for steels which were in the set for training of the
network, but with different carburizing parameters. Carburizing time - t, min for EM-model was
calculated using equation (1), while carburizing time for MM-model was obtained from computer
simulation (Fig. 3). Correlation coefficients R for the different models are presented on Figure 4.

Table 3. Comparison of EM, MM and NN model - the steels are from the training set, but with different
carburizing parameters

Code Chemical composition CARBOMAAG Comparison Cp.% and t. min
DIN 17006 (average values) Carburizing parameters P p.7 ’
1 2 3 4 5 6 7 8 9 10 11 12
EM MM NN
. . T Edp Cef
C Si Mn Cr Ni oC mm mm Cp t Cp t Cp t
% min % min % min
900 0,6 0,35 | 1,15 119 | 1,06 160 | 1,15 120
c10 0.1 0.25 | 045 0,00 | 0,00 920 0,9 0,35 | 1,15 215 | 1,06 340 | 1,15 215
880 0,2 0,35 | 1,20 17 | 1,00 28 | 1,20 17
c15 0.15 ) 025 045 0.00 | 0,00 900 0,7 0,35 | 1,15 163 | 1,06 185 | 1,15 163
. 900 0,7 0,35 | 1,15 163 | 1,06 190 | 1,15 163
14NiCr14 0,14 | 0,40 | 0,55 1,50 | 3,25 . . . - .
1~ ' ' ’ ' ’ 920 0,9 0,35 | 1,15 215 | 1,12 220 | 1,15 215
15NiCr6 0,15 | 0,28 | 0,50 1,55 | 1,55 920 0,9 0,35 | 0,90 194 | 1,12 215 | 0,90 194
18NiCr8 0,18 | 0,28 | 0,50 1,95 | 1,95 900 0,6 0,35 | 0,90 107 | 1,06 125 | 0,80 107
920 1,0 0,35 | 0,90 266 | 1,12 245 | 0,90 266
16MnCr5 0,17 | 0,28 | 1,15 0,95 | 0,00 : : : : :
et 940 17| 035 1,05 | 629 1,17 | 480 | 1,05 | 629
880 0,3 0,35 | 1,00 34 | 1,00 46 | 0,99 34
20M , , , ; ,
OMnCrs 0.20 | 0.28 ) 1.25 115 | 0,00 900 0,6 0,35 | 1,00 119 | 1,06 116 | 0,99 120
700 T T T 700
MM = (17 EM + (-0.239) MM = (0.734) Mb + (55.7)
GO0 | R=1 e 500 | R =0.933 E
s00 e 500 | ’ g
L)
= 400 g ~ 400t i
E £
E 300 F B % 300 - 4
200 . | i
200 < Data Points
< Data Points —— Best Linear Fit, NRM=f{hk1)
100 F —— Best Linear Fit, NMN=EM) _ 100k - - = DN = M |
--- MM=EM
u] L ; L L ; L OO L L \ \ \ .
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Figure 4. Correlation coefficients R time t between NN-EM i NN-MM
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The second comparison is presented in Table 4. It is comparison of NN-MM models for the steels
which were not in the set for training of neural network. The correlation coefficient is presented
in Figure 5.

Table 4. Comparison of MM and NN models - steels are not from the training set

Code Chemical composition CARBOMAAG Comparison Co.% i t. min
DIN 17006 (average values) Carburizing parameters P p.7o 1 1,
1 2 3 4 5 6 7 8 9 11 12
MM NN
c Si Mh | cr Ni oTc Bdp | Cef —5 t Cp t
mm mm : ]
% min % min
900 0,5 0,35 | 1,06 100 | 1,30 81
15Cr 3 0.15 0,28 0.55 0.00 0.00 920 0,9 0,35 | 1,12 215 | 1,30 205
. 900 0,5 0,35 | 1,06 95 | 0,80 74
17CrNiMo6 0,17 0,28 0,5 1,65 1,55 920 0.9 035 | 1.12 200 | 1.12 193
900 0,5 0,35 | 1,06 100 | 1,15 83
Cm 15 0,15 0,25 0,45 0,00 0,00 . . . -
m ' ' ’ ' ' 920 0,9 0,35 | 1,12 215 | 1,15 215
900 0,5 0,35 | 1,06 95 | 1,00 82
16MnCrS5 1 27 1,1 . . . .
-t 0.165 | 02751 1151 0951 0.00 g7, 09| 035 1,12 | 200 | 090 | 214
900 0,5 0,35 | 1,06 85 | 0,99 83
20MnCrS5 0,195 0,275 | 1,25 1,15 | 0,00 : : : :
-t 920 09| 035 1,12 | 180 | 089 | 214

220 ; T
200 | el B
MM = (0.828) MM + (28.9)
a0k R =0.976 P o |
160 | B
=
E— 140 | B
=
=
120 | B
100 | B B
D e < Data Paoints
an L = —— Best Linear Fit, MM=f{kin) | |
. --- KN = MM
B0 : - :
a0 100 150 200 250
M, rrin

Figure 5. Correlation coefficient R time t between NN-MM

6. IMPROVING OF THE FUNCTION DESCRIBING INFLUENCE OF ALLOYING
ELEMENTS, USING GENETIC ALGORITHM

As already hereinbefore mentioned, mathematical model of carburizing which contains non-
optimized equation (6) provides too high surface carbon concentration Fig. 6 a shows non-
optimized flows of carbon concentration from 22 carburizing processes (12 different steels
having different carburizing temperatures and different effective dephts). As per the figures,
surface carbon concentration ranges between 0.9% up to as high as 1.2%.

122



Carbon content, %C

ol . L L L L L L .
0 01 0.2 0.3 04 05 06 07 08 05 1 1] 01 0.2 0.3 0.4 0.5 06 0.7 08 08 1
Depth, mm Depth, mm

Fig. 6. Carbon concentration flow: a) non-optimized MM b) optimized MM

Using genetic algorithm (GA), new coefficients of the equation (6) were determined. The new,
improved funtion is as follows:

Fe-C
Iog(CT)a = 0.496204 * Si + 0.203565 * Mn + 0.175644 * Cr - 0.07832 * Ni (8)
cles

c

Fig. 6 b shows optimized carbon concentration flows. As shown, surface carbon content roughly
ranges from 0.6% up to 0.8%.

Parameters used in Genetic Algorithm:

- Variable representation: real values

- Selection algorithm: stochastic universal sampling

- Genetic operation: mutation

- Number of subpopulation: 5

- Number of individuals per subpopulation: 22

- Migration: - migration rate: 0.25 (every 20 generation the 25% of subpopulation migrate)
- migration structure: complete net structure

- Number of generations: 2000
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7. CONCLUSION

Based on the comparison tables and correlation coefficients, the modelled neural network
approximates both, given and new data set. This justifies the hypothesis stating that the network,
besides the known interactions of carburizing parameters of the described carburizing models,
can also describe the interactions which cannot be foreseen by classical mathematical algorithms.
It particularly refers to small depths and high carburizing temperatures.

It is considered that, with increasing number of experimental data and their introduction in the
already existing input training set, neural network will provide better and better results of
carburizing parameters. The “deficiency” of this experiment is that the network was modelled for
constant C-potential and a rather “small” input set of data.

After neural network had provided “more realistic” carburizing times containing not-known
process interactions, they were used by genetic algorithm (GA) for optimizing of the function
describing influence of alloying elements to carburizing process. Fig. 6 b shows that GA-
optimization of the mathematical model provides practical condition stating that the steel surface
after carburizing can contain from 0.6% up to 0.8%C, at the required effective depth (Eq4p) about
0.35% C, which enables obtaining of about 550 HV1 at quenching.
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Prethodno priopcenje / Preliminary note

Abstract: The paper is devoted to evaluation of adhesive cohesive failures from surface
and from cross section too. Evaluation of critical force of adhesion during scratch test is
not very precise. Some failures from surface show adhesion character, but from cross
section show only cohesive character. Main attention in this paper is on correlation of
evaluation of adhesive and cohesive failures evaluated by different methods from
surface and from cross section. X — ray fluorescent analysis is used for evaluation of
thickness of thin films. The spot of x-ray is very small and this is possible to use for
evaluation of changing thickness of thin films in scratches from scratch indentation
measurement. Correlation between analysis of morphology of scratches from surface,
change of thickness in scratches and analysis of specific failures in cross section gives
more accurate evaluation of adhesive and cohesive failures.
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Introduction

The first evaluation after each deposition process is evaluation of adhesion of thin films
to the substrate. The most used method for evaluation of adhesion is indentation method
evaluation. Indentation methods for evaluation adhesion are static indentation and
scratch indentation. The evaluation of adhesion is based on analysis of morphology
around and in indents after indentation process and determination when failures go to
the substrate — critical force for adhesion [1]. Other possibility is evaluation of signal of
acoustic emission and signal of coefficient of friction [2]. The analysis of morphology
has problem to find the first exposure of substrate. The analysis of signal of acoustic
emission has problem for brittle substrate. The evaluation of coefficient of friction is
complicated, because the change of geometry of indentors influences results.

Scratch indentation test

Scratch indentation test give possibility for evaluation of adhesion of thin film to the
substrate. The evaluation is based on study of morphology after scratch test, dependence
of acoustic emission signal and coeficient of friction signal on value of normal force
acted on surface. We give main attention to morphology this time. The failures around
and in scratches have adhesive or/and cohesive character. It is difficult to separate
which are adhesive and which are cohesive. Both characters are very important for
practical application of systems thin film — substrate. The importance of failures we can
analyse by cyclic indentation tests evaluating expansion of failures during repeated
mechanical stress by indentation process. Mechanical stress during scratch indentation
is given by friction and deformation too. Deformation of surface of substrate under thin
films can influence initiation and expansion of adhesive cohesive failures. Fig. 1 and 2
show some examples of failures after scratch indentation test.

Fig. 1: Examples of failures in scratches — smaller adhesive failure and bigger adhesive
cohesive failure
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Fig. 2: Other example of failure in scratch — bigger adhesive cohesive failure and here is
deformation around scratch

Static indentation test

Static indentation test give possibility for evaluation adhesion and/or cohesion by study
of morphology of surface after indentation and evaluating failures around and in the
indents. Evaluation is difficult sometimes because of specific systems thin film -
substrate. It is not clear which failures are adhesive and which are cohesive. Static
indentation gives possibility for evaluation of hardening surface by thin films and
resistance of surface against deformation. Here is not possible to evaluate deformation
of thin film separately from surface of substrate under thin films. Some examples of
failures after static indentation are in fig. 3 - 4.

Fig. 3: Some examples of deformation of surface after static indentation — the first is
indentation with large deformation on surface polished and etched, the second is surface
of HSS after indentation polished and etched.

Fig. 4. Some examples of deformation and failures around and in indents on surface of
systems thin film - substrate with different substrate.
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Evaluation of deformation and reduction of thin film

Static and scratch indentation implicate deformation of surface, but we do not know
separate deformation of substrate surface and thin films. Deformation of substrate we
know from analysis of substrate surface before deposition process, but analysis of
deformation of thin films is not possible by study of morphology by light microscopy.
We tried to use for evaluation of indents and scratches after indentation x-ray
fluorescent method with very small collimators. We can analyse by x-ray fluerescent
method after calibration chemical composition specific thin films and thickness in small
area. This is possible with advantages to use for evaluation of indents and scratches.
Some results are in fig. 5 — 8. Fig. 5 - 8 show that thin films is reduced by scratch
indentation during increasing value of normal force. Reduction is due to friction and/or
deformation of thin films too. Here is not possible to analyse main process for
reduction. Fig. 9 shows measurement after static indentation and repeated static
indentation in the same place. Results give that thin films is not deformated.
Deformation is given only by deformation of substrate under thin films. Thin films are
deformed slowly after 30 cycles of measurement.

14220-D2p
14220-D2k .

MO = R W B oo o

Fig. 5: Results from measurement by x-ray fluorescent method in scratch on system thin
film — substrate CSN 14 220 — used indentor with tip radius 0.2 mm.

14220-D8p

14220-D5%

Fig. 6: Results from measurement by x-ray fluorescent method in scratch on system thin
film — substrate CSN 14 220 — used indentor with tip radius 0.5 mm.
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Fig. 7: Results from measurement by x-ray fluorescent method in scratch on system thin
film — substrate HSS — used indentor with tip radius 0.2 mm.
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Fig. 8: Results from measurement by x-ray fluorescent method in scratch on system thin
film — substrate HSS — used indentor with tip radius 0.5 mm.

147200 - TiN
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Fig. 9: Results from measurement by x-ray fluorescent method in cyclic indent on
system thin film — substrate CSN 14 220 — used indentor with tip radius 0.5 mm.

Evaluation of scratches and indents from cross sections

Evaluation of adhesive cohesive failures from surface morphology has problem with
resolution between adhesive failures and only cohesive failures. Some failures seem as
bigger one and finally we find out that this failure is not so important [3]. Answer if
failure is adhesive or cohesive we can get from realisation of fine cross section in
selected place of scratches or indents. Fig. 10 — 15 show some examples of failures from
surface and from cross section too. Cross section can answer question about
deformation process too. Information about initiation of failures, if it is given by
deformation, lower adhesion or brittle fracture of surface under thin films, we can get
from cross sections too. At the first fig. 15 shows failure which is large from surface,
but from cross section this failure is not important. In the second the failure in fig. 11 is
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given by big deformation process of surface under thin film. Fig. 15 shows what
deformation of thin film is non measurable. The main deformation is given by
deformation substrate under thin film.

.
20 pum

e

Fig. 10: Example of cross section in scratch — cohesive failure of substrate initiate
adhesive failuring of thin film — mesured on system CrN - HSS

4 20 pm

Fig. 11: Example of cross section in scratch — big deformation process of substrate
initiate adhesive failuring of thin film — mesured on system CrN - HSS

S pm _I '

181 pm
0 pm
0 pm
0 pm

=
20 pm

Fig. 12: Example of cross section in scratch — big deformation process and cohesive
failure of substrate initiate adhesive failuring of thin film — mesured on system CrN -
HSS
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Fig. 13: Example of cross section in scratch — strong cohesive failure of substrate
initiate all destruction of system CrN - HSS

Fig 14: CrN - VT6 - failure adhesive of thin film around scratch, thin film in scratch
not failured and not deformed

—— -
20 pm

Fig. 15: Failure from surface is relatively large but from cross section not failure
measured and deformation of thin film too - on system TiN - HSS

131



20 pm

Fig. 16: Scratch indentation reduce thickness — from surface it seems as large failure of
system TiN - HSS

Conclusions

Resolution between failures of adhesive and cohesive character is very difficult in some
specific systems thin film — substrate. Failures can be caused by bad adhesion, bad
cohesion. Initiation can be caused by big deformation of substrate or by brittle fracture
of surface of substrate under thin films. Some failures which seem from surface more
important from cross section seem not so much important. Initiation of failures we can
determine more easily from cross sections then from surface morfology after
indentation. Similar is for evaluation of deformation process of surface of substrate and
thin films. Deformation of thin films we can not evaluate from surface morphology.
Some information we can get from analysis by x-ray fluorescent method in indents and
scratches. Information about deformation of thin films we can get from fine cross
sections in indents and scratches.

The paper is presented in the range of solution project n. FT-TA/Q75.
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Sazetak:

Zbog potrebe za boljim poznavanjem topografije povrsine, narocito s funkcionalnog aspekta, za
ispitivanje hrapavosti povrsina sve vise se koriste 3D metode u podrucju mjeriteljstva povrsine.
Informacije dobivene 3D mjerenjima su daleko opseznije nego one dobivene na 2D profilima. U
radu su date osnovne karakteristike 2D 1 3D sustava ispitivanja hrapavosti povrSina te metode 1
uredaji s opisom svih medusobnih prednosti i mana. Ocekuje se intenzivan razvoj postojecih
metoda i uredaja za 3D ispitivanja topografije povrSine, posebno na podru¢ju normizacije
prikupljanja podataka, analizi i interpretaciji iz kojih se mogu dobiti dosljedni zaklju¢ci u smislu
povrsinske geometrije i njenog funkcionalnog znacaja.

Klju¢ne rijeci: hrapavost povrSine, 3D mjerenje

Abstract:

Information obtained by use of 3D surface metrology devices are more detailed and useful than
those obtained on 2D profiles. Intensive improvement of existing methods and equipment for 3D
topography testing is expected in near future, especially in the field of data aquisiton and data
analysis. Interpretation of data is also very important in order to achieve consistency in surface
characterization. Also, in this paper basic characteristics of 2D and 3D methods for surface
characterizations are given, as well as description of up-to-date equipment and their properties.

Key words: surface roughness, 3D metrology



1. UVOD

Dobro je poznato da hrapavost povr§ine nema samo znatan utjecaj na mehanicke i fizicke karakteristike
dijelova koji se dodiruju, nego i na opticka svojstva i svojstva prevlaka nekih komponenti koje nisu u
dodiru. Karakteristike hrapavosti §to se tice amplitude, prostornih znacajki i1 svojstava povrSine
dominiraju u funkcionalnim primjenama u podru¢jima trenja, troSenja, podmazivanja, umora, brtvljenja,
spajanja, reflektiranja, bojanja, optic¢kih svojstava itd. Ispitivanju i analizi hrapavosti povrSine zbog toga
posvecuje se sve veca paznja.

Ispitivanje hrapavosti povrsine danas razvija se u dva smjera: 2D sustav ispitivanja hrapavosti povrsina i
3D sustav ispitivanja hrapavosti povrSina.

2D sustav ispitivanja stanja hrapavosti povrSine temelji se na mjerenju dvodimenzionalnog profila na
kojem se izraCunavaju jednodimenzionalni parametri hrapavosti. Ocjena stanja hrapavosti u 2D sustavu je
siroko prihvacena i predstavlja ekonomican postupak koji je prihvatljiv u vecini slucajeva s aspekta
proizvodnje, gdje su izmjerene karakteristike date jednim ili ograniCenim brojem parametara koji
zadovoljavaju potrebe odrzavanja kvalitete povrSine u zahtijevanim granicama. Znacajnu ulogu u nacinu
na koji je definirana hrapavost tehnic¢kih povrSina od nacionalnih normi odigrao je razvoj metode dodirom
i elektrotehni¢ko-mehani¢kim uredajem s ticalom.

U podrucju istrazivanja i razvoja pokazalo se da je procjena stanja hrapavosti 2D sustavom nedostatna.
Postavljaju¢i sve vece zahtjeve za poznavanjem ponasSanja povrSina u funkciji posebno u podrucju
triboloskih istrazivanja gdje se mora uzeti u obzir medusobno djelovanje povrsina dovelo je do razvoja
3D metoda ispitivanja hrapavosti povrSina. Nacelno, jedino 3-D kvantitativno mjerenje moze dati
kompletan opis hrapavosti povrSine. Informacije koje su dobivene s 3-D mjerenjem su daleko opseZnije
nego 2D mjerenjem. Kroz zadnje desetljece vrlo intenzivno se razvijaju metode i uredaji za 3D ispitivanja
topografije povrsine.

2. OSNOVE ISPITIVANJA HRAPAVOSTI POVRSINA U 2D I 3D SUSTAVU

Stvarna povrSina koja je nastala razli¢itim postupcima obrade je trodimenzionalna tvorevina koja
ogranicava tijelo i odvaja ga od okoline. Na povrSini se sre¢e Citav niz devijacija prema njenom
teoretskom modelu tj. geometrijskoj povrSini koje se mogu svrstati u Cetiri osnovne grupe: povrsinske
greske, odstupanje oblika, valovitost, hrapavost.

Hrapavost povrsine rezultat je nepravilnosti na povrsini koje su svojstvene postupku obrade, ali koje ne
ukljucuju valovitost, odstupanje od oblika i povrSinske greske. Pod hrapavos¢éu se podrazumijeva
sveukupnost nepravilnosti povrsine s relativno malim koracima, koji obi¢no ukljuc¢uju neregularnosti koje
su rezultat primijenjenog postupka obrade ili drugih utjecaja. U pravilu, hrapavost se smatra produktom
odabrane proizvodne metode nego stroja, odnosno strukture alata ili zareza (uobiCajene periodicke
prirode) ili na finijoj ljestvici kidanja materijala, kao rezultat ojacane oStrice alata ili nepravilnosti vrha
alata. Izmedu sve tri grupe odstupanja, odstupanja od oblika, valovitosti i hrapavosti povr§ine, ne moze se
odrediti stroga granica i u praksi nije uvijek jasno kako to uciniti.

2.1 Ispitivanje hrapavosti povrSina u 2d sustavu

Kako je prije spomenuto 2D mjerenje profila i njegova analiza jo§ uvijek igraju znacajnu ulogu u
odredivanju hrapavosti povr§ina. Pozitivne karakteristike te metode su kratko vrijeme potrebno za
mjerenje 1 niski tro§kovi uredaja. Prema tome, toj metodi se opéenito daje prednost u industriji u odnosu
na 3D mjerne metode i to ¢e se vjerojatno i nastaviti, sve dok troskovi i vrijeme 3D mjerenja nece biti
moguce reducirati na nivo usporediv s 2D mjerenjima.

Hrapavost povrsine u 2D sustavu obi¢no ocjenjuje preko jednodimenzionalnih parametara na osnovu
dvodimenzionalnog profila povrsine.

Izbor reprezentativnog dijela povrSine te nacina izbora profila, kao i parametara hrapavosti, definiran je
ISO normama. S reprezentativnog dijela povrSine, koja ne smije ukljucivati povrsinske greske, uzima se
profil povrSine dobiven presijecanjem povrSine ravninom okomito na smjer obrade.

Na tako odabranom profilu povrSine u obliku stvarnog profila ( oblik profila presjeka stvarne povrSine s
okomitom ravninom) prenijet ¢e se u ve¢oj ili manjoj mjeri sva prisutna odstupanja na povrsini.

Razlika izmedu hrapavosti, valovitosti i karakteristika odstupanja od oblika povrsinske teksture se temelji
na valnoj duzini povr$ine, odnosno prostoru od vrha do vrha.

Veliki problem s ovim uobicajenim definicijama je u tome da tocka gdje hrapavost prelazi u valovitost je
proizvoljna i najces¢e povezana s proizvodnim procesima od kojih je povrSina dobivena ili prema
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namjeni izratka. Npr. ono §to bi se smatralo kao hrapavost na automobilskoj osovini, kod satnog
mehanizma bi se smatralo valovito$cu ili greSkom oblika.

Profil povrSine moze biti sastavljen od niza komponenti frekvencija. Komponente visoke frekvencije
(kratke valne duljine ) sacinjavaju hrapavost a komponente niske frekvencije ( duge valne duljine )
valovitost. Filtriranje je proces odbacivanja nezeljenih valnih duzina povrsine. Filtriranje profila povrSine
moze biti elektri¢no, mehanicko, opticko ili matemati¢ko. Pri tome se odvaja profil hrapavosti od profila
valovitosti.

Tocka gdje filtar odvaja duge od kratkih valnih duZina se naziva grani¢na vrijednost filtra ili cut-off.
Filtar koji odbacuje kratke valne duzine i propusta duge se naziva niskopropusni filtar. Filtar koji
odbacuje duge valne duzine i propusta kratke se naziva visokopropusni filtar.

Moderni uredaji za ispitivanje hrapavosti povrSina u pravilu raspolazu s vise tipova filtara. Prvenstveno,
tu su filtri koji su definirani normama kao klasicni 2RC filtar , te fazno korekcijski Gausov filtar ,
dvostruki Gausov filtar. Osim njih tu je i ¢itav niz filtara koji su u razvoju. Odbor ISO/TC231 trenutno
radi na normama koje pokrivaju podrucje filtriranja. Pri tomu se predlazu dopune postoje¢im normama,
razvijaju se i potpuno nove norme, te definiraju novi filtri.

ISO 4287:1998 je osnovna medunarodna norma koja se odnosi na pojam, definiciju i parametre
povrsinske hrapavosti u trenutnoj upotrebi. U ovisnosti da li su parametri odredeni na primarnom profilu
(nefiltrirani profil), na profilu hrapavosti (filtrirani profil visoko propusnim filtrom) ili na profilu
valovitosti (filtrirani profil niskopropusnim filtrom) ozna¢avaju se sa razli¢itim pocetnim slovima: R - za
hrapavost, W - za valovitost, P - za primarni profil.

Parametri se mogu podijeliti u Cetiri vece grupe: amplitudni, uzduzni, hibridni, krivuljni i srodni.

U 2D sustavu dana$nje metode i uredaju omogucuju izracun velikog broja parametara na tri profila (
P,R,W) uz koristenje razli¢itih filtara. U tablici 1. dat je sumarni pregled vecine parametara koji su
definirani normama, a koje jos ne tako davno nije bilo moguce jednozna¢no odrediti. Razvojem ra¢unalne
tehnike 1 primjenom matemati¢kih metoda postali su dostupni i sastavni su dio softverske ponude od
strane veline proizvoda¢a mjerne opreme za ispitivanje stanja mikrogeometrije povrSine. Takoder u
tablici navedeni su i parametri koji nisu dati normama, a koji su interesantni i vrlo ¢esto su dati uz ostale
parametre.

Tablica 1. Pregled parametara hrapavosti

PARAMETRI HRAPAVOSTI
NORMA FILTER
P-profil R - profil W - profil
.bv- by b | RP;RV; Rz, Re; | Wp; Wv; Wz; We;
P Pvi P2 PC | Rt Ra: R Rsk; | Wt Wa; Wa;
. Pt; Pa; Pq; Psk; . ! ’ ; . . Gaussov
1ISO 4287:1998 ) ! » | Rkv; Rsm; RAq; | Wsk; Wkv; Wsm; )
Pkv; Psm; PAq; ) ) i . ISO11562:
Pmr(c); P8c; Pmr Rmr(c); Roc; WAq; Wmr(c);
’ ’ Rmr Woc; Wmr
Dvostruki
ISO 13565-2: RK; Rpk; Rvk; Gaussov
1996 Mr1; Mr2 1ISO13565-1:
1994
ISO 13565-2: Rko; RpKe; Motiv
1996 ’ ’ 1ISO12085:1996
Mr2e
Dvostruki
ISO 13565-3: . . . . Gaussov
1998 Ppq; Pvq; Pmg | Rpg; Rvg; Rmg 1ISO13565-1:
1994
1SO12085:1996 R:RCAR | W: Wx: AW: Wte Motiv
) P ’ ’ ' 1ISO12085:1996
Ca 2RC; Gaussov
HSC; Pc; R3z 1SO11562:

Prema

Tablici 1 vidljivo je da postoji veliki broj parametara hrapavosti. Svaki od njih odreduje
pojedinacnu karakteristiku povrSinske hrapavosti. Odabir i broj parametara hrapavosti koji optimalno




odreduju povrsinsku hrapavost ovisi o funkciji te povrSine i o koriStenom procesu obrade. Odabir
parametara hrapavosti koordiniran na relaciji izmedu funkcije i procesa moze dati znacajan napredak u
kvaliteti. Nova generacija instrumenata s ticalom s moguéno$¢u mjerenja velikog broja parametara
hrapavosti omoguc¢ava analizu i optimizaciju procesa sa svrthom smanjenja proizvodnih troskova. To je
moguce koristiti ukoliko konstruktori i tehnolozi dobiju teoretsko i prakticno znanje o moguénostima
odredivanja zahtjeva i ispitivanja povrSinske hrapavosti.

Upravo iz navedenog znacaj i koriStenje pojedinih parametara mijenjao se je tijekom godina, a §to je
uvjetovano razvojem metoda i uredaja prvenstveno metode dodirom u podrucju ispitivanja tehnickih
povrsina u proizvodnim uvjetima. Prvo su se poceli mjeriti vertikalni parametri hrapavosti od kojih je
parametar Ra preuzeo dominantnu ulogu. To ima za posljedicu da konstruktori joS$ i danas zahtjeve za
stanjem hrapavosti povrsina definiraju najces¢e samo parametrom Ra.

Uzduzni parametri hrapavosti poceli su se relativno kasno mjeriti, prakti¢no tek uvodenjem digitalne
obrade signala.

Veci pomak u definiranju zahtjeva za stanjem teksture povrSine u skladu s njenom funkcijom osigurao je
razvoj hibridnih parametara hrapavosti te moguénost odredivanja krivulje udjela materijala, razdiobe
amplituda i1 krivulje vjerojatnosti materijala. Iako su za krivulju udjela materijala jo§ 1930 dali osnove
znanstvenici Abbot i Firenston tek razvojem dvostrukog Gaussovog filtra, koji ima minimalna izobli¢enja
ispitivanog profila, osiguran je uvjet za odredivanje krivulja i pripadajucih parametara.

Krivulje 1 srodni parametri prvenstveno su namijenjeni za definiranje zahtjeva na teksturu za visoko
opterecene kontaktne povrsine kao $to su povrSine lezajeva, cilindara i klipova motora, kalupa i sl. U
pravilu to su multiprocesno obradene povrSine sa ciljanim topografijama povrSina usko vezanim uz
njihovu funkciju.

2.2 Ispitivanje hrapavosti povrsina u 3D sustavu

Kao i kod 2D mjerenja hrapavosti povrsine i kod 3D mjerenja hrapavosti potrebno je prije racunanja
parametara hrapavosti prvo dobivene podatke filtrirati, tj. odvojiti hrapavost od valovitosti i od oblika U
odnosu na 2D sustav ispitivanja hrapavosti povrSina gdje su sustavi razdvajanja pojedinih odstupanja na
profilu skorom u potpunosti definirani prvenstveno normiranim profilnim filtrima putem jedinstvenih ISO
normi, u 3D sustavu to jo$ nije ostvareno.

Pocetke ispitivanja povrSine u 3D sustavu treba vezati uz razvoj racunalne tehnologije zbog potrebe
obrade velikog broja podataka u kratkom vremenu i primjene vrlo sloZzenih softvera. U ranim 80-ima
mnogi znanstvenici u akademskim ustanovama su eksperimentirali s ispitivanjem povrSine u tri
dimenzije. Druge skupine, i u industriji i u akademskim krugovima, uglavnom u Europi, su razvijali svoje
pristupe u razvijanju ispitivanja povrSine u 3D sustavu.

Znacajan pomak naprijed u razvijanju ispitivanje inZenjerske povrSine je doSao pocetkom 1990.godine
kroz istrazivacki projekt " Razvoj metoda ispitivanje hrapavosti u tri dimenzije" financiran od strana
Europske zajednice. Cilj projekta je bio dati cjeloviti pregled svih dotada$njih razvojnih dostignuca na
tom podrucju kako bi posluzili kao osnova za razvoj medunarodne norme za ispitivanje povrsine u 3D
sustavu. Rezultat ovog istrazivanja je bio prijedlog osnovnih parametara za kvantifikaciju hrapavosti
povrsine koji opisuju amplitudna, hibridna, prostorna i funkcionalna svojstva povrsine. Osim parametara,
radna grupa je istrazivala raCunalne protokole koji su ukljucivali nac¢ine mjerenja prikupljanja podataka i
filtriranja.

Kao i kod 2D sustava za procjenu mikro-geometrijskih svojstava povrsine u 3D sustavu odabire se manji
reprezentativni dio povrSine. Na tom segmentu povrSine mogu biti prisutna odstupanja od oblika
,valovitosti i hrapavosti. Da bi se dobila karakteristiéna odstupanja koja prezentiraju hrapavost povrsine
potrebno je odvojiti odstupanja od oblika i valovitosti.

Za odvajanje oblika potrebno je procijeniti koje karakteristicno odstupanje (karakteristicne frekvencije)
od oblika su prisutne na segmentu povrsine. Opcenito, Cesto postoje neke prethodne informacije Sto se
tice prisutnih odstupanja na povrsini koju treba mjeriti. Primjerice povrSina kosuljice cilindra imat ¢e
komponentu zakrivljenosti povrsine. Oblik treba odstraniti putem odredivanja referentnih povrsSina koje
najbolje pristaju (best fitting).

Za odredivanje odstupanja od oblika, odnosno za odredivanje referentnih povrsina koje predstavljaju
oblik postoji Citav niz metoda koje se mogu podijeliti zavisno da li se radi o nazivno ravnoj povrsini ili
zakrivljenoj povrsini.



Ukoliko se radi o nominalno ravnoj povrSini za odvajanje oblika najceSce se koriste slijedece referentne
ravnine:

- aritmeticka srednja ravnina

- elektricka srednja ravnina

- envelope ravnina

- ravnina najmanjih kvadrata

- "minimum zone" ravnina
Postoje mnoge druge pogodne ravnine kao $to su one postavljene pomocu spline-a, tenzorskih produkata i
metodom konacnih elemenata, koje se mogu koristiti za referentne ravnine kod 3D ispitivanja povrSine.
U odabiru pogodnih referentnih ravnina koji su prethodno navedene najbolje je prihvacena metoda
najmanjih kvadrata. Razlog treba traziti u tome $to su algoritmi za ostale navedene ravnine puno
kompleksniji od algoritma metode najmanjih kvadrata (za ravninu). Na slici 1. prikazana je povrSina na
kojoj je provedeno odvajanja odstupanja od oblika pomoc¢u referentne ravnine metodom najmanjih
kvadrata
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Slikal. Odvajanje odstupanja od oblika pomocu referentne ravnine metodom najmanjih kvadrata

Zakrivljene povrsine se vrlo Cesto susrecu u inzenjerskoj praksi kao na primjer provrti, lezajevi, opticke
povrsine, zubi zupc¢anika i drugo. Da bi se moglo provesti mjerenje hrapavosti u 3D sustavu prisutna
zakrivljenja moguce je odvojiti uz pomoc¢ referentnih povrsina dobivenih na vise nacina:

- metodom najmanjih kvadrata za cilindri¢ne i sferne povrsine

- polinomnim povrSinama sa polinomom nizeg reda

- digitalnim filtriranjem
No, da bi se dobila referentna povrsina koja je potrebna za daljnju obradu, za odredivanje parametara
hrapavosti i valovitosti u 3D sustavu, potrebno je provesti filtriranje s ciljem odvajanja valovitosti. Pri
tome znacajnu ulogu imaju digitalni filtri. Digitalni filtri omogucavaju odvajanje kako valovitosti, tako i
oblika.
Mogu se podijeliti na dvije osnovne skupine:

- digitalni filtri koji se temelje na spektralnoj analizi

- digitalni filtri koji se ne temelje na spektralnoj analizi
Najrasprostranjeniji tipovi filtara koji se temelje na spektralnoj analizi su zonalni filtar, Gaussovi filteri i
Butterworth filteri. Idealni zonalni filter ima 100%-tni pad za grani¢nu vrijednost (cut-off) frekvencija,
koji se ne moze ostvariti u potpunosti, ve¢ moze biti samo aproksimiran u praksi. Gaussovi i Butterworth
filtri imaju postupni pad prijenosnog podrucja a nominalna granicna vrijednost cut-off-a odabrana je na
tocki 50% smanjenja.
U 2D sustavu obnovljivost rezultata mjerenja parametara hrapavosti na filtriranom profilu R je rijeSeno
djelomi¢no kroz sustav normi gdje su date osnovne karakteristike preporu¢enih filtara. U 3D sustavu
filtriranje je bilo, i jo$ uvijek je, kontroverzna tema
mjerenja topografije povrSine. Zahtjevi za filtriranjem te utjecaj primjene filtriranja na parametre povrsine
i druge nacine ocjenjivanja nisu bili prepoznati u potpunosti do pred nekoliko godina. Na slici 2.
prikazana je snimljena povrSina koja ukljucuje odstupanja valovitosti i hrapavosti, povrSina koja
prezentira valovitost dobivena rasterskim 3D digitalnim filtrom (razvijen u Laboratoriju za precizna
mjerenja duzina FSB-a), te povrSina koja prezentira hrapavost (dobivena oduzimanjem valovitosti od
snimljene povrsine).



Slika 2. Snimljena povrsina; povrSina valovitosti; povrSina hrapavosti

Da bi se izbjegla situacija velikog broja parametara hrapavosti, u navedenom projektu financiranom od
EU, preporucen je osnovni niz parametara hrapavosti u 3D sustavu kojima se dovoljno dobro moze
procijeniti stanje hrapavosti povrSine. Podijeljeni su u Cetiri osnovne grupe: amplitudni, prostorni,
hibridni i funkcionalni parametri ( tablica 2.)

Tablica 2. Parametri hrapavosti — 3D sustav

GRUPA OZNAKA NAZIV
Sa Srednje aritmeti¢ko odstupanje povrsine
Sq Srednje kvadratno odstupanje povrsine
AMPLITUDNI Sz Najveca visina povrsine
PARAMETRI Ssk Koeficijent asimetrije povrsine
Sku Koeficijent oStrine povrsine
Sds Udio vrhova povrSine
PROSTORNI Str . O’c!nos teksture na p.ovréini ~
PARAMETRI Sal Najveci pad autokorelacijske duzine
Std Usmjerenost povrSinske teksture
HIBRIDNI SAq Sr.ednj.i kva.ciratni nag.ib povréipe
PARAMETRI Ssc Srednja aritmeti¢ka zaobljenost brjegova
Sdr Porast povrSine dodira
Sbi Indeks nosivosti povrsine
Sci Indeks zadrzavanja maziva u srediSnjem podrucju
FUNKCIONALNI Svi Indeks zadrzavanja maziva u dolovima
PARAMETRI Sm Volumen materijala
Sc Volumen jezgre dolova
Sv Volumen meduprostora dolova

Amplitudni parametri opisuju varijacije po visini povrsine i temeljeni su na amplitudnim parametrima
definiranim u 2D sustavu. Prostorni parametri opisuju varijacije uzduz povrsine s mogucnosti odredivanja
udjela vrhova u odnosu na povrSinu, dominantni smjer i kompaktnost teksture (usmjerenosti tragova
obrade). Hibridni parametri opisuju varijacije iz kombinacije uzduznih i amplitudnih karakteristika
povrsine. Parametri imaju posebnu vaznost u odredivanju kontaktnih svojstava, brtvljenja, troSenja kao i
svojstava opticke refleksije povrSine. Funkcionalnim parametrima pokuSavaju se procijeniti funkcionalne
znacajke povrsine podjelom povrsine na tri podrucja: podrucja vrhova, jezgre i dolova. Interesantni su za
podrucje odredivanja triboloskih svojstava troSenja i podmazivanja.



3. UREPAJI Il MJERNE METODE ZA ISPITIVANJE HRAPAVOSTI POVRSINA

Da bi se moglo provesti ispitivanja stanja hrapavosti povrsine te mjerenje parametara hrapavosti
na raspolaganju je Citav niz metoda i uredaja. U pravilu sve metode koje se koriste za ispitivanje
hrapavosti u 2D sustavu u veéoj ili manjoj mjeri upotrebljavaju se i u 3D sustavu. Slika 3. daje shematski
prikaz metoda i uredaja koji se primjenjuju u ispitivanju topografije povrsine.

UREDAJI ZA MJERENJE TOPOGRAFIJE POVRSINE

Svaka metoda ima svoje prednosti i nedostatke kod odredenih primjena. Osim toga, korisnici postavljaju
razliCite zahtjeve za specificne primjene i imaju svoja vlastita raspoloZiva sredstva za nabavku uredaja.
Medutim, moguce je utvrditi koji je najprikladniji uredaj za odredenu primjenu. U cilju pruzanja
objektivnih smjernica, u nastavku su sazete neke vazne karakteristike, zajedno s komentarima koji se
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Slika 3. Uredaji za mjerenje topografije povrsine

diferencijalni,
“S bijelim svjetlom"

odnose na razliCite tipove uredaja u tablici 3.
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Tablica 3. Znacajke metoda za ispitivanje hrapavosti povrSina u 3D sustavu

SUSTAVI S OPTICKI SKENING
TICALOM SUSTAVI MIKROSKOP
Vertikalna rezolucija visoka visoka vrlo visoka
Vertikalni raspon velik malen jako malen
Horizontalna rezolucija srednja visoka vrlo visoka
Horizontalni raspon velik srednji jako malen
Nacin mjerenja kontaktno beskontaktno beskontaktno
Vrijeme za pripremu uredaja i uzorka kratko dosta dugo dugo
Vrijeme mjerenja dugo kratko kratko
Cijena uredaja srednja srednja visoka
Utjecaj nagiba povrsine ne da da
Osjetljivost na utjecaj okoline nije jako osijetljiv osjetljiv jako osjetljiv
Utjecaj reflektivnosti povrsina ne da ne
Ovisnost o vodljivosti povrsina ne da da
Mogucnost ostecenja povrsine lagano ne ne

Mjerni raspon i rezolucija kao iz njih izveden odnos raspona i rezolucije vazna su svojstva uredaja za
ispitivanje hrapavosti. Prva dva svojstva odreduju sposobnost mjerenja vrlo malih objekata, te se
primjenjuju u biologiji, optici i1 strojarstvu. Treca karakteristika oznacava sposobnost provodenja
integriranih mjerenja, odnosno mjerenja vise od jedne znacajke povrSine istovremeno, npr. hrapavost
povriine i oblik. Sto je odnos raspon/rezolucija veéi, veéa je i moguénost uklju¢ivanja dodatnih
geometrijskih svojstava unutar jednog mjerenja.

Da se usporede obiljezja razlicitih tipova uredaja, na slici 3. dan je graficki prikaz odnosa amplituda i
valnih duljina za neke uredaje. Na slici dvije osi predstavljaju rezoluciju i raspon uredaja u vertikalnom i
horizontalnom smjeru. Svako podrucje na slici 3 prikazuje radno podrucje jednog uredaja.

Uredaji s ticalom imaju veliki raspon u vertikalnom smjeru, iako mogu imati rezoluciju do ispod
nanometra, najprikladniji su za mjerenje tehnickih povrSina na razini mikrometra. Veli¢ina odnosa
raspona i rezolucije u horizontalnom smjeru omogucava uredaju s ticalom integrirani pristup prikupljanju
informacija za hrapavost, valovitost, oblik i druga topografska svojstva, do kojih dolazi prilikom
proizvodnog procesa. Uredaj s ticalom najprikladniji je za mjerenje tehnickih povrSina. To je najSire
primjenjivan uredaj u proizvodnji, te kod istrazivanja trenja, troSenja i podmazivanja. TocCan je, robustan
te moZe biti prenosiv. Stoga se Cesto koristi u istraZivanjima i industriji. Osim toga, ta metoda je
djelomi¢no normirana.
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Slika 3. Graficki prikaz odnosa amplituda-valna duljina, za 3D sustav

Uredaji na principu fokusa imaju neznatno manju rezoluciju od uredaja s ticalom, i to i u vertikalnom i u
horizontalnom smjeru. Mjerni raspon u vertikalnom smjeru nije vezan uz valnu duzinu upadne svjetlosti,
Sto je jos uvijek ograniavajuéi faktor kod drugih optickih uredaja. Svojstvo velikog vertikalnog i
horizontalnog raspona uredaja na principu fokusa ¢ini ih pogodnima za mjerenje povrsSina slicnih onima
koje se mjere uredajem s ticalom. Metoda na principu fokusa osjetljiva je na nagib povrSine, refleksiju
uzorka, te mikrogeometriju i necisto¢e na uzorku. Uredaji koji se temelje na metodi detekcije fokusa
mogu imati veliki mjerni raspon i visoku rezoluciju, te su stoga pogodni za inZenjerske primjene. Uredaji
na principu fokusa imaju svojstva slicna konvencionalnim uredajima s ticalom, te se zato mogu koristiti u
mnogim slucajevima gdje se koristi uredaj s ticalom. Nadalje, zbog prednosti beskontaktnog mjerenja
posebno je koristan kada uredaj s ticalom moze prouzrociti oSte¢enja na povrSini uzorka i/ili samog
ticala. Npr. najprikladniji je za mjerenje mekanih materijala (meki metali, guma, ugljen, papir, magnetna
traka, ...), povrSina s mekim prevlakama, jako tvrdih materijala (tvrdi metali, keramika), elasticno
deformabilnih izradaka (folije, filmovi) i finih struktura koje konvencionalni uredaj s ticalom ne moze
odgovarajuée prikazati.

Interferometar ima najvisu rezoluciju (ispod nanometra) u vertikalnom smjeru, §to nije slucaj s
rezolucijom u horizontalnom smjeru. Rezolucija u horizontalnom smjeru je ¢ak i niza od one uredaja s
ticalom. Nedostatak interferometrijskih metoda je da je vertikalni mjerni raspon jako mali, §to ogranic¢ava
primjenu takvih uredaja. Uniformnost opti¢ke konstante povrSine uzorka je takoder jako vazna. To ga Cini
prikladnim uglavnom za mjerenje finih povrSina, kao $to su opticki i elektronicki elementi. Najprikladniji
je za primjenu u preciznom inzenjerstvu, posebice u optici, gdje uredaj s ticalom i uredaj na principu
fokusa nisu prikladni.

STM/AFM mjerni sustavi imaju najvisu rezoluciju u oba smjera, ali imaju ograniCenja zbog malog
mjernog raspona u vertikalnom i horizontalnom smjeru. Taj faktor ukazuje na to da su ti uredaji ve¢inom
prikladni za mjerenje materijala i bioloskih povrSina na razini atoma ili u nanometarskom mjerilu.
Karakterizira ih visoka brzina mjerenja i izuzetno su prikladni za 3D mjerenje. lako treba imati vise od
nekoliko desetaka tisuca tocki da se oblikuje jedna topografska slika, to ostvare unutar nekoliko sekundi,
zbog njihove dobre karakteristike frekvencijskog odziva. Primjena STM/AFM uredaja razvila se daleko
iznad prvotnih oéekivanja. Cinjenica da imaju viu rezoluciju od ostalih uredaja nije njihova jedina
prednost. Oni mogu raditi i pod tlakom i u teku¢ini. Ti uredaji se ne koriste samo za promatranje atoma i
finih detalja molekula, ve¢ se mogu koristiti i kao alat za modifikaciju strukture reda veli¢ine nanometra.
U usporedbi s ostalim 3D uredajima, STM/AFM uredaji bolji su za subnanometarska mjerenja te su
Siroko prihvaceni u znanosti. U biologiji su koristan alat za vizualizaciju DNA molekula i virusa. U
kemiji STM/AFM omogucavaju istrazivanje struktura oblikovanih apsorpcijom ili kemijskim
povrSinskim reakcijama. Kod ispitivanja materijala pomoc¢u tih uredaja mogu se promatrati kristalne
strukture, te rast i oblikovanje kristala. Osim navedenih, postoji jos mnogo primjena STM/AFM-a koje se
jos uvijek istrazuju.



Karakteristika rezolucije kvantitativnog SEM-a inverzna je onoj od interferometra. Njegova najveca
horizontalna rezolucija je nekoliko nanometara, $to nije slucaj s vertikalnom rezolucijom. Vertikalni
raspon je takoder mali. Zato se SEM prvenstveno koristi za dobivanje topografske slike ili elementnih
kontrasta, a ne za dobivanje kvantitativnih 2D i 3D informacija i pogodniji je za vizualizaciju a ne za
kvantifikaciju hrapavosti povrsine.

Primjenom suvremenih elektronickih sklopova u konstrukciji SEM danas dostupni mikroskopi su
znacajno manjih dimenzija i viSe moguc¢nosti. Time se otvaraju mogucnosti primjene i ovih uredaja u
kvantitativnima analizama parametara hrapavosti i time postaju snazan mjeriteljski alat.

Pri tome se koristi poznati postupak dobivanja stereo slike prikazan na slici 4.
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Slika 4. Dobivanje kvantitativne trodimenzionalne SEM slike povrSine.
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Kao $to je vidljivo na slici 4 prva faza kod dobivanja trodimenzionalne SEM slike je centricno okretanje
uzorka odnosno elektronskog snopa (kod novijih tipova mikroskopa) kako bi se dobile dvije slike iste
povrsine ali pod razlic¢itim kutovima. Preklapanjem tih slika po istim tockama i istim pixelima dobiva se
vjeran trodimenzijski prikaz povrSine. Na takvim slikama, osim vizualizacije povrSina u mikro i nano
podrucju, moguce je obaviti sva kvantitativna mjerenja povrSinskih i volumenskih parametara na tom
podrudju.

Danas se na trziStu nalazi nekoliko racunalnih programa koji se mogu instalirati na SEM uredaj i
jednostavno u relativno kratkom vremenu pripremiti mjerenja. Trenutno najpoznatiji program je MeX
tvrtke Alicona koji omogucuje i umjeravanje opreme prema PTB standardima.

Nadogradnjom skening elektronskih mikroskopa s ovakvim dodacima omogucéuju primjenu te opreme u
fraktografskim analizama, proizvodnji Celika, forenzici, te biomedicinskom podrucju.

4. ZAKLJUCAK

Moze se zakljuciti da 2D sustav mjerenja profila i njegova analiza jo$ uvijek igra znacajnu ulogu u
odredivanju hrapavosti povrSina. Pozitivne karakteristike te metode su kratko vrijeme potrebno za
mjerenje i niski troskovi uredaja. Osim toga danas su u svijetu uspostavljeni jedinstvene norme za 2D
sustav u pogledu definicije hrapavosti tehnickih povrSina i mjernih parametara, te nacina ispitivanja koji
su potpuno prilagodeni metodi dodirom i elektroni¢ko-mehani¢kim uredajima s ticalom. Definirajuéi
jedinstvene norme uspostavljen je jedan od bitnih preduvjeta za ostvarivanje mjernog jedinstva na tom
podrucju. Iako se 2D sustav koristi u industriji ve¢ 50 godina tek posljednjih 15 godina otvorene su
mogucénosti mjerenja velikog broja parametara (digitalna obrada signala) Sto ima za posljedicu vrlo ¢esto
nesnalazenje inZenjera u koristenju svih moguénosti navedenog sustava.

Posljednje desetljece sve vise se na podrucju istrazivanja i razvoja koriste metode mjerenja topografije
povrsine u 3D sustavu i to ne samo u institutima i sveuciliStima (korisnicima u znanosti) nego i u Sirokom
spektru industrije u podru¢ju proizvodnje elektroni¢kih komponenata, proizvodaCa instrumenata,
automobila, ¢elika, alata i drugo. Osnovne prednosti metode ispitivanja hrapavosti u 3D sustavu je:
dobivanje potpunije informacije o topografiji povrSine i mogucnost precizne procijene funkcionalnih
svojstava povrsine. Takoder ne smije se zanemariti moguénost vizualnog predo¢enja povrsine iz koje se
mogu procijeniti i predvidjeti funkcionalna ponasanja povrsine.

Problemi su prisutni u podru¢ju ogranicenja koristenja pojedinih metoda s obzirom na toc¢nost, utjecaj
okoline zbog Cega se uglavnom mogu koristiti u laboratorijskim uvjetima. U pravilu uredaji i mjerni
postupci zahtijevaju dobru obudenost operatera. Cesto uzorci za mjerenje moraju biti pripremljeni na
odredeni nacin. Postupci mjerenja traju u pravilu duze i cijene uredaja su vise u usporedbi s uredajima
koji se koriste u 2D sustavu. lako su razvijeni znacajni 3D mjerni sustavi nedostaju ujednacene i
sveobuhvatne norme za prikupljanje podataka, analizu i interpretaciju u smislu povrsinske geometrije i
funkcionalnog znacaja.

Usprkos tome ocekuje se sve veca primjena 3D metoda mjerenja ne samo na podrucjima gdje mogu dati
svrsishodne rezultate poput biologije i kemije, ve¢ i na podru¢jima na kojima se koriste tradicionalne 2D
metode, kao u optici , elektronici i strojarstvu. Razlog tome su sve veci zahtjevi za preciznu interpretaciju
topografije povrSina da bi se mogla odrediti funkcionalna svojstva povrSina kako bi se maksimirala
njihova uc¢inkovitost u bilo kojoj inzenjerskoj primjeni.
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THE INFLUENCE OF ELECTROPHOTOGRAPHIC DIODE LASER ON
DURABILITY OF ORGANIC PHOTOCONDUCTORS

UTJECAJ ELEKTROFOTOGRAFSKOG DIODNOG LASERA NA
TRAJNOST ORGANSKIH FOTOKONDUKTORA

I.Majnari¢, K. Golubovié, D. Donevski
Faculty of Graphic Arts, Department of Printing, Getaldi¢eva 2, 10 000 Zagreb, Croatia

Izvorni znanstveni rad / Original scientific paper

Abstract: Electrophotography is one of the most complex printing techniques.
Elektrophotographic machines apply 5 basic phases in their work and they are synchronized
repeated. They are corona charging, photoconductor exposition, photoconductor developing,
ink transfer and photoconductor cleaning. The basis of the whole process is the organic
semiconductor (photoreceptor), on which the virtual printing form for each impression is
formed by exposition. Organic semiconductor looses its electric conductivity by numerous
expositions which result in weaker adherence of toner to photoconductor. Except the
mechanical wearing this is the main cause of quality loss of the final impression. This work
gives the answer on how extremely great number of IR laser expositions influence the
photoreceptor, and how such oscillations appear on a print. The photoconductor analysis
lasted for 7 weeks, in which 131806 imaging (prints) were made. For determining the
reproduction quality the densitometric measuring method has been applied (based on
reflection from the printed substrate) as well as the spectrophotometric measuring methods
(based on defining the impression inking).

Key words: electrophotographic printing, fotoconductor durability, spectrophotometry

Sazetak:Elektrofotografija je jedna od najslozenijih tiskarskih tehnika. Elektrofotografski
strojevi pri svom radu primjenjuju 5 osnovnih faza koje se sinkronizirano ponavljaju. To su:
korona nabijanje, fotokonduktorsko osvjetljavanje, fotokonduktorsko razvijanje, transfer
bojila 1 ¢iS¢enje fotokonduktora.Osnova cijelog procesa je organski poluvodi¢ (fotoreceptor)
na kojemu se za svaki otisak osvjetljavanjem formira virtualna tiskovna forma. Organski
poluvodicki sloj gubi mnogobrojnim osvjetljavanjem svoju elektricnu provodljivost, Sto ¢e
dugoro¢no rezultirati slabijim prihva¢anjem tonera za fotokonduktor. Uz mehanicko troSenje
to je 1 glavni uzrok gubitka kvalitete kona¢nog otiska. U ovom radu dan je odgovor na to kako
ekstremno velik broj IR laserskih osvjetljavanja utjeCe na fotoreceptor, te kakve oscilacije
nastaju na otisku. Analiza fotokonduktora trajala je 7 tjedana, pri cemu je izvrSeno 131806
oslikavanja (otiskivanja). Za odredivanje kvalitete reprodukcije primijenjene su
denzitometriske metode mjerenja (bazirane na reflektanciji s otisnute podloge) i
spektrofotometrijske metode mjerenja (bazirane na definiranju obojenja otiska).

Kljucne rijeci: elektrofotografski tisak, trajnost fotokonduktora, spektrofotometrija
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1. Introduction

The basic principle of electrophotographic printing is based on semiconductor
photoconductors. In electrophotographic printing, it is necessary to form the virtual printing
form on photoconductor, which will be renewedly formed with each rotation cycle. In this
way the printing of commercially unprofitable small runs as well as personalizing printing is
possible (1).

For creating the virtual printing form, it is necessary to expose the photoconductor to the
activity of two devices. They are scorotrone (the device for permanent charging the
photoconductor surface) and the laser head (the device which selectively illuminates the
photoconductor surface). During the activity of the laser source, the photoconductor will
change the previously formed electric potential, forming the strong electrostatic field which
will selectively accept the colour toner particles. Depending on the principle of
photoconductor surface charging, the following expositions can be distinguished: the negative
exposition (CAD = Charged Area Development) and the positive one (DAD = Discharged
Area Development). This work analyses DAD electrophotographic principle of illumination
which is based on OPC (Organic Photo Conductor) photoconductor and IR illumination
(created by means of diode laser source A=830 nm).(2)

2. Theoretical part
2.1. OPC Photoconductors

The composition of OPC (Organic PhotoConductor) photoconductor is very complicated and
consists of 5 very thin layers. They are the basic aluminium drum, permanently positively
charged basic electrode, the layer with the formed charge, the layer for the charge transport
and the negative charged surface (figure 1). For generating the virtual printing form the layer
with the formed charge and the thickness of 2 pum which can be composed of H,Pc, TiOPc
and Azo-Pigment (3) has an important role.

Fhotoconductor  Light ray Light ray Light ray
5. 0 O o W 5 o P o o W © ]
@@@ ®® @ O @ O ® ' {} Electrostatic fields
QIDI0HOIQIOHOVEROQ QIO o Negative ion
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Figure 1. OPC photoconductor and its principle of positive illumination
In the starting phase of DAD electrophotographic printing, the surface of OPC

photoconductor is exposed to a very strong negative charge of corona. During the charging
process the corona will constantly emit the negative charge carriers, which will finish at the
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surface of photoconductor. For the formation of the constant surface negative charge, much
credit goes to the scorotrone net, which is directly linked with the negative charging source.
The formation of negative ion emission is regulated by the direct charge. The scorotrone
activity in the central layer of photoconductor creates the strong electrostatic field in which
the electrons move freely within their own molecules (figure 1a). In this way the future non
printing areas are formed.

In the second phase of electrophotographic process, photoconductor is selectively illuminated
with the laser IR light (A=830 nm). In the moment of selective illumination of photoconductor
drum (printing elements), the electrons move from the negatively charged surface in the
direction of highly polarized molecule of the central semiconductor layer, which starts the
reduction of the negative surface charge of photoconductor. The molecule which accepted the
free electron becomes an ion (the molecule nearest the surface) in which the shift of
electrostatic field appears. The electrostatic field moves down into the lower layer and exists
now between the negatively charged molecule and the positively charged basic electrode
(figure 1b). Electrons in the ion influence the strong electrostatic field, causing the migration
of electrons to the lower semiconductor molecule. By obtaining the electrons, such molecules
becomes the ion in which the surface negative charge further decreases (neutralizes) (figure
Ic).

The migration of the negative charge repeats from the higher to the lower molecules, i.e. up to
the last molecule which limits with the layer for charge formation. In this moment the free
electron in ion is attracted by the positive basic electrode which neutralizes ions and the
positive basis (figure 1d). Such illumination process is instantaneous. The movement of
electrons from the photoconductor surface in the direction of the basis lasts during the
illumination of the photoconductor surface. The emission of electrons stops after the stopping
of illumination. At longer light exposition the total surface charge of photoconductor will be
decreased, i.e. very low negative charge will be formed on the surface of the photoconductor

(4).

The final illumination result is the virtual printing form which has the non printing areas (the
surface more negative potential — 600V) and the printing elements (the exposed positive
potential — 100 V). The obtained potential difference of — 500 V will enable the selective
adherence of the negatively charged ink, i.e. the inking of more positive printing elements.
Continuous laser illumination of the photoconductor surface will influence the crystalline
structure of the semiconductor layer which results in the fall of the potential difference among
the non printing areas and the printing elements. Smaller potential difference will result in
weaker adherence of the negative toner, i.e. with the decrease of the reproduction quality.

2.2. Evaluation of the printing quality

The quality of the printing technique is based on the alignment of the obtained prints, i.e. the
smaller oscillations of the ink layer on paper are, the greater the printing quality is. Direct
measurement of the ink coating on paper is very complicated, so the layer of the printing ink
on paper is indirectly controlled by the densitometric and spectrophotometric devices.

Densitometric devices base their work on measuring reflectance () from the white substrate
(Lew) and the printed surface (L), through the standardized filters. The colour density (D) is
the logarithmic value of the ratio of the printed layer with the ink and the reflected white light
from the printing substrate (5).
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D = Ink density value
1 I B = Reflactance factor
]
D = log B — Lep = Light reflectance of the printing ink

Lew Lew = Light reflectance of the reference white

Three stimulus values XYZ which correspond to the human colour perception of ink (defined
by hue, saturation and brightness) are given by the spectrophotometers as the output value.
Three stimulus values are possible to be presented graphically in different colour spaces, the
most often used of which is CIE Lab. Each colour is described by three value (L*a*b*) in
which L* defines the tone brightness, while a* and b* present the chromatic value. For
comparison of two different colours the formula for calculation the colour difference AE is
used. The last variant dates from the year 2000 (CIE LAB AEjy). (6)

AI— = |— act L I- ref
Aa'= & - |. AEbetweenQil = deviation cannot be perceived
Act ref Il. AE between1i2 = very small deviation
Ab'= b < b lll. AE between 23,5 = medium deviation
act ref IV. AE between 3,515 = large deviation
V AE exceeding 5 = massive deviation

AE,= V AL?+ Aa?+ Ab?

RN N2 N2 , ‘
s ) G2Y- @Y DD

0,015 (C - 50)°
+

V20 + (@ - 50)°

T=1-0,17 cos (h'-30°) + 0,24 cos (2h" R, = -sin (2A@) R,
+0,32 cos (3h' + 6°) - 0,20 cos (4h’ -63°)

S =1 S.= 1+40045C'  S,= 1+0015C'T

H

A® = 30exp {-Ith" - 275°)/25]'} Re= 2

3. Experimental part

For controlling the problems of the electrophotographic photoconductor wearing, the
electrophotographic printing machine HP Indigo TurboStream was used. Its basic
characteristics are presented in table 1. For investigation the photoconductor state the printing
form was created which contained the classical printing element for reproduction quality
control (step-like CMYK wedges and standard achromatic and chromatic illustrations). The
photoconductor wearing happened from 17" October to 19™ December in 2005, during which
time 131806 illuminations were made (figure 2).Immediately before each experimental
printing the calibration of the machine was performed, which was successfully done.

The state of the photoconductor during the investigation is presented by indirect method, i.e.
by the print quality analysis. For determination of the photoconductor state the fine art paper
was used (Simbol 150 g/m”). By the Densitometric analysis, the curves (D/SV) were
constructed, i.e. the colour differences AE CIE Lab. were calculated by the
spectrophotometric analysis
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Figure 2. Presentation of the investigation with the terms of the photoconductor investigations

Table 1. Characteristics of HP Indigo TurboStream-a

Image size

max. 308 x 437 mm

Paper size

max. 320 x 464 mm

Process speed

60 cm per second

Throughput 8000 single-colour A4 size per hour
2000 four-colour A4 size per hour

Resolution 812 dpi

Data rate 600 Mbit/sec

Input formats

Adobe PostScript, PDF

Automatic duplex printing

Processor Pentium I1I

CPU RAM 384 MB

Phisical image memory 128 MB

Image memory disk 36 GB

Network 100 Base-T

RIP Adobe PostScript 3

Peripherals 15" monitor
CD-ROM
Floppy drive
JAZ drive

Options Automatic duplex

Electronic collation

Yours Truly Personalisation

High Definition Imaging (HDI)

4. Investigation results and discussion

Voltage oscillations on photoconductor can be indirectly controlled by observing the quality
of the produced prints. Densitometric method (Reflectance measurements of the printed inks
on the printing substrate) is very often in graphic industry. In figure 3 the graphs of colour
density dependence (D) on screen value are presented for four process inks (CMYK).
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Figure 3. Relationship of the color density of the screen elements on the number of
illuminations of the photoconductor fro CMYK colours
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In reproduction of cyan, it is visible that all the curves up to 72 495 illuminations are
completely aligned: which follows by the increase of the colour density in darker tone values
(from 60% SV to 100% SV).

In the reproduction pf magenta, during the prolonged illumination, there is no greater
deviation in colour density observed. However, it was noticed that during the starting
experimental investigations the decrease of colour density appears, which is increased after
the 72495 illuminations. These changes are most visible in the area of 50 to 100% SV.

Yellow colour shows the constant oscillation in colour density in darker tones during the
greater number of illuminations. The same as in magenta, the starting colour decrease in
darker tones was observed (50% - 100% SV), but after four weeks of printing (72 495) the
increase of the colour density appears in these areas.

The dependence of the colour density of black prints on the number of illuminations is very
similar to previopusly mentioned inks. The only difference is in the starting curve (350
illuminations) which is printed with greater ink layer which results in greater colour density
(Dmax=2,05).

Such changes in colour density (decrease and increase) are the result of the previous
calibration processes during which the voltage correction of the printing elements and the non
printing areas on the photoconductor surface appear. For the achieving of the start potential
difference (of -500V) the intensity of laser emission (laser strength) will have to be increased.
After 72495 illuminations the laser strength is set to maximum, and the ink coating is
regulated in further calibration process by voltage variations of the developing drum. This has
a consequence greater toner flow, i.e. greater colour density of darker tones.

Spectrophotometric analysis gives more precise results on differences in colour tones and in
this way it is more suitable for the control of the photoconductor state. Colour difference AE
between the standard offset print and the experimental CMYK prints in the areas of 10%,
50% 190% SV are presented in figure 4.

In cyan prints the brighter screen areas (10% SV) constantly increase with the increase of the
illumination number. The colour difference (AE;31860- AE3s0) appears from 1,24. During the
illuminations, the middle and the dark areas (50% and 90% SV) behave identically. The only
difference in cyan is visible in the curves of 90% screen which are nearer the prints of the
standard offset. During 72495 illuminations in these areas the greatest change in colour
appcars (50% SV AE72495- AE350:0,65 1.e. 90% SV AE72495- AE350 = 0,92) After the 72495
illumination the fall of AE appears up to 98 644 illuminations (for 90% SV, AEni,=1,37 ), that
is 131806 illuminations (for 50% SV, AE,in=2,96 ).

During the first 72 495 illuminations, on the brighter screen areas of the magenta prints (10%
SV) smaller colour AEjs0- AE7495 of 1,13 will be noticed. With further illuminations the
increase in AE difference will appear which is the highest at 114 682 prints (AE;;4684-
AE7495=1,61). With longer photoconductor illumination 50% magenta screen will constantly
decrease , and the total colour deviation (AEsso- AE 31306) Will be 1,53. Coloring in the area
90% SV increases up to 72 495 illuminations (AE7405- AE350=1,29) in which the prints
become brighter. After that the fall in colour difference follows, the toner adherence on
photoconductor becomes weaker, which is compensated by the developing drum. This results
in the coating increase which is at 131 806 print the most similar to the print obtained by the
standard offset technique (AEin=3,95).
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Figure 4. Colour difference AE(, caused by different number of photoconductor illumination

10% and 90% yellow, the differences in curves are not visible. Smaller
difference is visible in 90% curve which is visually nearer to the ideal print of the standard
lluminations, both screen yellow areas become brighter, i.e. the colour
ses (10%SV AE72495- AE350=1,25 that is 90% SV AE72495- AE350=1,31).
The fall follows after that and the prints are darker. The yellow areas in 50% screen during the
experimental printing have the greatest deviation (AEnax-AEmin=2,52). In relation to the offset
standard the greatest aberration appears at 55713 illuminations while the smallest one appears
at 131806 illuminations. The curves of dependence AEg, on illumination of photoconductor
in yellow colour. The reason for that can be found in high electric
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conductivity of the yellow colour (102 pmho/scm), which enables better toner adherence to
the photoconductor surface (to printing elements).

In three black analyzed screen surface the regularity in the constructed curves does not exist.
During the experimental illumination, the colour difference at 90%-black screens decreases
with time (AE;ss0-AE;31806=1,29). During the calibration the laser cannot form a great
difference in potential and it is necessary to apply the regulation of the developing drum for
greater colour density. Colour densities (AE) of the black 10% screens behave in quite
opposite manner, i.e. with greater number of illumination the print becomes brighter
(AE31806-AE350=2,30). The areas in 50% screen during the illumination have the greatest
change.

During the first 13146 illuminations the greatest change in relation to the standard offset
appeared (AE 3146- AE3s50 = 3,37). After that, the colour difference AE is constant with further

illumination. It lasts up to 55 713 prints. The fall in the colour difference (AE) follows after
that, which ends at the print 98 644 (AEss713- AEoge44=2,22).

5. Conclusion

Densitometric method of the quality control of the graphic reproduction is not suitable for the
analysis of light wearing of photoconductor surface. The diagnosed changes are very small
and visible only in dark tones Spectrophotometric method give more precise results about ink
and they can be easier compared with the formula CIE Lab AEy.

The dependence curves AE on the number of illuminations are not equal for all colours and
for all tonal areas. The greatest changes appear in middle and dark areas (50% and 90%
screen value), while the smallest ones are in the light areas (10% screen value). For creation
of darker tones, greater laser emanation strength will be needed, on which the potential
difference in pohotoconductor directly depends. The printing elements formed with lower
strength of laser emanation will be printed in lighter tones, that is the smaller ink quantity will
adhere for the photoconductor.

Among all the process inks, for controlling the state of photoconductor, the most suitable one
is the yellow colour which has the greatest electric conductivity. This enables better
adherence of the yellow toner to photoconductor.

The quality of the electrophotographic printing is not in obtaining the prints nearest to the
offset standard quality but in obtaining the alignment in produced prints during longer
printing period. For less demanding graphic products the illumination of the photoconductor
surface up to 131000 times is allowed (the exchange of photoconductor will be caused by
mechanical wearing caused by the contact between the photoconductor and the cleaning unit
and the portable media).

In the starting 13146 illuminations there are no changes in inking the basic chromatic inks
(CMY), which means that the photoconductor does not change its characteristics in its work
and that the formed potential is uniformed (-500V). Just tis corresponds with the
recommendations of the producers who suggest the exchange of the photoconductor after
each 12500 illumination which gives the highest quality of the digital electrophotographic
printing.
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During the illumination of photoconductor, the colour density in darker tones (50% and 90%
screen value) is decreased up to 72495 prints. After 72495 illuminations the laser head cannot
compensate this difference in inking during the calibration, because the laser is already set to
its maximal strength. In this moment it is recommended the exchange of the photoconductor
or the regulation of the voltage by the developing system which can compensate the weaker
toner adherence.
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Abstract: In the present technological moment the digital reproduction is accompanied by
problems caused by insufficient knowledge of mechanism in printing processes depending on
the characteristics of the printing substrates and ink which would ensure the exact
reproduction of all graphic information. Except that, the scientific approach of the evaluation
of ecological suitableness which is based on the definition, quantification and evaluation of
the influences of the determined printing technique on environment, undoubtedly shows the
recognizable unfavourable influence in the domain of raw materials, graphic material, printing
processes and the disposal of the used products.

Only one part of the results of the above mentioned investigations, which concerns the
different composition of the printing substrate and the digital prints exposed to the controlled
influences of the accelerated ageing, is presented in this work. The investigations comprise
non aged and accelerated aged papers of different compositions, prints on aged and non aged
papers as well as the prints which were accelerated aged.

The investigation results are the contribution to theoretical explanation of the mechanism of
the degradation processes in the ageing conditions which is particularly important for the
printing output s of continuous value and for the preserving the cultural values.

Key words: printing substrate, digital printing, ageing, optical characteristics

Sazetak: U sadaSnjem tehnoloskom trenutku digitalnu reprodukciju prate problemi
uzrokovani nedovoljnim poznavanjem mehanizama u procesima tiska zavisni od
karakteristika tiskovnih podloga i bojila, koji bi osigurali to¢nu reprodukciju svih grafickih
informacija. Osim toga znanstveni pristup ocjene ekoloske podobnosti koji se zasniva na
definiranju, kvantificiranju i vrednovanju utjecaja odredene tehnike tiska na okoli§
nedvojbeno ukazuje prepoznatljiv nepovoljni utjecaj u domeni sirovina, grafickih materijala,
procesa tiska, te zbrinjavanju iskoristenih proizvoda.

U ovom radu prikazat ¢e se samo jedan dio rezultata gore spomenutih istraZivanja, koji se
odnosi na razli¢iti sastav tiskovne podloge i digitalnih otisaka izlozenih kontroliranim
utjecajima ubrzanog starenja. Istrazivanjem su obuhvaceni nestareni i ubrzano stareni papiri
razli¢itog sastava, otisci na starenim i nestarenim papirima, kao i otisci ubrzano stareni.
Rezultati istrazivanja doprinos su teoretskom pojasnjenju mehanizma degradacijskih procesa
u uvjetima starenja §to je posebno znacajno za ispis tiskovnih zapisa trajne vrijednosti, te
ocuvanju kulturnih vrijednosti.

Kljucéne rijeci: tiskovna podloga, digitalni tisak, starenje, opticke karakteristike
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1. INTRODUCTION

Deterioration in quality of an aged paper can manifest itself in chemical permanence and the
decrease in mechanical durability [1]. The permanence of paper or prints depends on the
chemical resistance of its components and of the influence of external factors [2]. It includes
lightfastness and points at resistivity of the printing ink against fading and colour change after
exposition to light [3].

The durability depends mainly on the physical and mechanical characteristics of the raw
materials, impact of microclimatic factors such as heat, humidity or radiation and on
contamination by ions and gas from the environment and action of microorganisms [4-6].

Exposure of paper to very short wavelength ultraviolet (254nm) radiation is induced post-
irradiation effect, which are influenced internal and external factors [7]. Result of exposure to
visible and ultraviolet radiation of paper is its discoloration effects during and after exposure.
The aim of Bukovski report is to consider the share of the short-term action daylight with
partly reduced UV radiation induced oxidation degradation of grounwood paper in the
presence of various amounts of secondary chromophores, formed in the paper itself [8].

Natural ageing process of paper and prints causes the degradation of cellulose .The presence
of moisture, oxidative agents and microorganisms are important in this process and especially
the presence of acidic substances. The results in this case are the hydrolysis of cellulose that
appears in shortening of its chain along with changes in content of crystalline form [9].
Shortterm irradiation of paper initiates light induced oxidation reactions, which continue even
after paper is stored in the dark [10].

Discolouration of a paper may be caused by the formation of chromophores upon ageing as a
result of exposure to among other light and volatile gases [11]. Many volatile compounds as
well as alcohols, ketones, aldehydes, carboxylic acids aromatic and aliphatic hydrocarbons
and eters can be released from paper during degradation processes depending upon paper
chemical compositions.

Acid catalyzed hydrolysis of cellulose was recognized to be the primary reaction the
accelerated deterioration of the paper. For study of accelerated ageing of paper new methods
are being developed and recently a mathematical model was presented for temperatures from
Rychlyet at al.[12].

The investigation results of the exposition to the controlled influence of the accelerated ageing
of the printing substrate and of digital prints are presented in this work. The investigation
comprise the non aged and the accelerated aged papers of different composition, the prints on
aged and non aged papers, as well as the accelerated aged prints.

The investigation results are the contribution to theoretical explanation of the mechanism of
the degradation processes in the ageing conditions which is particularly important for the
printing output s of continuous value and for the preserving the cultural values.

2. EXPERIMENTAL

Digital printing machine Xerox DC 50 was used for printing. The printing form
contained different printing elements: multicoloured halftone photos, patches for determining
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the colour density, halftone value and relative printing contrast, trapping fields, patches for
determining dimensional stability and colour register control, surfaces for determining grey
balance and standard FOGRA PMS wedge. Printing was done on fine art paper (Symbol
Freelife Gloss, Fedrigoni), offset paper (Arcoprint, Fedrigoni) i recycled paper (PAN).

For accelerated ageing substrate and print the climatic chamber was used, under the following
conditions: temperature 80°C, relative humidity 65% and ageing time of 24 days without the
radiation influence. In the experimental part, three series of samples were processed: prints on
non-aged paper, prints on aged paper and aged prints.

Optical parameters for the described samples series were performed by X-Rite
spectrophotometer with the support of ColorShop program. The measuring results were
processed by means of Data Analysis program and technical Graphic Origin Professional.
Except that the spectrophotometer Datacolor Elrepho 450 was used for measurements. For
shooting the spectrum of paper samples and prints in infra red areas FT-IR spektrofotometar
Spectrrum One Perkin Elmer was used.

3. RESULTS AND DISCUSSION
In order to get more detailed insight into the changes of permanence of the printing substrates
which were used for digital printing Xerox, the colorimetric values of different non aged and

aged paper are presented.

Table 1. Colorimetric characteristics of the non aged and aged paper

Sample | L*non a*non b* non | L* aged |a*aged |b*aged | AE
aged aged aged
Offset 94,56 3,96 -8,83 93,88 2,89 -4,73 4,3
paper
Fine art | 95,97 1,51 -2,25 94,37 0,42 4,02 6,6
paper
Recycled | 86,73 -0,23 6.63 83,9 0,26 13,44 7,4
paper

The investigation results show that the greatest colour differences AE are noticed between the
non aged and the aged recycled paper. The fine art paper shows somewhat smaller difference
in relation to the recycled paper. Offset paper shows the smallest change in colour difference
of all AE = 4,3, but according to the evaluation criteria, the deviations of three stimulus
information and this deviation are well visible.

Observing the chromatic changes (a* and b*) between the non aged and the aged recycled
paper, considerable shift within the yellow is visible, which causes the decrease of brightness
L*. Fine art paper yellows too. The most stable optical properties are determined for offset
paper which shows smaller changes within the blue area; it does not go into the yellow area
and it does not have greater change in brightness.

Generally, the increase of b* value is attributed to the chromophores which are formed by
degradation of paper components such as cellulose, chemicellulose and lignin.
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Figure 1 presents FT IR spectra in the area of wave numbers from 4000,0 to 400,0 cm™ for

non aged printing substrate and accelerated aged substrate with the aim for determination the

quantity of influence in the change of the observed optical properties which can originate
from degradation in the ageing conditions.
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Figure 1: FT-IR spectra a) Comparative FT-IR spectrum for non aged and the aged fine art
paper in the area of the wave number from 4000,00 to 400,0 cm™'; b) Comparative
FT-IR spectrum for non aged and the aged offset paper in the area of the wave
number from 2000,00 to 500,0 cm™; ¢) Comparative FT-IR spectrum for non aged
andlthe aged recycled paper in the area of the wave number from 2000,00 to 500,0
cm

By observing the comparative FT — IR spectra obtained for the non aged and the aged papers,
one can notice very little increase of absorbency in the area 1200 — 100 cm™' representative for
C — O stretching out, the stretching out of the ring and C-O-C vibration asymmetric stretching
out. On the aged papers one can see the increase of absorbency in the area of 1600 —1700cm™.
In the area near 1700 cm™ and because of the free water in paper, the O — H stretching out is
present.

Complex changes are noticed in the area of 1734 cm’, for which C=O vibrations are
responsible, and which change with the time of paper ageing. The oxidation processes as the
results of paper ageing, generate the carbonyl groups which have influence on the decrease of
whiteness and the increase of yellowness of paper.

Except on the printing substrates, the ageing processes are noticed on the prints made on aged

paper as well as on aged prints made on non aged paper. The results of these investigations
are presented in figure 2 for cyan, magenta and yellow in full tone of colour.
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Figure 2. The influence of accelerated ageing on L*a*b* values

Based on the results presented in figure 2, the colour differences AE have been calculated as
followed:

AEI,ZZE non aged prints — E aged prints
AEl,3 = Enon aged prints — Eprints on aged paper
AEZ,3= Eaged prints — E prints on aged paper

On Xerox prints on offset paper, there are not important changes in colour difference as the
result of ageing. The colour difference appears on prints on the aged paper in relation to the
prints on non aged paper AE;3 C 16,9, M 9.9 Y 41,4. The greatest values for yellow print
were obtained on aged paper in relation to the aged yelow prints AE ;3 40,4.

By ageing the prints on non aged paper, the greatest changes in colour difference appear in
cyan. The decrease of saturation in the blue area and somewhat less in the yellow and red area
appear on such prints. By the ageing of prints made on aged paper the changes in color appear
in the yellow area, but AE value is not as high as it is on the fine art paper.

On recycled paper, by ageing, the greatest colour differences are noticed between the non
aged and the aged magenta prints.

4. CONCLUSION

The investigation results show that the greatest permanence in the described experimental
conditions is achieved with offset paper. On Xerox prints, the medium value of colour
difference is expressed in a series as follows: offset paper 15,6, fine art paper 14,6, recycled
paper 13,8. In this printing technique, the print on aged paper has greater aberrations for some
colours in relation to the print on non aged paper.

By FT — IR analysis it was proved that near the wave number 1600 cm™ there is the increased
intensity of the carboxyl peak with the increase of ageing period, which is the result of
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oxidation processes. The changes were determined in the area of wave numbers from 1734
cm'l, for which C = O vibrations are responsible, as the result of oxidation processes, which
influence the decrease of whiteness and the increase of yellowness of paper.

In scientific sense, this work is the contribution to the explanation of the reproduction ageing
in digital printing process including the relevant parameters of the reproduction process from
the point of view of the formal characteristics of the printing substrate. The result application
can contribute to the improvement of the reproduction objectivity.
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VISOKOPECNI MULJ KAO ADSORBENS ORGANSKE BOJE

BLAST FURNACE SLUDGE AS ADSORBENT FOR ORGANIC DYE

Jadranka Malina, Ankica Radenovi¢, Durdica Nikolié¢
Sveuciliste u Zagrebu, Metalurski fakultet, Aleja narodnih heroja 3, 44 000 Sisak, Hrvatska
University of Zagreb, Faculty of Metallurgy, Sisak, Aleja narodnih heroja 3,
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Izvorni znanstveni rad / Original scientific paper

Sazetak: Za adsorpciju organskih boja u sistemima kao Sto su voda za pi¢e 1 obrada otpadnih
voda, Cesto se u prehrambenoj, farmaceutskoj i kemijskoj industriji koriste razliciti praskasti i
granulirani adsorbensi. Medutim, nastoje se zamijeniti ekonomski povoljnijim adsorbensima.

U ovom je radu studirana adsorpcija metilenskog plavila na visokope¢nom mulju kao moguéem
jeftinom adsorbensu. Eksperimenti su provedeni statickim postupkom. Ravnotezni podaci
dobiveni spektrofotometrijski, analizirani su Freundlichovom i Langmuirovom adsorpcijskom
izotermom.

Rezultati su pokazali da se praskasti visokopecni mulj moze primijeniti za uklanjanje organskih
boja.

Kljuéne rijeci: adsorpcija, visokopeéni mulj, metilensko plavo

Abstract: The adsorption of organic dyes from the aqueous phase on different powdered and
granular adsorbents in the systems such as drinking water and waste water treatments finds an
important application in the food, pharmaceutical and chemical industry. However, the more
economical adsorbents are desirable.

In this paper the adsorption studies with Methylene Blue on blast furnace sludge as the potential
low cost adsorbent were performed. All experiments were carried out by a batch technique. The
equilibrium data obtained spectrophotometrically have been analysed using Freundlich and
Langmuir adsorption isotherm.

The results obtained have shown that powdered blast furnace sludge can found practical
application for organic dyes removal.

Keywords: adsorption, blast furnace sludge, Methylene Blue
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UvOoD

Kao posljedica globalnog rasta industrijske proizvodnje i njene neuskladenosti s primijenjenim
tehnoloSkim postupcima u zastiti okoliSa, prisutno je sve viSe tvari koje opterecuju tlo, vodu i
zrak pa u svim dijelovima ekosfere dolazi do naruSavanja spontanih ravnoteznih odnosa. Stoga
posebnu paznju istrazivaca privlac¢i odlaganje i zbrinjavanje otpadnih tvari koje nastaju kao
sekundarni produkti proizvodnih procesa. Jedan od znacajnijih otpada pri proizvodnji zeljeza je
visokopec¢ni mulj koji zaostaje kao talog vrlo sitnih mikro- i nanocestica nakon ¢is¢enja dimnih
plinova iz tehnoloskog procesa /1/. Problem odlaganja i zbrinjavanja visokope¢nog mulja mogao
bi se ublaziti ako se pokaze da ima znacajan sorpcijski potencijal za druge otpadne tvari koje
opterecuju okolis, a naroCito za vodene otopine organskih boja. Naime, efluenti iz industrije
tekstila, papira, celuloze i boja ¢esto sadrze primjese koje su toksi¢ne /2,3/. Za odstranjivanje
boja postoji niz postupaka kao Sto su membranski procesi /4/, koagulacija /5/, ozoniranje /6/ i
ali skupi adsorbensi kao S$to je aktivirani ugljik nastoje se zamijeniti jeftinijim uglji¢nim
materijalima /8/.

Stoga je u ovom radu studirana interakcija visokopecnog mulja i metilenskog plavila s ciljem da
se ustanovi adsorpcijski kapacitet tog industrijskog otpada za uklanjanje organskih boja iz
vodenih otopina.

EKSPERIMENT
Adsorbens

Visokopeéni mulj (VPM) koji nastaje kao otpadni materijal u procesu proizvodnje sirovog
zeljeza, koristio se za adsorpciju organske boje. U tu je svrhu sediment iz ispiraca visokope¢nih
plinova susen pri 105°C tijekom 4 sata. Analizom kemijskog sastava ustanovljeno je da VPM
sadrzi najvise C i1 O, a zatim slijede Fe, Al, Si, Pb i Zn. Udio amorfne faze iznosi 68%, specificna
povrsina 30d1redena BET postupkom ima vrijednost Sger = 31,46 m’g”, a volumen pora iznosi
0,157 cm’g".

Adsorbat

Otopine metilenskog plavila MeB (J.T.Baker, p.a.) za adsorpcijska mjerenja pripravljene su s
destiliranom vodom iz osnovne otopine koncentracije co(MeB)= 1,0-10° mol/L. Medutim,
otopine za izradu bazdarnog dijagrama bile su razrjedivane s tzv. kondicioniranom destiliranom
vodom koja je prethodno bila 24 sata u kontaktu s adsorbensom, kako bi se imitirali uvjeti
adsorpcije u prisustvu visokope¢nog mulja. Naime, takva «kondicionirana» voda sadrzi iste tvari
koje mogu nastati kao posljedica eventualnog izluzivanja tijekom uspostavljanja adsorpcijske
ravnoteze u sistemu MeB-VPM i stoga omogucava da se dobije vjerodostojni bazdarni dijagram.

Adsorpcijska mjerenja

Adsorpcijski eksperimenti provedeni su u laboratorijskim uvjetima pri sobnoj temperaturi
2042 °C. U tu je svrhu nakon prosijavanja osuSenog visokope¢nog mulja, masa od 30,0 mg
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selektirane frakcije veliine Cestica < 56 um mijeSana u laboratorijskoj bocici s 20,0 mL otopine
adsorbata tijekom ’2 sata. Nakon toga su otopina MeB 1 adsorbens bili u statickom kontaktu do
uspostavljanja ravnoteze. Preliminarnim je mjerenjima ustanovljeno da se ravnoteza uspostavlja
nakon 5 sati i da otopine imaju pH u podrucju 7,0 £0,5.

Nakon wuspostavljanja ravnoteze, frakcija otopine iznad adsorbensa KkoriStena je za
spektrometrijsko odredivanje ravnotezne koncentracije metilenskog plavila, c.(MeB). S pomocu
uredaja Perkin Elmer Coleman 54 mjerena je apsorbancija pri valnoj duljini 665 nm. 1z razlike
pocetne 1 ravnotezne koncentracije adsorbata te mase adsorbensa, m i volumena otopine, V,
izracunat je adsorpcijski kapacitet, q. koji se izrazava kao koli¢ina boje adsorbirane po jednom
gramu visokope¢nog mulja.

de= [(co(MeB) — c«(MeB)]-V/m

REZULTATI I RASPRAVA

Metilensko plavilo (Ci6H;3sCIN3S) je kationska organska boja s karakteristicnim dimetilaminskim
grupama. U vodenoj otopini ionizira 1 stoga se moze adsorbirati na razliCitim krutim
adsorbensima koji mijenjaju svoj povrsinski naboj /9/. Na osnovi ¢injenice da visokopeéni mulj u
svom kemijskom sastavu uz razlic¢ite okside ima i ugljicnu fazu /10,11/, pretpostavlja se da bi
mogao biti sklon adsorbiranju polarnih molekula kao $to je MeB. Eksperimenti izvedeni u ovom
radu pokazali su da takva tendencija postoji, kao Sto se to vidi na slici 1 koja prikazuje VP mulj
nakon uspostavljanja ravnoteze u procesu adsorpcije metilenskog plavila.

2 mm

Slika 1. Promjena boje visokopeénog mulja nakon 5 sati kontakta s MeB otopinom koncentracije
co=0,2 10" molL"'

Iz nekoliko serija pokusa s otopinama MeB razliite pocCetne koncentracije, izraCunat je
adsorpcijski kapacitet visokope¢nog mulja-qc 1 na slici 2 prikazan njegov iznos nakon
uspostavljanja ravnoteZze.

135



250 ~

o o
200 -

— o

gN)

© 150 -

§_ o

— 100 -

o o)

50
0 T T T T T 1
0 50 100 150 200 250

ce/ pmolL™

Slika 2.0Ovisnost adsorpcijskog kapaciteta visokope¢nog mulja o koncentraciji metilenskog
plavila pri sobnoj temperaturi

Iz slike 2 se vidi da porastom koncentracije boje raste adsorpcijski kapacitet VP-mulja i doseze
maksimalnu vrijednost od priblizno 2,2 10 mol MeB. Nakon toga se, unato& povec¢anju koli¢ine
adsorbirane boje, efikasnost uklanjanja MeB viSe ne povecava. Ovaj rezultat ukazuje na
sposobnost VP mulja da samo u izvjesnoj mjeri ukloni organsku boju pri navedenim ispitnim
uvjetima.

Prikazane rezultate koji oblikuju adsorpcijsku izotermu u sistemu MeB/VPM, pokusalo se
modelirati pomoc¢u empirijskih jednadzbi Freundlicha i Langmuira koje se najc¢eS¢e koriste za
opisivanje fenomena adsorpcije iz vodenih otopina /12/.

Freundlichov model adsorpcije prikazuje se jednadzbom

_ I/n
Je= KF * Ce

gdje su Kr i I/n Freundlichove konstante koje ovise o temperaturi i paru adsorbens-adsorbat.
Za razliku od Freundlichove jednadzbe, Langmuirov model daje najjednostavniju predodzbu
adsorpcijskog procesa i temelji se na relaciji

qe= [KL " gm" ce] / [1+KL - (]
U ovoj jednadzbi K; oznacava Langmuirovu konstantu koja se moze povezati s Gibbsovom
energijom adsorpcijskog procesa, a qm je monoslojni adsorpcijski kapacitet, tj. ona koli¢ina
adsorbata koja je potrebna da se cijela povrsina prekrije monomolekularnim slojem. Imajuci to u
vidu, u analizi rezultata nakon uspostavljanja ravnoteze (slika 2), uzete su u obzir i Freundlichova
1 Langemuirova adsorpcijska izoterma. Za odredivanje karakteristicnih konstanti i obradu
podataka s pomocu grafickog prikaza (slika 3 i slika 4), koristen je linearni oblik izotermi.

Freundlich: log ge=log Kr+ 1/n log c.

Langmuir: Ce/qe = 1/(qm’KL) + ¢e/qm
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Slika 3. Freundlichova adsorpcijska izoterma za sistem MeB-VPM
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Slika 4. Langmuirova adsorpcijska izoterma za sistem MeB-VPM

137



Iz nagiba pravaca i odsjeCaka na ordinati odreduju se karakteristi¢ni parametri (Kg, n, Ki 1 qm)
koji za obje izoterme opisuju ravnotezu u ispitivanom sistemu. Dobivene vrijednosti nalaze se u
tablici 1 zajedno s iznosom za energiju adsorpcije AG, izraCunatu s pomocu jednadzbe

AG=-RTIn K,

Takoder su u tablici navedeni i korelacijski koeficijenti (r) dobiveni ispitivanjem podudarnosti
eksperimentalnih podataka prema Freundlichovom i Langmuirovom modelu.

Tablica 1. Karakteristicni adsorpcijski parametri Freundlichove i Langmuirove izoterme

u sistemu MeB/VPM
Freundlich Freundlich r? Langmuir | Langmuir r? AG
KF 1/n KL qm
kJ mol™
umol I-1n | Un g—l L mol™ mol g-l
54,9 0,3 0,95 | 1,45 10° | 233-10* | 0,99 -28.9

Rezultati iz tablice pokazuju da se eksperimentalni podaci mogu opisati i Freundlichovom, i
Langmuirovom jednadzbom. Medutim, Langmuirov model pokazuje nesto bolju podudarnost
(1*=0,99) od Freundlichovog (1*=0,95). Iz toga se moZe zakljuciti da u uvjetima izvodenih
mjerenja prevladava mehanizam adsorpcije MeB u jednom sloju. Pored toga, iznos za
Gibbsovu energiju ukazuje na to da je proces spontan te da izmedu adsorbata i adsorbensa
djeluju fizikalne sile /13/. Nadalje, kratko vrijeme do uspostavljanja ravnoteze (manje od 5h)
sugerira da se vezanje MeB odvija pretezito na povrsini VPM, bez znacajnog udjela difuzije
prema unutrasnjosti Cestica adsorbensa. Dobivene spoznaje ukazuju na mogucnost
iskoristavanja VP mulja u procesu ¢is¢enja otpadnih voda zagadenih organskim bojama.

ZAKLJUCAK

e Otpadni materijal industrije zeljeza i Celika, poznat kao visokope¢ni mulj, pokazao se pri
sobnoj temperaturi (20£2 °C) kao moguci adsorbens za metilensko plavilo u podrucju
koncentracija boje od 1-10° mol/L - 1-10™ mol/L.

e Ravnoteza u ispitanom sistemu MeB/VPM moze se opisati Lagmuirovom adsorpcijskom
izotermom.

e Metilensko plavilo adsorbira se fizikalnim procesom kao monosloj na povrSini
visokopec¢nog mulja.
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ACTIVATED SINTERING OF SEAWATER-DERIVED MAGNESIA

AKTIVIRANO SINTERIRANJE MAGNEZIJEVA OKSIDA 1Z MORSKE
VODE

Vanja Martinac, Miroslav Labor, Marijana Prolos¢i¢, Tajana Pocrnja, Nedjeljka Petric
Faculty of Chemistry and Technology, Teslina 10/V, 21000 Split, Croatia

Izvorni znanstveni rad / Original scientific paper

Abstract: This study has examined the effect of the TiO, addition and the effect of the method used to
rinse the magnesium hydroxide precipitate on the properties of magnesium oxide obtained from seawater
by substoichiometric precipitation (which took place with 80 % of the stoichiometric quantity of the
dolomite lime). The combined rinsing method (3+2) was applied to rinse the magnesium hydroxide
precipitate, i. e. the rinsing by decantation was carried out three times with alkalised distilled water with
pH = 12.50 and two times with distilled water with pH = 6.7. The MgO samples (80 % precipitation)
obtained were then sintered with the addition of 0.5 and 1 mass % TiO, in order to determine the
properties of the sintered samples (density, porosity, the B,O; content) relative to the method used for
rinsing the magnesium hydroxide precipitate and to the effect of added TiO,. It has been established that
all the samples sintered at 1700 °C with 3 h of soaking at the maximum temperature had very low
porosity, and density up to 99 % of the theoretical density. The effect of added TiO, in mass fractions 0.5
and 1 % on the B,O; content was not very significant, which is related to the quantity of CaO in the
examined samples.

Key words: substoichiometric precipitation, TiO, addition, seawater, magnesia, activated sintering

Sazetak: U radu je ispitivan utjecaj dodatka TiO, i nacina ispiranja taloga magnezijeva hidroksida na
svojstva magnezijeva oksida dobivenog iz morske vode nestehiometrijskim nac¢inom talozenja uz dodatak
80 % od stehiometrijski potrebne koli¢ine dolomitnog vapna. Kod pripreme uzoraka primijenjen je
kombinirani nacin ispiranja taloga magnezijeva hidroksida (3+2), tj. ispiranje dekantacijom vrSeno je tri
puta zaluzenom destiliranom vodom pH = 12.50 i dva puta destiliranom vodom pH = 6.7. Zatim je
izvr§eno aktivirano sinteriranje uzoraka MgO (80 %-tno talozenje) iz morske vode, uz dodatak 0.5 i 1
mas. % TiO, sa svrhom da se utvrde svojstva sinteriranih uzoraka (gustoca, poroznost i sadrzaj B,Os) u
ovisnosti o nacinu ispiranja taloga magnezijeva hidroksida i utjecaju dodanog TiO,. Ustanovljeno je da svi
sinterirani uzorci pri 1700 °C uz vrijeme izotermnog zagrijavanja 3 sata imaju veoma malu poroznost, a
postignute gusto¢e su do 99 % teorijske gustoée. Dodatak TiO, u koli€ini 0.5 i 1 mas. % ne utjeCe
primjetno na udjel isparenog B,0O; u procesu aktiviranog sinteriranja, $to se dovodi u vezu sa sadrzajem
CaO u ispitivanim uzorcima.

Kljuéne rije€i: nestehiometrijsko talozenje, dodatak TiO,, magnezijev oksid iz morske vode, aktivirano
sinteriranje
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INTRODUCTION

As resources of mineral raw materials, primarily magnesite (MgCOs3), in soil decrease, in last
decades seas and oceans have become an unlimited deposit and the main source for obtaining
magnesium oxide, taking into account the high mass concentration of magnesium in seawater [1]
which amounts to 1.35 g dm™ i.e. 0.13 % of magnesium in the whole mass of seawater.

The process of deriving magnesium from seawater [2-7] includes precipitation of magnesium
hydroxide, Mg(OH),, formed by the reaction of magnesium salts (MgCl, and MgSQ,) dissolved
in seawater with a base reagent such as calcined dolomite or calcined lime, according to
processes being developed for more than 50 years on the industrial scale.

Due to its high refractory properties (MgO melts at 2823 + 40 °C), magnesium oxide — based
refractory materials are non-toxic and chemically inert (resistant to the action of many acids, acid
gases, base slags and neutral salts, and react with carbon only above 1800 °C).

Magnesium oxide used in this study was obtained by substoichiometric precipitation with the
addition of 80% of the stoichiometric quantity of dolomite lime as the precipitation agent.

B,0; being the standard impurity in seawater derived magnesium oxide, it was the intent of this
study to examine the effect of the combined method of rinsing (3+2) of the magnesium hydroxide
precipitate as well as the effect of the TiO, addition in mass fractions of 0.5 and 1 mass % on the
reduction of the B,O; fraction in the final product, i.e. magnesium oxide sintered at 1700 °C, with
the duration of isothermal heating of 3 hours.

2. EXPERIMENTAL

The composition of seawater used for precipitation of magnesium hydroxide was:

MgO =2.124 g dm; Ca0 =0.5573 g dm™

The composition of the dolomite lime used as the precipitation agent was as follows (mass %):
Ca0=5717% MgO =42.27 %

Si0, =0.099 % Al,03=0.051 %

Fe203 =0.079 %

The seawater was acidified (by sulphuric acid) to lower its pH from the normal value of 8.2 to
4.0. Seawater was then passed through the desorption tower packed with Rasching rings where it
flowed downward against a rinsing stream of air. At low pH, the bicarbonates (HCOj3) and
carbonates (COs>) were converted to the CO, gas, which was stripped out of the falling water
drops by the ascending airflow. The flow rate of the induced air was 120 dm’ h™ and the
volumetric flow rate of seawater through the desorption tower was 6 dm” h™".

The precipitation of magnesium hydroxide took place after the pre-treatment of seawater with 80
% of the stoichiometric quantity of dolomite lime.

The experimental procedure used to obtain magnesium hydroxide from seawater was similar to
that employed in our previous studies [4,8].

The sedimentation rate was increased by addition of the optimum amount of the anionic 818A
flocculent (polyacrylamide) produced by the Dutch firm Hercules. The experimental procedure
used to determine the optimum quantity of the anionic 818A flocculent has been described in a
previous study [9].

After completed sedimentation, the clear layer was decanted, and the formed magnesium
hydroxide precipitate rinsed according to the combined method.
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The rinsing agent was: - alkalised distilled water pH = 12.50 which was alkalised by the addition
of concentrated NaOH and

- distilled water pH = 6.5
The 3+2 combined rinsing method was used in rinsing by decantation, i.e. after the magnesium
hydroxide precipitate was rinsed three times by alkalised distilled water with pH = 12.50, it was
rinsed twice by fresh distilled water. The volume of the rinsing agent was approx. 1 dm’.
After decantation, the precipitate was filtered on a number of funnels (blue ribbon filter paper).
The precipitate was rinsed by distilled water on filter paper 5 times.
The prepared magnesium hydroxide samples were dried at 105 °C after filtering and then
calcined at 950 °C for 5 h to form caustic magnesium.
The composition of magnesium oxide obtained by precipitation with 80 % of the stoichiometric
quantity of dolomite lime was (mass %): 97.76 % MgO, 1.78 % CaO and 0.1007 % B,Os.
Mixtures of magnesium oxide were then prepared with the addition of a mass fraction of 1%, 2%
or 5% TiO,. The doping oxide used was analytical reagent grade titania (TiO; p.a.) in the rutile
form — produced by Merck. Table 1 shows its analysis.
Samples were homogenized by manual stirring in absolute ethanol (C¢HsO p.a.). The mixtures
were cold pressed into compacts in a hydraulic press at a pressure of 625 MPa. The compacts
were then sintered in a gas furnace, made by the French firm Mecker (type 553), with zirconium
(TV)-oxide lining, at 1750 °C with 3h of soaking at the maximum temperature.
It took approximately 2 h to reach the maximum temperature in the furnace. After sintering, the
samples were left to cool in the furnace. The sample density after sintering (p) was determined
from the volume of water displaced from a calibrated cylinder. The total (P;), apparent (P,) and
closed (P.) porosities in the samples examined were determined according to standard methods
(HRN B.D8.302, B.D8.312, B.D8.313). The boron content in the magnesium oxide samples
examined was determined potentiometrically. The variation coefficient for the method applied is
+ 1 % [10]. The results shown represent the average of a number of measurements.

Table 1: Chemical analysis (mass %) of TiO, p.a. (Merck)

Ti0, (99 %)
Water-soluble matter 0.3 %
Chloride (Cl) 0.01 %
Sulphate (SO4) 0.05 %
Heavy metals (such as Pb) 0.001 %
Iron (Fe) 0.005 %
Arsenic (As) 0.0002 %

3. RESULTS AND DISCUSSION

This study has examined the addition of TiO, in mass fractions of 0.5 and 1% on the properties of
sintered magnesium oxide obtained from seawater by substoichiometric precipitation with 80%
of the stoichiometric quantity of dolomite lime as the precipitation agent.

The isothermal sintering process was carried out at the temperature of 1700 °C, with 3 hours
duration of isothermal sintering. During sintering of seawater-derived magnesium oxide at high
temperatures (> 1650 °C) periclase and other silicates form, whose composition depends on the
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content and relative quantities of present admixtures of SiO,, Al,Os, Fe,O3;, CaO, B,0O; that
originate from seawater and the precipitation agent. Sintering takes place through solid-state
reactions. Seawater-derived magnesium oxide contains B,Os3 as impurity. As the properties of
refractory materials based on magnesium oxide greatly depend on the B,O; content in the
product, it should be reduced as much as possible by applying the appropriate method of rinsing
of the magnesium hydroxide precipitate. Previous studies [11] have shown that if the combined
rinsing method (3+2) by decantation is followed by repeated rinsing on filter paper (5 times) with
the same rinsing agent (fresh distilled water with pH = 6.18), the B,Os content is reduced by 58
% compared to that in samples prepared without rinsing of the magnesium hydroxide precipitate
(0.2421 mass % B,0s3), which is probably due to longer contact of the magnesium hydroxide
precipitate with the rinsing agent in comparison to the contact during decantation. In this study
the same method of rinsing was applied, i.e. combined method (3+2) during rinsing by
decantation, followed by rinsing by fresh distilled water with pH of 6.5 on filter paper (5 times).
The results obtained indicate that the initial sample of calcined magnesium oxide obtained by
substoichiometric (80 %) precipitation contains 0.1007 mass % B,O; and 1.78 mass % CaO.
When this method of rinsing of the magnesium hydroxide precipitate is used, the chemical
composition of calcined magnesium oxide obtained by 80 % precipitation approximates the
chemical composition of magnesium oxide obtained by overstoichiometric (120 %) precipitation.
Studies [12] indicate that MgO samples (120 % precipitation) contain 1.65 mass % CaO and
0.1055 mass % B,0s. In order to determine the properties of MgO samples (80 % precipitation)
thus prepared, the magnesium oxide samples with additions of 0.5 and 1 mass % TiO, and
samples without the addition of TiO, were sintered at 1700 °C with the duration of isothermal
heating of 3 hours. Table 2 presents the results obtained for density, porosity, and the B,O;
content in the magnesium oxide samples examined, for the above-described conditions of rinsing
of the magnesium hydroxide precipitate.

Table 2: Density (p), apparent (P,), total (P;) and closed (P.) porosity for sintered magnesium
oxide samples (80 % precipitation) with 0.5 and 1 mass % TiO,, and no sint. aid,
t=1700 °C, t = 3h, p = 625 MPa

No. of Rinsing No. of Ti0,
sample water rinses by addition p P, Py P,
decantation*
mass % gcm” %
1 Alkalised no sint. aid 3.4917 0.39 2.41 2.02
2 + 3+2 0.5 3.4969 0.39 2.26 1.87
3 Distilled 1 3.5282 0.20 1.35 1.15

* - After rinsing by decantation (three times by alkalised distilled water and two times by
distilled water) the sample of magnesium hydroxide was rinsed five times by distilled
water (pH = 6.5) on filter paper

The experimentally determined values for density of sintered samples show the favourable effect
of the TiO, addition on thickening, although the density of samples sintered with the addition of
0.5 mass % TiO, (p = 3.497 g cm™) is not significantly higher than that of the sample without the
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TiO, addition (p = 3.492 g cm™). Apparent porosity (Table 2) is of the same order of magnitude
in both samples and amounts to 0.39 %. Therefore, the number of open pores is low, and the total
porosity (P;) is almost identical to the closed porosity (P.). The values for closed porosity are
somewhat lower for samples with the addition of 0.5 mass % TiO, (1.87 %), regardless of the
fact that the sample with the addition of TiO, and the sample without the addition of TiO, have
the same apparent porosity. Samples with the addition of 1 mass % TiO, also show a small
number of open pores, and the density attained amounts to 98.7 % of the theoretic density (p; =
3.576 g cm™). The comparison of values obtained indicates that the total porosity of the sample
with the addition of 1 mass % TiO; is lower by 44 %, and closed porosity by 43 % relative to
sintered samples without addition. Small values of apparent porosity show that thickening mainly
took place during heating, while reaching the maximum sintering temperature. This can be
explained by the effect of the TiO, addition at lower temperatures while reaching 1700 °C, i.e. the
final sintering temperature. Specifically, when Ti*" ions enter the MgO lattice, a defective
structure forms, i.e. cation cavities, which increases the diffusion rate, and thereby the density of
sintered samples. With samples without the addition of TiO, it is only higher temperature that
increases the mobility of elements forming the crystal lattice, thereby forming a contact surface
between the particles of compacted powder, eliminating porosity, and shrinking the whole system
[13]. It can be assumed that at higher temperatures in samples examined, with or without the
addition of TiO,, the mass transfer is governed by the diffusion of O* ions through the MgO
lattice as the slower diffusion species. This indicates that the effect of the addition of TiO; at high
sintering temperatures, such as 1700 °C / 3 hours, is less noticeable.

The studies so far [12,14] indicate the favourable effect of the addition of TiO, on the possibility
of removal of B,Os in the process of isothermal and activated sintering of seawater-derived
magnesium oxide. Owing to its volatility, the boron present in the sample evaporates in the form
of B,O3 from the sample into the atmosphere already at 1000 °C during sintering of seawater-
derived magnesium oxide [15]. Table 3 lists the results obtained for the effect of the addition of
TiO; on reduction of the content of B,O; in sintered seawater-derived magnesium oxide for the
above-described conditions.

Table 3: Effect of TiO; on the B,0O; content in the sintered magnesium oxide samples
(80 % precipitation) at t = 1700 °C, t = 3h, p = 625 MPa

No. of Rinsing No. of Ti0, B,0;
sample water rinses by addition
decantation*®
mass %
1 Alkalised no sint. aid 0.0292
+ 3+2 0.5 0.0272
3 Distilled 1 0.0252

* - After rinsing by decantation (three times by alkalised distilled water and two times by
distilled water) the sample of magnesium hydroxide was rinsed five times by distilled
water (pH = 6.5) on filter paper
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The results obtained show that during sintering at 1700 °C with the duration of isothermal heating
of 3 hours, the content of B,O3 in all MgO (80 % precipitation) samples fell below 0.05 mass %,
which is, according to N. Heasman [2], the maximum allowed limit for boron impurity in sintered
magnesium oxide — refractory material.

The experimental results were analysed to calculate the fraction of B,O; evaporated in the
sintering process (J;) from experimental data on the fraction of B,Oj; in the sintered sample and
the fraction of B,Os in calcined magnesium oxide, as well as the fraction of CaO that has reacted
with TiO, (J2). Based on the experimental data for boron determination by potentiometrical
titration in magnesium oxide samples sintered at 1700 °C / 3 h, the reaction yield degree, &, was
calculated for the dicalcium borate formation reaction in all the samples examined, relative to the
quantity of boron present in the calcined magnesium oxide. Table 4 shows the result obtained.

Table 4: Dependence of J;, J, and & on different quantities of sintering aid in the sintered
magnesium oxide samples (80 % precipitation) at t = 1700 °C, t = 3h, p = 625 MPa

No. of TiO,
No. of | Rinsing water rinses by addition J1 Jo €
samples decantation*
mass % %
2 Alkalised 0.5 72.99 19.21 27.01
3 + 3+2 1 75.18 38.37 24 .82
Distilled

* - After rinsing by decantation (three times by alkalised distilled water and two times by
distilled water) the sample of magnesium hydroxide was rinsed five times by distilled
water (pH = 6.5) on filter paper

As the initial sample, i.e. calcined magnesium oxide contains increased fraction of CaO (1.78
mass %), the results obtained (Table 4) indicate that the addition of TiO, in the mass fractions of
0.5 and 1 mass % does not suffice to bind the CaO present and thereby lead to a higher degree of
evaporation of B,0Os3 in the sintering process.

Examinations [16-18] by the methods of X-ray diffraction and EDAX analysis indicate that
during the sintering process the TiO, added reacts with CaO from the solid solution MgO-CaO
and transforms into calcium titanate (CaTiOs;). A previous study [19] has proven the fraction of
dicalcium borate (Ca,B,0s) in sintered samples of seawater-derived magnesium oxide by the
method of X-ray diffraction, i.e. it has been established that B,O; reacts with CaO during
sintering and transforms into Ca,B,0s. Therefore, CaO retains B,0O; in the sample, which results
in reduced evaporation of the boron present in the form of B,O; from the sample into the
atmosphere during sintering.

From the results obtained, it may be concluded that the addition of TiO, in the mass fractions of
0.5 and 1 mass % has no significant effect on the reduction of the fraction of B,O; in the sintered
sample of MgO (80 % precipitation) if the initial sample has an increased quantity of CaO.
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4. CONCLUSIONS

It has been established that all sintered samples of MgO (80 % precipitation) have low porosity,
and the densities attained amount up to 99 % of the theoretical one. Low values of apparent
porosity indicate that some thickening of the sample took place before the maximum sintering
temperature, i.e. 1700 °C was reached.

The addition of TiO, in the mass fractions of 0.5 and 1 mass % does not noticeably affect the
fraction of B,0O; evaporated during the activated sintering process of seawater-derived
magnesium oxide in comparison to the fraction of boron evaporated from the sample without the
addition of TiO,, which is correlated to the CaO content in the sample examined. A higher CaO
content retains B,Os in the sample, i.e. a smaller quantity of B,Os evaporates during sintering.

In all the samples the B,Os content was below 0.05 mass % which is, according to N. Heasman,
the maximum allowed limit of boron impurity in the final product, i.e. sintered seawater-derived
magnesium oxide.
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ANALIZA RIZIKA PRI OPREMANJU I ODRZAVANJU BUSOTINA

WELL COMPLETION AND WORKOVER RISK ANALYSIS
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Pregledni clanak / Subject review

SazZetak: Osim vrednovanja uspjeSnosti opremanja i odrzavanja busotina bitna je 1 analiza rizika
ili opasnosti od mogucih propustanja opreme. Da bi se izbjeglo pretpostavke i nagadanja, moguce
je primijeniti odgovaraju¢u kombinaciju metoda odredivanja pouzdanosti pojedine komponente
sustava. Procjena pouzdanosti ukljucuje povezivanje ucestalosti kvarova s obzirom na proteklo
vrijeme rada. Kao primjer primjene analize pouzdanosti posluziti ¢e moguée kombinacije
opremanja buSotina na moru na platformama sa sidrenim uzetima (TLP-eng. fension leg
platform). Navedena analiza treba omoguciti razumijevanje opravdanosti primjene skupljih (ali
pouzdanijih) komponenti opremanja sustava. Takoder ¢e posluziti za identificiranje kriti¢nih
elemenata sustava koje bi trebalo drugacije projektirati ili eliminirati. Kona¢no, ona treba
omoguciti vrednovanje alternativnih opremanja za bilo koji tip busotine na kopnu ili na moru.
Kljuéne rije€i: opremanje busotina, odrzavanje buSotina, analiza rizika

Abstract: Besides the evaluation of well completion and workover efficacy essential is also the
risk analysis or danger of possible leak of equipment. To avoid assumptions and guesswork, it is
possible to apply proper combination of methods to determine the reliability of individual
component of the system. Reliability analysis includes connection of failure frequency with
regard to elapsed working time. Possible combinations of well completion using tension leg
platforms will serve as an example of reliability evaluation. The analysis must enable
understanding of usefulness of expensive (but more reliable) completion systems components
application. Also it will serve to identify critical system elements that must be designed
differently or eliminated. Finally, it must enable evaluation of alternative completions for any
type of the well on shore and off shore.

Key words: well completion, workovers, risk analysis

Ovaj rad proizasao je iz istraZivanja na projektima MZOS-a
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1. UVOD

Osim vrednovanja uspjeSnosti opremanja i odrzavanja buSotina bitna je i analiza rizika ili
opasnosti od mogucéih propustanja opreme. Da bi se izbjeglo pretpostavke i nagadanja, moguce je
primijeniti odgovaraju¢u kombinaciju metoda odredivanja pouzdanosti pojedine komponente
sustava. Moguca je primjena dviju metoda; (1) analize pouzdanosti — koja definira pouzdanost
komponente sustava s obzirom na obavljanje zadane funkcije unutar odredenog predvidenog
vremena primjene u realnim uvjetima i (2) mogucénosti greske — gdje se odreduje vjerojatnost da
¢e se dio sustava pokvariti. Metode su komplementarne, pa ¢e biti obradena samo analiza
pouzdanosti. Procjena pouzdanosti ukljuuje povezivanje ucestalosti kvarova s obzirom na
proteklo vrijeme rada. Za veliki broj elemenata sustava, posebna paznja se usmjerava na tri
izdvojena perioda tijekom radnog vijeka s obzirom na oStec¢ivanje (slika 1).

Slika 1. Karakteristicna krivulja
trajnosti

WEBALOST Op¢i pristup optimiranja pouzdanosti
B je da se eliminiraju pocetna oStecenja
ili kvarovi odgovaraju¢om kontrolom
1 ispitivanjima, te kvarovi zbog
istroSenosti pravovremenim
preventivhim zamjenama.

oD Al KORISNI PERIOD PRIMJENE pop

o VRIJEME PRIMJENE Y

Za analizu je relevantan samo onaj dio krivulje gdje se pouzdanost moze predvidjeti primjenom
eksponencijalne distribucije jednog ¢imbenika. [1]

R(t)y=e™ )
Gdje su:

R(t) — vjerojatnost da ¢e dio sustava djelovati bez kvara tijekom predvidenog perioda (t)

za zadane uvjete rada sustava
A - uCestalost kvara elementa sustava ( on je konstanta za zadane uvjete rada sustava)
t — vrijeme primjene, sati

Kada se primijene odgovarajuce vrijednosti definira se pouzdanost elementa za zadani period
rada. Reciprocna vrijednost ucestalosti kvarova (1/A) naziva se "srednje vrijeme izmedu dva
kvara" (MTBF — eng. mean time between failures). Za vrednovanje pouzdanosti slozenog
sustava, potrebno je odrediti pouzdanost svake pojedine komponente te obraditi podatke
matematickim modelom sustava pouzdanosti. Elementi sustava unutar analize mogu biti
kombinirani na dva nacina: serijski i paralelno.

Serijska kombinacija podrazumijeva da svaka komponenta mora obavljati svoju funkciju kako bi
se odrzao slijed dogadanja. To znaci da za sustav s dvije komponente, jedna i druga moraju
djelovati zadovoljavajuce. To je tzv. "AND" kombinacija ili "AND" logicka vrata. Matematicki,
pouzdanost kombiniranog djelovanja je zapravo umnozak pouzdanosti svake pojedine
komponente.

Ry (0) = 7R (1) @)
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Ovdje simbol (7) predstavlja umnozak: R;(t)‘Ry(t)-...Ry(t).

Paralelna kombinacija zahtijeva da bilo koji ¢lan grupe komponenata mora pravilno djelovati da
sustav djeluje zadovoljavajuce. Za sustav s dvije komponente to zna¢i da komponenta (1) ili
komponenta (2) mora djelovati ispravno da sustav funkcionira. To je tzv. "OR" kombinacija, ili
"OR" logicka vrata. Matematicki, pouzdanost paralelne kombinacije je:

Rop()=1- 1[I R (1)] 3)

Logicki dijagram analize pouzdanosti pocinje od pocetnog dogadaja (elementa) i dograduje se
dalje rastavljanjem u sporedne (podredene) dogadaje (elemente), povezane odgovaraju¢im
"AND" ili "OR" logickim vratima. Takav nacin Sirenja sustava nastavlja se do dosezanja
osnovnih elemenata sustava (dogadaja), koji se ne mogu (ili su tako definirani) dalje rastavljati.

2. ANALIZA RIZIKA OVISNO O SUSTAVU OPREMANJA

Primarna zadaca je odredivanje dogadaja koji se ne smije ostvariti. Za ovaj primjer to predstavlja
bilo kakvo propustanje fluida iz buSotine u okoli§ kroz cijeli radni period. Za slu¢aj sa slike 2,
logicki dijagram ima oblik prikazan na slici 3.

Kako erupcioni uredaj jos$ nije kona¢no koncipiran prikazan je odgovaraju¢im simbolom, a isto se
odnosi 1 na ponaSanje tubinga. Razmatraju¢i shematski prikaz opreme buSotine u odnosu na
logicki dijagram, jasno je da erupcioni uredaj ¢ini cjelinu sa sustavom tubinga i pakera ili
prstenastim prostorom unutar zastitnih cijevi s obzirom na moguée propusStanje. Za ovako
koncipiran logic¢ki dijagram, moguée je definirati matematicku kombinaciju pouzdanosti; tj.
ukupnu pouzdanost sustava.

RTOP:1_(1_RP'RB‘RX)'(1_RX'RA) 4)

Gdje je:
Rx — pouzdanost erupcionog uredaja
Rp — pouzdanost pakera
Ra — pouzdanost zastitnih cijevi
Rp — pouzdanost tubinga

Logicki dijagram koji opisuje izgled busotinske opreme tijekom proizvodnje samo je jedan prikaz
opreme tijekom radnog vijeka buSotine. Zbog toga, kako bi se odredila pouzdanost kroz
sveukupni period dijagram treba ukljucivati i sve ostale moguce elemente opremanja, jer se
oprema busSotine mijenja sukladno primijenjenoj opremi i postrojenjima pri odrzavanju. Takav
prosireni logicki dijagram prikazan je na slici 4.

Na ovaj na¢in mogucée je ukljuciti bilo koji sklop ili kombinaciju sklopova koji ¢e biti
primijenjeni, bez potrebe promjene logickog dijagrama u buduénosti.
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Slika 2. Sustav opreme busotine [2] Slika 3. Dijagram kvarova pri odrzavanju busotina
Isto kao kod logi¢kog dijagrama, potrebno je predvidjeti i izraditi dijagram kvarova. Takoder
treba predvidjeti i broj postupaka na odrzavanju busotine koje ¢e trebati ostvariti. (Slika 3.)
Dogadaji ili elementi sustava koji se u tom dijagramu nalaze, su svi oni zbog ¢ijeg propustanja se
moze ukazati potreba za odrzavanjem busotine.

3. NACIN ODREPIVANJA POUZDANOSTI SUSTAVA OPREMANJA I ODRZAVANJA

Proracunavanje zahtijeva sakupljanje odredenog broja podataka. U tablici 2 navedeni su potrebni
podaci, koji u ovom slu¢aju ne moraju biti apsolutno toc¢ni, ali ¢e posluziti za prikaz nacina
odredivanja pouzdanosti sustava.

Tablica ukljucuje dvije grupe podataka; srednje vrijeme proteklo izmedu kvarova (MTBF — eng.
mean tme between failures), pouzdanost opreme (R(0)). R(0) predstavlja pouzdanost u trenutku
postavljanja, tj mogucénost da se kvar dogodi tijekom instaliranja opreme. Na taj se nacin
pouzdanost moZe razdvojiti s obzirom na mehanicke kvarove i kvarove zbog nepravilnog
rukovanja tijekom instaliranja.
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ZADRZAVANIE
FLUIDA U
BUSOTINI

0,9828

Slika 4. Cjeloviti logicki dijagram s relevantnim podacima i moguénos¢u izbora s obzirom na
nacin odrZavanja

Tablica 2. Pouzdanost elemenata sustava opremanja i odrzavanja sa slike 4

NEMA PROPUSTANJA OSNOVNOG VRIJEME PROTEKLO POUZDANOST
DIJELA SUSTAVA IZMEDU KVAROVA, sati OPREME R(0)
ERUPCIONI UREDAJ 9-10° 0,999
PAKER 20-10° 0,950
SUSTAV PREVENTERA - BOP 0,1-10° 0,667
PROTUPOVRATNI VENTIL - BPV 10-10° 0,900
FLUID ZA GUSENIJE 1-10° 0,900
CEP U TUBINGU 4-10° 0,500
NEMA PROPUSTANJA R(9000 sati) R (0)
SPOREDNIH DIJELOVA SUSTAVA

ZASTITNE CIJEVI 0,930 0,999
TUBING 0,840 0,900
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Matematicki, pouzdanost osnovnog dijela sustava je umnozak R(0) 1 R(t), gdje:

R(OSNOVNOG DIJELA SUSTAVA) = R(0)- o~/ (5)

Logicki govoreno, komponenta mora biti ugradena korektno i mehanicki funkcionalna. Vaznost
R(0) posebno se istice tijekom radova na odrzavanju busSotina kada je vrijeme (t) blizu nule, a
vrijednost R(0) dominira s obzirom na pouzdanost sustava.

4. NACIN ODREPIVANJA POUZDANOSTI SUSTAVA PRI ODRZAVANJU

Prije obavljanja prorauna, potrebno je detaljno opisati postupak odrzavanja. Za jednostavan
sustav odrzavanja slijed postupaka moze biti sljedeci: (1) pregled postojece proizvodne opreme,
(2) ugradnja ¢epa u prijelaz za odlaganje ispod pakera, (3) otvaranje kliznih vrata i guSenje
busotine, (4) ugradnja protupovratnog ventila nakon provjere djelotvornosti gusenja i odvajanje
erupcionog uredaja, (5) postavljanje preventerskog sustava i izvlaCenje opreme iz kanala
busotine, (6) ugradnja nove proizvodne opreme i zamjena fluida — osvajanje buSotine, (7)
ugradnja protupovratnog ventila i skidanje preventerskog sustava, (8) postavljanje erupcionog
uredaja, vadenje protupovratnog ventila i ¢epa iz tubinga i nastavak proizvodnje. Moze se
zakljuciti da je ve¢ kod ovako jednostavnog opremanja potrebno pripremiti pet razli¢itih logickih
dijagrama da bi se odredilo pouzdanost tijekom odrZavanja. Pri tom ¢e svaki predstavljati drugi
sastav elemenata sustava opreme busotine. Njih je najlakse izraditi brisanjem nepotrebnog dijela
iz dijagrama sa slike 4. Uz odredenu pouzdanost pri proizvodnji i uz primarno opremanje,
potrebno je pridodati jo§ samo jednu informaciju: Koliko odrzavanja se ocekuje? S mehanickog
stajaliSta tri su moguca uzroka odrzavanja: propustanje erupcionog uredaja, pakera ili tubinga; pri
¢emu propustanje erupcionog uredaja ne =zahtijeva klasi¢an oblik odrzavanja buSotine.
Ekvivalentno vrijeme izmedu kvarova moguce je odrediti iz eksponencijalnog odnosa:

Pr(odr.) = 1 - /M8 6)
ili ) =—In[1-Pr(odr)] (7)
a broj odr. = %/ITB F (8)

Na kraju se pouzdanost sustava kroz cijeli period rada, R(ukupno), odreduje kombiniranjem
pouzdanosti tijekom proizvodnje i odrzavanja.

R(ukupno) = R( proizvodnje) - R(odr.)" 9)
Gdje je:
N — broj odrzavanja

5. POUZDANOST KOMPONENATA SUSTAVA

Kada je logicki dijagram definiran i matemati¢ki model pouzdanosti sustava formiran, ucestalost
kvarova se moze odrediti za svaki element sustava. Potrebne podatke o pouzdanosti ili ucestalosti
kvarova potrebnih elemenata mogucée je odrediti iz sljedec¢ih izvora: povijesnih podataka
(dostupni ali ograniceno), kontroliranih eksperimenata (nije uvijek prakticno), inzZenjerske
procjene (neograniceno, ali varira). Treba priznati, da je osnovni problem u analizi pouzdanosti
nedostatak to¢nih i univerzalno prihvatljivih pokazatelja o ucestalosti kvarova. Postoje medutim
dva olakotna Cimbenika: (1) pouzdanost bitnog elementa sustava ili dogadaja, funkcija je
pouzdanosti individualnih komponenti unutar logickog dijagrama koji definira njihove odnose, pa
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se na taj nacin moze djelomi¢no kompenzirati nedostatke pri odredivanju pokazatelja ucestalosti
kvarova, (2) usporedbom sa slicnim sustavima, koji sadrze veé¢i broj slicnih komponenti
ustanovljeno je da mnoge Ceste komponente prema netocnostima podataka o kvarovima jako
malo utjecu na ukupnu ocjenu sustava. Na temelju ispitivanja rangirano je devet osnovnih tipova
brtvila koja su sastavni dio svih elemenata buSotinske opreme. Rezultati su prikazani u tablici 3.

Tablica 3. Pouzdanost brtvila

NAJBOLJE METAL NA METAL tlakom aktivirani koni¢ni brtve¢i prsteni
prirubnica, interferencija ramena
BRTVILA BUSOTINSKE GLAVE statiCka, postavljena na povrsini, testirana
DOBRO STATICKI, POSTAVLJENI NA POVRSINI brtvila brtvenica (CHEVRON),
elastomeri s potpornim prstenovima,
elastomeri bez potpornih prstenova
ELEMENTI STALNIH PAKERA
PRIHVATLJIVO | DINAMICKA ELASTOMERNA BRTVILA brtvila na strojno obradenim povr§inama
STATICKA, UGRADNJA U BUSOTINI brtvila  brtvenica  pakera,  brtvila
povrativih pakera
UGRADNIJA U BUSOTINU OPREMOM "NA ZICI" | CHEVRON brtvila
LOSE DINAMICKA BRTVILA BRTVENICA PAKERA ugradena na povrsini ili u busotini

Na temelju ovog rangiranja, moguce je pridodati odgovarajuce vrijednosti pouzdanosti pojedinom
primijenjenom brtvilu. Npr. njihova procjena i iskustvo su ukazali da je prihvatljiva procjena
ucestalosti kvara s obzirom na propustanje za odredeni tip spojnice tubinga, jedan kvar na 24
busotine svake 3,5 godine (oko 30000 sati). Uz pretpostavku da po buSotini postoji 350 spojnica
tubinga, tada:

MTBF=proteklo vrijeme - broj spojnica/broj kvarova = 30000 - (350-24)/1=2,52-10" sati

Drugi primjer odnosi se na podatke iz izvjeStaja U.S. Geodetic Survey, "Statisticki podaci
kvarova dubinskih sigurnosnih ventila". Za 4495 povrSinski kontroliranih dubinskih sigurnosnih
ventila, dogodilo se 162 kvara ventila i 16 kvarova cijelog sustava. Kvarom ventila se smatraju
slucajevi kada se ventil ne otvara ili zatvara pri aktiviranju kontrolnog sustava, a kvar sustava
odnosi se na dijelove sustava upravljanja i kontrole neovisno o samom ventilu. Srednje vrijeme
izmedu kvarova odredeno je kao: MTBFscssy = 1,823~105 sati.

Za slucCajeve koji ¢e u nastavku biti obradeni posebnu vaznost imaju sustavi rajzera na TLP.
Podaci pracenja i procjene uz ukljucenje moguéeg odnosenje metala zbog korozije i propustanja
tijela rajzera zbog umora materijala, ukazuju na trajnost od 1000+ godina (MTBF od 8,76 -10°
sati).

6. REZULTATI PRORACUNA

Kao primjer primjene analize pouzdanosti posluzile su moguc¢e kombinacije opremanja buSotina

na moru. [3] Analiza je provedena izradom odgovaraju¢ih logickih dijagrama. Prihvaéena su

Cetiri razlicita nac¢ina opremanja:

SLUCAJ I: Sustav uklju¢uje dubinski sigurnosni ventil (SCSSV) kontroliran s povrsine ugraden
kao sastavni dio tubinga.

SLUCAJ II: Opremanje buSotine s TLP identi¢no slu¢aju I s iznimkom dodavanja jo3 jednog
sidrenog brtvila, vjeSalice tubinga, prijelaza za odlaganje i rajzera.
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SLUCAJ III: Opremanje busotine s TLP sli¢no slu¢aju I s dva dodatna boéna vretena, dubinskog
sigurnosnog ventila u prstenastom prostoru, koji je kontroliran s povrsine i vadivim
SCSSV pomoc¢u opreme "na zici"

SLUCAJ IV: Opremanje u$¢a podvodnim erupcionim uredajem. Glavni ventil na glavi busotine i
ventil na prirubnici prstenastog prostora nalaze se na morskom dnu. U sastavu
tubinga je SCSSV.

Odredivanje vjerojatnosti propusStanja kroz cijeli period proizvodnje provedeno je za neku

zamiSljenu buSotinu. Tablica 4 prikazuje podatke s obzirom na propustanje bilo kojeg oblika

(minimalno, slabo, znacajno i katastrofalno) s obzirom na razli¢ite slucajeve opremanja.

Tablica 4. Vjerojatnost propustanja

Pr (propustanje) tijekom
PROIZVODNIJE ODRZAVANJA
SLUCAIJ I 0,0060 0,0362
SLUCAJII 0,0160 0,0366
SLUCAJ III 0,0125 0,0448
SLUCAJ IV 0,0253 0,1487
BROJ RADOVA NA ODRZAVANJU Pr (propustanje)
TIJEKOM RADNOG VIJEKA
SLUCAJ I 1,455 0,0579
SLUCAJII 1,487 0,0691
SLUCAIJ III 1,605 0,0826
SLUCAJ IV 2,671 0,3659
7. ZAKLJUCAK

Ako se usporede analizirani sustavi, moze se zakljuciti da je vjerojatnost propustanja u sluc¢aju II i
IIT podjednaka. Ako medutim pogledamo da je broj predvidenih odrzavanja za slucaj Il veci uz
vecu vjerojatnost propustanja pri odrzavanju, pa slucaj II mozemo smatrati pouzdanijim. Treba
dakle naglasiti da se ukupnu pouzdanost tijekom perioda primjene treba uzeti u obzir kod
usporedbi razli¢itih moguénosti, jer usporedba samo za stanje pri proizvodnji nije dovoljna. Ono
Sto je iz analize nadalje vidljivo, upucuje da opremanje sustavom na morskom dnu, zbog svoje
kompliciranosti nije pouzdanije od ostalih. Nadalje zbog veleg broja odrzavanja, uz vecu
vjerojatnost propustanja ono predstavlja najlosiji izbor s vjerojatno$¢u propustanja Cetiri 1 viSe
puta ve¢om nego kod ostalih slucajeva. Navedena analiza treba omoguciti razumijevanje
opravdanosti primjene skupljih (ali pouzdanijih) komponenti opremanja sustava. Takoder ce
posluziti za identificiranje kriticnih elemenata sustava koje bi trebalo preprojektirati ili
eliminirati. Konac¢no, ona treba omoguciti vrednovanje alternativnih opremanja za bilo koji tip
busotine na kopnu ili na moru.
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RAZLOZI ZA SANACIJU CIGLENIH DIMNJAKA GRADA ZAGREBA
CELICNIM DIMOVODNIM CIJEVIMA

Zdenko Meczner

Strucni clanak / Professional paper

Sazetak: Brojni su razlozi sa sanaciju dimnjaka Grada Zagreba. Svake godine u Gradu
Zagrebu uslijed neispravnih dimnjaka dolazi prosjecno po pet smrtnih slucajeva (2006.godine
Sest trovanja uglji¢nim monoksidom sa smrtnom posljedicom i pet teskih trovanja bez smrtne
posljedice) i stotinjak pozara. Neispravne dimnjake moguce je srusiti i izgraditi na njihovo
mjesto nove, moguée je s vanjske strane zgrade postaviti ispravan montazni dimnjak ili
sanirati postojeci. Kako su prve dvije mogucnosti najces¢e nemoguce za izvesti iz praktiénih
ali 1 financijskih razloga, kao moguénost upotrebe ispravnog dimnjaka namece se samo
sanacija uvlacenjem cijevi kod postojeceg, funkcionalno i sigurnosno neispravnog dimnjaka.

Kljuéne rijeci: dimnjak, trovanje uglji¢nim monoksidom

155



UvOD

Na naSem trziStu pojavljuju se raznorazni ¢elicni limovi, razli¢itih sastava i razli¢itih debljina
stjenke. Postoje dokazi o sanacijama dimnjaka koji su funkcionalno jednako neispravni kao i
prije sanacije, pa i o pozarima tek saniranih dimnjaka.

Odabirom materijala bitno utjeCemo na tehnicke karakteristike konstrukcije, kao i na

njezine troskove izrade 1 odrZzavanja, odnosno na ukupnu konkurentnost proizvoda.

Izbor materijala je usko povezan s projektiranjem 1 konstruiranjem dijelova 1 izborom i

razradom postupaka proizvodnje i montaze. Klju¢ne odluke o materijalu u pravilu donose

konstruktori, iako se problem zamjene materijala moze pojaviti i u uporabi proizvoda.

Najvazniji 1 osnovni zahtjev vezan je wuz funkcioniranje cijele konstrukcije.

Eksploatabilnost nam govori o ponasanju materijala u upotrebi. Pri tome treba voditi

racuna o:

a) odrzavanju definiranih dimenzija i oblika konstrukcije- bitna su mehanicka svojstva
materijala

b) odrzavanje cjelovitosti konstrukcije- otpornost na lom za koju su bitna mehanicka
svojstva materijala

c) sprecavanju oStecenja povrsine zbog troSenja, korozije i sli€nih procesa dotrajavanja

d) zadrzavanju ostalih fizikalnih svojstava bitnih za odrzavanje funkcije proizvoda u
vremenu njegove upotrebe [1].

Upravo se kod neispravnih dimnjaka pojavio problem zamjene materijala, no medutim
umjesto konstruktora kljuéne odluke o izmjeni materijala i sanaciji dimnjaka donose
upravo dimnjacari koji su se zatekli pred problemom neispravnog dimnjaka, a nisu dobili
niti uputu niti odgovaraju¢u stru¢nu podrsku konstruktora kako da rijeSe problem
promjene materijala. Sluzbeni glasnik br.1/1974. donio je Posebne tehnicke uvjete za
projektiranje i izvedbu dimnjaka i dimovodnih prikljucaka na podrucje grada Zagreba [2],
koji govori da je za dimnjake iz posebnih montaznih elemenata potrebno izraditi projekt u
mjerilu u kojem su vidljivi svi konstruktivni detalji.

Na podrucju grada Zagreba izvrSeno je nekoliko tisu¢a sanacija dimnjaka bez i1 jednog
izradenog projekta. Sanaciju dimnjaka treba raditi ne samo kada je postoje¢i dimnjak
izgubio radna svojstva, ve¢ 1 onda kada mijenjamo uredaj za grijanje sa krutog ili tekuceg
goriva, na plin. Kod plinskog dimnjaka je puno teze uskladiti termotehnicke vrijednosti
nego kod onog kod kojeg je gorivi ugljikovodik u krutom ili teku¢em stanju [3].
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Slika.1 Izgled saniranog dimnjaka
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Tribokorozijski proces tijekom odvodenja dima kroz ciglenu dimovodnu cijev

Pri gorenju ugljik sagorijeva uz dovoljnu koli¢inu kisika u uglji¢ni dioksid C + O2— CO2.
Ako nema dovoljno kisika za gorenje , tada se stvara uglji¢ni monoksid C+O— CO, koji je
otrovan plin.

Vodik sagorijeva pri gorenju u vodu H2 +O— H2O i kao vodena para ( gust i bijeli dim)
izlazi iz dimnjaka u slobodnu atmosferu.

Sumpor sagorijeva pri normalnom gorenju u sumporni dioksid, S + O2— SO2, ili sumporni
trioksid S + O3— SO3, ako je u visku zraka koji dotice u loziste zastupljen slobodni kisik
koji preostaje pri izgaranju goriva. Medutim ako je temperatura dima ili unutrasnje povrsine
dimnjaka niza od temperature rosista, tada se pri kontaktu dima, koji sadrzi sumporne okside
SO2 ili SO#, s kondenziranom vodenom parom stvara u dimnjaku sumporasta kiselina SO2 +
H20 H2SO03, ili pak sumporna kiselina SO3 + H20— H2SO04. Takve kiseline veoma
Stetno utjecu na kalcijev karbonat CaCO3 u vapnenom mortu, u kojem su zidani svi stari
dimnjaci u zgradarstvu, stvarajuéi pri tom gips CaSO4.2H20.

CaCO3 + H2S04 + H20— CaS04.2H20 + CO2

Budu¢i da gips pri takvoj reakciji povecava svoj volumen, u reSetkama dimnjacarskog zida
nastaju pukotine, kroz koje moze prodirati dim i kondenzat. NajceSce posljedice te pojave su
tragovi dima ili smede mrlje po zidovima u podrucju dimnjaka i to u prostoriji ili na fasadi
zgrade. Takvi su znakovi opomene da dimnjak ne funkcionira dobro, jer se u dimovodnom
kanalu kondenzira vodena para iz dima[4]

Sigurnost dimnjaka se odreduje[5]:

a) vizualnim pregledom (dZepna svjetiljka, endoskop, ogledalo, kamera s
monitorom),

b) dokazivanjem dimnih plinova (plo¢a roSenja, ispitiva¢ dimnih plinova, dimna
cjevcica),

¢) mjerenje dimnih plinova (uredaj za mjerenje CO, CO2, 02, Nox, podtlaka) i

d) proracunom dimnjaka.

Zakljucak

Ucinak saniranog dimnjaka, ako je on raden ispravno, je potpuna funkcionalnost kod svake
vrste goriva, a posebice kod plinskih dimnjaka. Problem plinskog dimnjaka je u tome Sto se
on grije samo kada loziSte radi. U trenutku kada se postigne Zeljena temperatura termostat
prekida dovod plina i dimnjak ostaje bez izvora zagrijavanja, te brzo njegova temperatura
pada ispod temperature rosista. Prilikom nove upotrebe aparata, bilo da se termostat ukljucio,
ili je upotrebljen uredaj za toplu vodu, dimnjak dobiva maksimalnu koli¢inu dima u trenutku
paljenja, Sto kod krutih i tekuéih goriva nije slucaj, jer se koli¢ina dima povecava postupno ( i
smanjuje), te se takova koli¢ina dima smjesta kondenzira 1 do prelaska temperature rosista
dimnjak ne odvodi produkte sagorijevanja.
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EFFECT OF PRECURSOR ARRANGEMENT TO FOAMING KINETICS
AND PORE MORPHOLOGY OF ALUMINIUM FOAMS MADE BY P/M
ROUTE

M. Nosko, R. Florek, F. Simancik, J. Jerz, R. Uhrik

Izvorni znanstveni rad / Original scientific paper

Abstract

Aluminium foam is attractive light-weight material well known for its good stiffness to
weight ratio. However, the pore structure of such foamed material is rather stochastic and
therefore, the mechanical properties are difficult to predict with defined scatter of measured
values. Aim of the work is therefore to investigate the effect of non-uniformities within the pore
structure responsible for high scatter in measured values. Non-uniformities were studied at pore
size level, whereas the effect of precursor distribution within the mould and foaming kinetics
were investigated as the main factors for their occurrence. Subsequently, uniaxial compression
tests were performed on many samples manufactured under different conditions with an aim to
reveal the effect of inhomogeneities to mechanical properties and their scatter.

Keywords: aluminium foam, pore structure, plastic strength, scatter of measured values
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Introduction

The non-uniformities within the pore structure of aluminium foams are considered as the
main problem which complicates prediction of their mechanical properties and causes rather high
scatter of measured values. Crucial non-uniformities such as presence of big pores or elliptical
pores within the pore structure exist mainly in pore size level [1-6]. Those non-uniformities are
responsible for “premature yielding” of foamed sample and should be eliminated. Deformation
mechanism is thoroughly described in studies [7-10]. Lot of work have been done to eliminate
these non-uniformities for example by setting the manufacturing parameters of foam-able
precursors, by varying the composition of alloy and heat-treating of the blowing agent or by
changing the manufacturing parameters as ambient pressure, ambient atmosphere, foaming
temperature and heating rate [11-15]. Every study gives valuable information how studied
parameters influences the pore structure of aluminium foams in laboratory conditions. In this
study the attempt was made to investigate the influence of precursor distribution within the
mould on the development of pore structure as well as on the anisotropy of compression behavior
of final foam.
Experimental

Samples of cube shape (dimension a = 50 mm) were manufactured from 9 pcs of precursor
(45*20*5 mm) made of AISi10 aluminium alloy with 0.8 % of TiH,. Resistance furnace set to
constant temperature was used for foaming. Different precursor distributions in steel mould,
schematically illustrated in Error! Reference source not found. were chosen: (a) loose non-
symmetric distribution — LNSD, (b) close-set non-symmetric horizontal distribution — CNSHD,
(c) close-set non-symmetric vertical distribution — CNSVD, (d) close-set symmetric distribution —
CSD_1 and (e) close-set symmetric distribution — CSD_2. Amount of precursors was 1/3 of the
mould volume and was identical for each precursor distribution. Pore structure was evaluated for
each distributions using computer tomography CT, which provides 3-D image of the pore
structure through the whole volume. Two planes were used for characterization and identification
of non-uniformities within the pore structure for each precursor distribution. Description of the
observed planes is presented in Figure 2. To find out reason for creation of differences for each
precursor distribution, the foam Kkinetics was studied in different expansion stages.

777 = i
[T =
loose non- close-set non- close-set non- close-set close-set
symmetric symmetric symmetric vertical symmetric symmetric
distribution — horizontal distribution — distribution — distribution —
LNSD distribution — CNSVD CsD 1 CsD 2

CNSHD

Figure 1. Schematic description of precursor distribution within the mould.
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Figure 2. Description of planes used for pore structure characterization; (a) cube with
precursor distribution, (b) plane perpendicular to main precursor axis and (c) plane
parallel to main precursor axis.

To reveal the effect of non-uniformities or characteristic features within the pore structure,
the uniaxial compression tests were conducted on Zwick device at nominal displacement rate
0.03 s, The uniaxial compression test was done in different loading direction, i.e. in all three
main axes perpendicular to the side of cube. Values of plastic collapse stress (defined as a first
peak stress before the onset of plastic collapse.) obtained from stress-strain curves for different
precursor distribution and axis of loading were than compared. The typical stress-strain curve for
aluminium foams is well described in [16].

Results and discussion
Pore structure

Figure 3 shows pore structure for different precursor distributions. The pore structure
consists of pores with different sizes and shapes unevenly distributed within the space. For the
non-symmetric precursor distributions (LNSD, CNSHD and CNSVD), there is an area of smaller
pores at the top part of the pore structure for LNSD, CNSHD and at the right hand side for
CNSVD. The small pores results from the kinetic of foaming (Figure 4): at first the precursor
pieces close to mould corners start to foam because of large available surface for heat transfer
from the mould. The forming foam front pushes non-melted precursor pieces apart from mould
wall and reduces thus the heat transfer to them, which results in significant dwelt in foaming
within these pieces. The result is small pore size in regions where these pieces are finally locked.
Also, the presence of thicker surface skin located in regions where the precursor originally tightly
touched the mould wall is observed. Similarly as precursor, this skin is distributed non-
homogeneously.

If the precursor is located in the middle part of the mould (CSD_1 and CSD_2), the pore
structure is quite uniform without presence of small pore areas. Also uniform thickness of surface
skin was observed along the whole length of the mould. Interesting observation is that the
presence of large prolonged pores (marked by red arrow in Figure 3) can be reduced, if the
precursor is distributed in a way which eliminates closing of air bubbles volumes within fronts of
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developing foam. Close packing of precursor in the mould simply fix the pieces in a place
without uplifting them by creating foam. Close contacts between precursor pieces serve for good
heat transfer from the mould wall, what also improves uniformity of foaming.

From above mentioned observations, it is clear that the precursor distribution plays the
important role in creation of various inhomogeneities, which can be avoided, if the precursors are
distributed properly.

Pore formation

The formation of porous structure can be observed in Figure 4. The location of the bubble
nucleation and expansion occurs only if needed temperature for decomposition of blowing agent
(TiHy) is ensured. [17-21] In other words, bubbles starts to nucleate and expand in area of
sufficient temperature. It occurs at bottom part of the mould in case of LNSD and CNSHD and at
right hand side for CNSVD. Than, the heat propagates through the precursor pieces and even in
the non-touchable precursors, the bubble nucleation and expansion occur. But, this process is
delayed. It means that at the bottom part, there are already expanded pores which start to
coalescence, while in the top part bubbles start to nucleate. In this stage of the foaming, the
manufacturing process is stopped to prevent foam before collapsing. Result is non-uniform pore
structure with area of small pores on the side of later expansion due to excessive heat transfer at
the bottom part of the mould. Different situation occurs if precursors are located in the middle
part of the mould — (CSD_1 and CSD_2). Bubble nucleation occurs equally at the bottom and at
the top part of the precursors and propagates towards the middle. The process of the bubble
nucleation is rather quick. The result is more uniform pore structure without presence of smaller
pores located at the top part of the foam structure. Continuous surface skin characteristic for all
precursor distribution is probably caused by friction between the semi-solid material and mould
surface during the foam expansion. The large pores within the pore structure are rather results of
close air spaces between foam fronts of different precursor materials than the results of drainage
and pore coalescence, which are driven by by viscosity of the melt, surface tension of the bubbles
and cell wall thickness [18, 20, 22].
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Figure 3. The pore structure in axis perpendicular and parallel to main precursor axis.
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Figure 4. Foaming kinetics for different precursor distribution within the mould.
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Compression behavior

Plastic collapse stress for each precursor distribution along three main loading axes is
presented in Figure 5. It can be seen that there is no clear influence of gravity direction as
well as of precursor main axis (compare with CSD2). The highest stresses were obtained
always in directions parallel to plane with main axis of elliptical pores. The pores are
oriented either in the main axis of precursor, due to existing prolongated cracks formed
during extrusion if the main foaming direction is gravity direction (first two distributions)
or into the main foaming directions if the foaming in gravity direction is constrained.

‘ M Loading parallel with main precursor axis OLoading in gravity direction @ Other loading direction ‘

10,0+

9,0

8,01
7,0
6.0
5,0
4,01

3,04

Plastic strength [MPa]

2,0+

1,0+

0,0

LNSD CNSHD CNSVD CsD_1 CsD_2

Precursor distribution

Figure 5. Plastic collapse stress for all precursor distribution and different axis of
loading. Density of the samples is 0.531 + 0.017 g.cm™.

Conclusions

It has been found that the distribution of precursor has significant effect on final pore
structure. The main defects caused by improper distribution of precursor are large closed
air bubbles, areas of significantly smaller pore size or extremely large pores, and
nonuniform thickness of surface skin. The best results were obtain in symmetrically
positioned precursor pieces with close packing in gravity direction.

The plastic collapse stress for samples with similar apparent density exhibits rather low
scatter. However, this scatter is also influenced by distribution of precursor pieces. The
lowest values were obtained for directions perpendicular to the main axes of large pores.
These directions are usually parallel with gravity direction. The highest values were
obtained in directions parallel to main precursor axes if the foam fills the mould from
bottom to top. If the precursor distribution does not allow such filling the highest value
were obtained in directions parallel to foaming.
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Izvorni znanstveni rad / Original scientific paper

Abstract: In the water cooling system operating as part of a continuous casting machine the
occurrence of corrosion, mechanical damage, and of tube and nozzle plugging was observed.
To find out the cause morphological and structural examinations of the generated biofilm and
incrustations were undertaken. They were performed on gelatinous and solid biofilm samples,
and on samples of the incrustations and water taken from within the system. The X-ray
diffraction patterns were recorded at room temperature by means of a Debye Scherrer
photographic technique using a Philips diffractometer with CoK, radiation. A number of
samples were examined with a scanning electron microscope and optical microscope. Results
of investigation showed signs of morphological and structural changes in the biofilm as well
as the presence of colonies of iron bacteria belonging to the genera Leptothrix and
Siderococcus. In the film inclusions of corrosion products and of water-clarifying and water-
softening agents were also present.

Key words: biofilm, water cooling system, corrosion, iron bacteria

Sazetak: Tijekom rada rashladnog sistema uredaja za kontinuirano lijevanje zapazena je
pojava korozije, mehanickih oSte¢enja, zaCepljenja cijevi i mlaznica. Za iznalazenje uzroka je
istrazena morfologija i1 struktura nastalog biolifma i inkrustata. Za istraZivanje uzorci su
uzimani unutar sistema u obliku: Zzelatinoznog i1 krutog biofilma, inkrustata i vode.
Rendgenogrami pripremljenih uzoraka su snimani na sobnoj temperaturi tehnikom filma
(Debye Scherrer metoda) na uredaju za difraktometriju, tipa Philips uz uporabu CoK,
zracenja. Neki od uzoraka su istrazeni pretraznom elektronskom mikroskopijom i svjetlosnom
mikroskopijom. Dobiveni rezultati istrazivanja upucuju na promjenu morfologije i strukture
biofilma unutar sistema te prisutnost kolonija Zzeljeznih bakterija roda: Leptothrix i
Siderococcus. Unutar filma su zapazene inkluzije produkta korozije i upotrebljenog sredstva
za bistrenje i mekSanje vode te tuberkule.

Kljuéne rijeci: biofilm, rashladni sistem, korozija, Zeljezne bakterije
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Prema Allaini i suradnicima [1] u gotovo svim industrijskim rashladnim sistemima,
tijekom njihova rada se akumuliraju mikroorganizmi i njihovi bioprodukti. Oni prema Gomer
de Sarvii i suradnicima [2] sa prisutnim sedimentima iz vode i produktima korozije prekrivaju
unutrasnju povrsinu cijevi rashladnog sistema u obliku biofilma. Na brzinu njegova nastanka
utjece maseni udio sedimenta istalozenog iz vode i koli¢ina prisutnih mikroorganizama, broj 1
duzina cijevi umreZenih u sistem, vrijeme uporabe sistema, ucestalost pucanja cijevi, korozija,
broj mrtvih toaka unutar sistema te vrsta uporabljenog materijala u izradbi sistema.
Uvodenjem stalne kontrole rasta biofilma i koli¢ine dodatak inhibitora i biocida Videla [3]
umanjuje mogucnost njegove pojave 1 rasta. Kod povecane debljine biofilma i prisutnih
tuberkula (nastalih depolarizacijom prisutnog korozivnog procesa nastalog u prisutnosti
zeljeznih bakterija) [4] uporabom inhibitora i biocida nastali biofilm se uklanja samo
djelomicno. Tako u radu rashladnog sistema uredaja za kontinuirano lijevanje celika je
uporabljena izbistrena i/ ili omekSana voda iz Save, uz dodatak odredene koli¢ine inhibitora i
biocida. Tijekom vremena po unutrasnjoj povrSinu cijevi rashladnog sistema zapazena je
pojava mjehuriéa zelatinozne konzistencije i krutog taloga u obliku tuberkula, te inkrustata
razli¢itog oblika u mlaznicama.

EKSPERIMENT

Za iznalaZenja uzroka pojave biofilma, uz uporabljene inhibitore i biocide uzorci su
uzimani u obliku dijela biofilma, vode i inkrustata. Uzorci biofilma su uzimani uzduz uzetog
dijela cijevi mehanic¢kim skidanjem uz uporabu lupe tipa Zrak, slika 1.

Slika 1. Snimka unutrasnje povrSine dijela cijevi rashladnog sistema i mjesta uzimanja
uzoraka biofilma za istrazivanje odredenih na osnovi boje: A — smeda, B —tuberkula, C — Zuta,
D — zelena, E —siva i F — svijetlosmeda.

Mjesto uzimanja uzorka je odredeno na osnovi boje biofilma. Uzeti uzorci biofilma su
suSeni na zraku izmedu dva filtar papira te usitnjavani ru¢no u alatnom tarioniku. Uzeti uzorci
vode su uzimani na ulazu i izlazu iz sistema te njegovoj sredini. Upareni uzorci vode do suha
su usitnjeni u mlinu za usitnjavanje 1 homogenizaciju, tipa Spex kao i tuberkule i1 inkrustati.
Rendgenogrami pripremljenih uzoraka su snimani tehnikom filma (Debye Scherrer — metoda)
na uredaju za difraktometriju, tipa Philips uz uporabu CoK, zrac¢enja. Neki od uzoraka su
istrazeni pretraznom elektronskom mikroskopijom, a talog dobiven filtriranjem uzoraka vode
uzete na ulazu sistema i svjetlosnom mikroskopijom.

REZULTATI

Rezultati izvrSenih istrazivanja uzetih uzoraka biofilma upucuju na razliku u
morfoloskom i strukturnom sastavu, slika 2. ovisno o boji mjesta uzimanja. Tako unutar svih
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uzoraka identificirana je faza: Aly(SO,) - 18 H,O uporabljena kao flokulant donesen vodom iz
talozenika, te CaCQOj3 i1 SiO, kao sediment vode. Faze aFe,O3 - H,O 1 Fe;04 su odredene u
gotovo svim uzorcima, osim C.

MJESTO UZIMANJA UZORKA

Slika 2. Distribucija identificiranih faza unutar istrazivanih uzoraka biofilma uzetih uzduz
unutrasnje povrsine cijevi: 1 - o Fe;Os - HO, 2 - y Fe,O;3 - HyO, 3 - a FeOOH,
4 - B FeOOH, 5 - 6 FeOOH, 6 — Fe;04, 7 — FeO, 8 — Fepe, 9 — FeCO;, 10 — CaCOs,
11 - Si0,, 12 — Aly(SO4); - 18H,0

U uzorku uzetom na mjestu C izraZena je prisutnost zeljeznih oksihidroksida, formule
o FeOOH, B FeOOH i 6 FeOOH, koji kotodicnom depolarizacijom jo$ u cijelosti nisu
transformirani u aFe,O; odnosno Fe;O4 fazu [5]. Ostale faze: FeO, Fene, FeCO;z su
identificirane samo u nekim uzorcima. Prema dobivenim elektronskim snimkama
karakteristi¢nih rendgenskih zraka, slika 3. identificirane faze na osnovi Zeljeza, aluminija 1
sumpora u istrazivanim uzorcima biofilma se nalaze u nakupinama, slika 3 — 1C, 1D i 1E; 3 —
3A,3C 1 5A, a ostale faze su gotovo jednoliko rasporedene unutar istrazivanih uzoraka.

Slika 3. Slike emitiranih karakteristiénih rendgenskih zraka: 1 - FeKa, 2 - CaKy, 3 - AlK,,
4 - OK4, 5 - SKj istrazivanih uzoraka krutog i zelatinoznog biofilma.
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Nasuprot tome dobivena difrakcijska slika inkrustata, slika 4 i mikrografija inkrustata
dobivena u snopu sekundarnih elektrona kod povecanja 2000 X, slika 5 — 1A upucuje da
inkrustati u mlaznici su nastali postepenim lijepljenjem i talozenjem Ccestica produkata
korozije, biofilma i sedimenta noSenih rashladnom vodom, tablica 1.

Slika 4. Difrakcijska slika istraZzivanog uzorka inkrusta. Identificirane faze: Fe, aFe,Os - H>O,
FG304, FeO, CaC03, SiOz, OLA1203.

Tablica 1. Rezultati fazne analize masenog ostatka uzorka vode

IDENTIFICIRANE
FAZE

UZORAK VODE UZIMAN UNUTAR
RASHLADNOG SISTEMA

ULAZ

UNUTAR SISTEMA

MLAZNICA

AL(SO.) - 18 H,0

+

CaCOs

Si0,

(1F6203 Hzo

A

+
+
+

g Fe,O; H,0

o FeOOH

B FeOOH

3 FeOOH

FeCO;

FeO

aFezO3

Fe304

Femet

AlLO;

B R e R T o o S e

[+

Slika 5. Mikrografija inkrustata 1A — u snopu sekundarnih elektrona pri povecanju 2000 X i

slike emitiranih karakteristicnih rendgenskih zraka: 2A — AIK,, 3A — SK,,
2B - O K, 3B - SiK,,.
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Djelovanjem kloridne kiseline na uzeti talog biofilma unutar rashladnog sistema, te
njegovim zarenjem na 850°C/ 1 sat u laboratorijskoj peci, dobiveni rendgenogrami upucuju
na promjenu broja zabiljezenih debyevskih prstena, njihova intenziteta uz pojavu asterizima i
fragmentacije zrna [6], slika 6. Zabiljezene promjene tumace se kao posljedica transformacije
zeljeznih oksihidroksida u Zeljezne okside i promjene morfologije prisutnih zeljeznih
bakterija odredenih mikrobioloskim putem u uzorcima ulazne vode, slika 7.

Slika 6. Difrakcijske slike uzorka taloga: 1 — uzorka taloga biofilma, 2 — tretiranog
razrijedenom kloridnom kiselinom i 3 — Zarenog u pe¢i na 850°C/ 1 sat.

Prema Leeflangu [4] prisutne Zeljezne bakterije, roda siderococcus i leptothrixa u vodenom
mediju Fe*" taloZe kao Fe’" hidroksid, unutar svojih kolonija zajedno s prisutnim sedimentom
vode 1 ¢esticama korozije. Unutrasnju povrSinu cijevi prekriva film Zelatinozne konzistencije,
koji s vremenom postaje krut i mrezkast. Na mjestu njegove prisutnosti na povrsini cijevi se
zapaza pojava petehija 1/ ili perforacije cijevi.

Slika 7. Snimka zeljeznih bakterija roda 1 — Leptothrixa 1 2 — Siderococcus izoliranih iz
uzoraka ulazne vode rashladnog sistema.
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ZAKLJUCAK

Dobiveni rezultati istrazivanja nastalog biofilma unutar rashladnog sistema uredaja za
kontinuirano hladenje celika uporabom metoda rendgenske difrakcije, -elektronske
mikroskopije i1 svjetlosne mikroskopije upucuje na njegovu slozenu morfologiju i strukturu.
Nastali biofilm je posljedica prisutnih Zeljeznih bakterija, roda sideroccus i leptotrix. U
uporabljenoj rashladnoj vodi one unutar svojih kolonija okludiraju, nastale Zeljezne
oksidhidrokside, ¢estice korozije i sediment vode kao i uporabljena sredstva za bistrenje i/ ili
meksSanje vode. Nasuprot tome prisutni inkrusti u mlaznicama su nastali postepenim
taloZzenjem cCestica korozije, krutih ¢estica biofilma (tuberkula) i sedimenta nosenih vodom.
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Strucni clanak / Professional paper

Sazetak: U radu je dan teorijski osvrt na triboloSke uvijete u procesu dubokog izvlacenja s
redukcijom debljine zida na viSestupanjskim alatima.

Eksperimenti su vrSeni s cilindri¢nim elementima, izradenim od mesinga CuZn 28.

Rezultati eksperimentalnih istrazivanja dani su za dvostupanjske, trostupanjske, etverostupanjske 1

petostupanjske alate.
Istrazivan je utjecaj trenja na rast sile izvlacenja u laboratorijskim i proizvodnim uvijetima.

Kljuéne rijeci: trenje, deformacijska sila, duboko izvlacenje, viSestupanjski alati
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1. UVOD

Triboloski uslovi u procesu dubokog izvlacenja sa redukcijom debljine zida znacajno uticu na
proces izvlacenja . Kontaktni uslovi i ostvarene sile trenja uticu na naponsko deformaciono stanje u
pojedinim zonama radnog predmeta, na mogucénost njegovog uspjeSnog deformisanja i silu
potrebnu za izvrSenje operacije.

Ovi uticaji, dugoro¢no, projektuju se na vijek trajanja alata i stabilnost procesa obrade.
Kompleksnost problematike istrazivanja i «aktivnog koriStenja» sila trenja u procesu dubokog
izvlaenja obuhvata: upravljanje teCenjem materijala, izbor optimalnog maziva, uticaj vrste masine,
istrazivanje karakteristika kontaktnih povrSina alata i radnog predmeta, itd.

Iako je za dobijanje kvalitetnih radnih predmeta 1 ostvarenje stabilnog procesa obrade potrebno
obezbjediti pogodnu kombinaciju navedenih faktora, naj¢es¢e se problem «pojednostavljuje» i svodi
na izbor sredstva za podmazivanje i zona njegovog nanosenja. Na taj nafin se zanemaruje znacajan
uticaj tribo uslova na deformacionu silu procesa, opterec¢enje 1 vijek trajanja alata.

U ovom radu analiziran je uticaj trenja na rast deformacione sile izvla¢enja na viSestepenim alatima.

2. ANALITICKI IZRAZI ZA PRORACUN DEFORMACIONE SILE

Visestepeni alati se primjenjuju pri izradi cilindri¢nih elemenata u procesu dubokog izvlacenja sa
redukcijom debljine zida, u velikoserijskoj i masovnoj proizvodnji.

Proces se izvodi kontinuirano kroz viSe prstenova, koji su u alatu postavljeni jedan iza drugog. Kod
izvlaCenja na viSestepenim alatima, uticaj trenja na rast deformacione sile je izrazeniji, jer su
kontaktne povrSine izmedu radnog predmeta i alata vece (ve¢i broj zona glacanja i zona
deformacije). Sematski prikaz izvlatenja sa redukcijom debljine zida na petostepenom alatu dat je
naslici 1.

 0ds

S
% %
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%

¢ d:

7))

L. Hz/ L.

H

L. \H//L

Slika 1. Sema procesa izvlacenja na visestepenim alatima
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Deformaciona sila izvla¢enja na viSestepenim alatima sa n prstenova ,prema Semi procesa na slici 1,
moze se izraunati po izrazu [1]:

b, b,-1
Fed k0o |1-| 2 et \iprdk, 1= |
b, -1 A4, b,-n, -tga, bn -1 A,

b1
n—1 b A
+; z-d, -k, -l l—b—l_1 I—LA—’J +2-u-mees, H, -k, [daN] (1)

Drugi izraz za silu izvlac¢enja prema [2] dat je u obliku:

— n-1
F = knsr(”n (1 + n” 1 lu ]|:A ’zn (a" +)IU) - lu”dn n:| Zktsrwz( 1 J/Uﬂ'dlll +
nn i i

n

n

n-1 n—1

pmd Lk, + pmd Lk, +2z,u7z'dl ko, +22,u7z:9 H, k,

n“n"Vnsr
i=2 i=1

[daN] (2)

sr

gdje su:

Ao — povrsina popre¢nog presjeka pripremka

A — povrsina poprecnog presjeka obratka nakon prolaska kroz i-ti prsten u alatu
di - precnik i-tog prstena

d - precnik izvlakaca

do — precnik pripremka

l; - visine zona glac¢anja prstenova za izvlacenje

H - rastojanje izmedu zona deformisanja prstenova za izvlacenje

o, - ugao konusa i-tog prstena u alatu

— debljina zida komada nakon prolaska kroz i-ti prsten
ki - srednja vrijednost specificnog deformacionog otpora poslije izvlacenja kroz i-ti
prsten za izvlacenje
4 - koeficijent trenja

Sve oznake u izrazima (1) 1 (2) odgovaraju oznakama na slici 1.
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4. UTICAJ TRENJA NA DEFORMACIONU SILU IZVLACENJA
NA VISESTEPENIM ALATIMA

Vrijednosti deformacione sile u procesu dubokog izvlacenja sa redukcijom debljine zida na
viSestepenim alatima odredene su eksperimentalnim putem, u laboratorijskim 1 proizvodnim
uslovima. Istrazivanja su obuhvatala registraciju i mjerenje deformacione sile na dvostepenim,
trostepenim, Cetverostepenim i petostepenim alatima.

Proces je u proizvodnim uslovima izveden na presi, a u laboratorijskim uslovima na hidrauli¢noj
kidalici pomocu eksperimentalnog alata. Na taj nacin se moze analizirati uticaj brzine deformisanja i
sredstva za podmazivanje na rast deformacione sile procesa izvlacenja.

Preko ponudenih izraza (1) i (2) za prora¢un deformacione sile izvlacenja na visestepenim alatima
dobivene su racunske vrijednosti sile za dvostepene, trostepene, Cetverostepene 1 petostepene alate
za vrijednosti koeficijenta trenja ¢ =0,06 i x=0,15.

Na slici 2 prikazan je dijagram zavisnosti sile izvlacenja od koeficijenta trenja za dvostepene,
trostepene, Cetverostepene i petostepene alate. Vrijednosti sile dobivene su po izrazu (1).

8

o —s— dwostepeni alati
—e— trostepeni alati
—A— Cetverostepeni alati

—v— petostepeni alati

28 |-
26 |-
24 -
2
20 |-
18 F
16
14+

Sila izvacenja F (kN)

10 | | | | |
0,06 0,08 0,10 0,12 0,14 0,16

Koeficijent trenja p

Slika 2. Dijagram zavisnosti sile izvlacenja od koeficijenta trenja

Na slici 3 dat je dijagram zavisnosti sile izvla¢enja od koeficijenta trenja za dvostepene, trostepene,
Cetverostepene i petostepene alate. Vrijednosti sile dobivene su po izrazu (2).
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Slika 3. Dijagram zavisnosti sile izvlacenja od koeficijenta trenja

Sa dijagrama prikazanih na slikama 2 i 3 moZe se uociti da je uticaj trenja na svim viSestepenim
alatima linearnog karaktera, te da se sa pove¢anjem broja prstenova u alatu uticaj trenja povecava
zbog otezanog dotoka sredstva za podmazivanje na zadnje prstenove u alatu.

Na slici 4 prikazane su racunske i eksperimentalne vrijednosti sile izvlaCenja za viSestepene alate.
Racunske vrijednosti sile dobivene su po izrazu (1) za vrijednosti koeficijenta trenja x = 0,06 i

u=015.

35 T T T T
—a—=0.06

0L —o—pu=0.15 * N
- -A- - ksp.vrijed.-lab.uslovi
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- . L
= . .
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s
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Slika 4.Dijagram zavisnosti sile izvlacenja od broja prstenova u visestepenom alatu
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Eksperimentalne vrijednosti sile izvlaCenja na dvostepenim, trostepenim, cetverostepenim i
petostepenim alatima dobivene su u laboratorijskim i proizvodnim uslovima.

Sredstvo za podmazivanje u proizvodnim uslovima je rastvor sapuna i vode, koji je pomoc¢u pumpe
usmjeravan na prvi prsten alata, a preko kanala i prstenova za hladenje i podmazivanje na ostale
prstenove u visestepenom alatu.

U laboratorijskim uslovima koriSteno je isto sredstvo za podmazivanje, koje je slobodnim padom
dolazilo na alat.

Sa dijagrama prikazanog na slici 4 moze se uociti da se eksperimentalne vrijednosti sile izvlacenja
na viSestepenim alatima za proizvodne uslove slazu sa racunskim vrijednostima, izracunatim za
koeficijent trenja x = 0,06.

Eksperimentalne vrijednosti sila dobivenih u laboratorijskim uslovima odgovaraju racunskim
vrijednostima sila dobivenih za koeficijent trenja ¢ =0,10.

Razlike izmedu eksperimentalnih vrijednosti sila izvlacenja dobivenih u proizvodnim i
laboratorijskim uslovima nastale su zbog razlike u brzini deformisanja i zbog razli¢itih uslova
podmazivanja.

5. ZAKLJUCAK

Na osnovu eksperimentalnih istrazivanja provedenih u proizvodnim i laboratorijski uslovima moze
se zakljuciti da je pri izvlacenju sa redukcijom debljine zida na viSestepenim alatima znacajan uticaj
nacina dovodenja sredstva za podmazivanje.

Koristenjem cirkulacione pumpe u proizvodnim uslovima sredstvo za podmazivanje i hladenje lakse
se dovodi na sve prstenove u visestepenom alatu, $to rezultuje manjom silom izvlacenja.

Racunske vrijednosti sila izvlacenja na svim viSestepenim alatima pokazuju linearan uticaj
koeficijenta trenja na rast sile. Kod alata sa ve¢im brojem prstenova uticaj trenja je znacajniji, jer se
povecava broj zona deformacija i zona glacanja.
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TREATMENT OF E.COLI AND CRYPTOSPORIDIUM
IN FRESH WATER SUPPLIES IN IRELAND

M. O’Hehir, D. Kennedy & T. Dunphy
Faculty of Engineering
DIT Bolton Street, Dublin 1

Pregledni ¢lanak / Subject review

The quality of drinking water in Ireland is currently under threat from a number of
sources including pollution, effluent, farm waste, practices in agriculture and
outdated/undersized water treatment plants. Globally, this is a serious issue, effecting
the health and welfare of adults and children and damaging the tourism industry. The
frequency of these water related problems in Ireland are increasing and the intervals
between outbreaks are decreasing. Up until recently, the major bacterial problem
associated with drinking was contamination with E.coli. This is a water borne
organism originating from human and animal waste. This pathogen can cause serious
illness and sometimes can prove fatal. This contamination can readily be treated
initially by boiling the water. A more long-term treatment is chlorination however the
ultimate solution would be to protect the water supply.
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The most recent outbreak of pathogenic contamination in Ireland is cryptosporidium.
To date the outbreak of this in Galway is the largest Irish contamination of public
water supplies by the cryptosporidium parasite in the history of the State [1].

This parasite causes the same problems as E,coli but is more difficult to treat. This
paper outlines one possible solution whereby water may be treated for E.coli and
cryptosporidium by using ultraviolet radiation. Figures 1 - 2 show samples of these
contaminants.

Figure 1. Immunofluorescence Figure 2. Fluorescence image of
image of Cryptosporidium.[2] Cryptosporidium.[2]

An Immunofluorescence image of Cryptosporidium parvum oocysts is shown in
Figure 1. after it was purified from murine fecal material. The oocysts were stained
with commercially available immunofluorescent antibodies. Oocysts have an intense
apple green fluorescence on the periphery of their oocyst wall and measure 4 to 6
microns in diameter. The scale bar shown is 10 microns.

Figure 2. shows a fluorescence image of Cryptosporidium parvum oocysts, purified
from murine fecal material. The Oocysts were stained with 4-6-diamidino 2-phenyl-
indole dihydrochloride (DAPI). DAPI interacts with nucleic acids and stains the
nucleus of each sporozoite within the oocyst. There are normally 4 sporozoites each
with 1 nucleus, or 4 stained nuclei in each oocyst. Oocysts that appear to have fewer
than 4 stained nuclei, may have 4 nuclei with the others not visible in this plane of
focus. Oocysts with no nuclei visible, may be dead, be resistant to DAPI staining, or
may be organisms other than Cryptosporidium parvum.

In the recent water problems in Galway City for instance, the cryptosporidium
parasite has been detected at levels above that acceptable by the EPA
recommendations, resulting in the purchase by consumers, householders, hoteliers and
businesses of bottled water from outside the region.

Microorganisms and UV light treatment.

Microorganisms encompass a wide variety of unique structures and can be classified
into five basic groups, including:
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(1) Bacteria. (11) Virus.
(ii1))  Fungi. (iv) Protozoa
(v) Algae.

Some of these microorganisms are shown in Figures 3 - 4 .

'*- 2 Giardia lamblia

Cryptosporidium

Figure 3. Cryptosporidium Figure 4. E Coli cluster.[2]
and Giardia cysts.[2]

A microorganism is made up of a cell wall, cytoplasmic membrane and the cell's
genetic material, nucleic acid. It is this genetic material or DNA (deoxyribonucleic
acid) that is the target for the UV light. As UV penetrates through the cell wall and
cytoplasmic membrane, it causes a molecular rearrangement of the microorganism’s
DNA which thus prevents it from reproducing. If a cell cannot reproduce, it is
considered dead [3]. The structure of a typical microorganism is shown in Figure 5.

Capsule Nuclear
body

Figure 5. Structure of a Microorganism

Cryptosporidium

This is a microscopic parasite classified as protozoa which is present in almost all
surface waters. When ingested through drinking water, it can cause cryptosporidiosis,
an illness characterised by severe abdominal cramps and diarrhoea, which can be fatal
to individuals with suppressed immune systems and children. Cryptosporidium is
resistant to chlorination because it is an “ocyst” i.e. the parasite is encased in a shell,
which protects it from chlorine. In the Milwaukee Cryptosporidium outbreak of 1993
for instance, despite testing the chlorinated water, no coliforms were detected even
though high levels of cryptosporidium were present.[4]. It was estimated that 403,000
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humans were effected with watery diarrhoea and over 100 deaths were attributed to
this outbreak, mostly among the elderly and immunocompromised. The reasons for
such an outbreak was attributed to poor filtration systems, poor water quality
standards and inadequate testing of patients [5].

Chlorination.
Chlorination is the commonest form of disinfection for water treatment since chlorine
is cheap and relatively safe and easy to use. When in concentrated form, chlorine is
very toxic [6], but is considered relatively harmless to humans when mixed correctly
with water [7].

Final Disinfection.

On leaving a treatment plant, water is delivered to the consumer through the
distribution network where it should contain a residual chlorine concentration in the
order of 1.0 - 1.2 mg/l. The level of concentration depends on the length of the
pipeline to the first consumer, who must not receive more than 0.5mg/l. The last
consumer should receive not less than 0.20mg/1 at periods of maximum consumption
[8].

One of the major drawbacks of chlorination is the formation of by-products and
reactions which take place within the water. One such problem was discovered with
the development of gas chromatography and mass spectrometry. This technology can
"expose" natural and man-made organic compounds with concentrations of less than 1
ng/l, which were otherwise undetectable. Some of these compounds can react with
chlorine to form complex and occasionally-dangerous chemicals known as
Trihalomethanes (THMs). These are all considered to be carcinogenic.

Ultraviolet Radiation

Ultraviolet radiation is normally classified as either “UV A”, “UV B” or “UV C”.

UV A is naturally occurring in sunlight and has a wavelength of 325 — 390 nm. It has
little germicidal effects.

UV B has a mid-range wavelength of 295-325 nm. It is best known for use in sun
tanning lamps and is also found in sunlight. It can provide some germicidal effect if
exposure is sufficient.

UV C is the short wavelength class with a wavelength of 200-295 nm. It has the most
optimum germicidal action. This UV is generated artificially, typically in a low-
pressure mercury vapour lamp [3,9].

UV is a proven technology for the inactivation of Cryptosporidium. LeChevallier and
Au [10] confirmed this in a report issued on behalf of the World Health Organisation
2004, in which they showed that Ultraviolet light inactivates microorganisms through
reactions with microbial nucleic acids and is particularly effective for the control of
Cryptosporidium. In the United States, the US EPA have implemented a groundwater
rule, requiring any site with a cryptosporidium risk to put in place relevant technology
to eliminate that risk. They have referred to UV as an acceptable treatment option for
this problem.
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Factors Affecting UV.

The effectiveness of a UV system in eliminating microbiological contamination is
directly dependent on the physical qualities of the influent water supply. It is vitally
important that suspended solids or particulate matter are totally eliminated as these
can cause a shielding problem in which a microbe may pass through the sterilizer
without being actually exposed to direct UV penetration. This shielding effect can be
reduced by the correct mechanical filtration of at least five microns in size [9].
However, the importance of the shielding effect appears to be nullified by tests carried
out by Linden and Darby 1998, Emerick, Loge 1999, and according to work done on
UV by Alicia Cohn 2002 [10]. These authors reported that turbidity is not the limiting
factor in treating water with UV. If the dirt particles or solids in water are not UV
absorbers, then these particles can be a problem if the organisms are embedded within
them. These cannot be destroyed by the UV radiation in this case and the parasites can
survive the treatment process to the detriment of the consumer. In effect cloudy or
turbid water may not be treatable by UV and this quality issue can be reduced or
eliminated firstly by using a relevant filtration system. In order to ensure compliance
with the terms of usage supplied by the manufacturers of the UV units and to ensure
total clarity of the water, the use of a fine pore filter is recommended. Individual
reactor tube manufacturers would recommend the rating of such a filter.

Inactivation of Pathogens and Dose Required.

The dose applied to the pathogen is a product of the length of time of exposure and
proximity to the low-pressure mercury bulb that emits the ultra violet radiation. This
bulb is protected in a hard quartz glass sleeve as shown in Figure 6.

Ultra violet bulb.
Quartz glass sleeve.

Figure 6. Ultra violet bulb in quartz glass sleeve.

The exposure time of the water to the light and the flow characteristics is crucial to
the success of the system. The units of dosage are milliW-sec/cm”. The US EPA
accepts 50milliW-sec/cm® as the minimum dose for UV water treatment while
38milliW-sec/cm? is the standard set by the National Sanitation Foundation. Table 1.
Shows the dose required for inactivation of various organisms [10].
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Table 1. Inactivation Levels and Doses.

Table 2. Shows the inactivation levels of various microorganisms compared with
standards set by the US EPA. (upper boundary line). And the standards set by the
National Sanitation Foundation.(lower boundary line).
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Table 2. Inactivation levels of microorganisms compared to set levels.
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Advantages and Disadvantages of UV Light
The main advantages of UV light include [11]:

(1) Provided people take basic precautions, they are environmentally
friendly in that they produce no residues. There are no dangerous
chemicals to handle or store and there are no problems of overdosing.

(i1) The initial capital cost of applying UV is low. Furthermore, operating
expenses are reduced when compared with similar technologies such
as ozone, chlorine, etc.

(111) It is an immediate treatment process. Therefore there is no need for
holding tanks, or long retention times.

(iv) It is an extremely economical process. It is capable of treating
thousands of litres, at a very low operating cost.

(v) Since there are no chemicals used in the process or added to the water
supply, there are no by products produced such as with chlorine.

(vi) There are no changes in taste, odour, pH, conductivity or the general
chemistry of the water.

(vii) The process of applying UV is automatic. There is no need for special
attention or measurements and it is operator friendly.

(viii) It is simple to maintain; the only maintenance required is periodic
cleaning and annual lamp replacement. There are no moving parts to
wear out.

The main disadvantage of UV disinfection is the lack of residual disinfection.
Residual disinfection applies to chlorination, where the disinfectant is in the water
right up to the point of use, thus disinfecting the water long after being chlorinated.
UV disinfection takes place only at the point of treatment. However in a domestic
situation if the unit is placed as close as possible to the point of use this is not a
concern. Figure 7. shows a typical domestic installation whereby the water being
treated is ground water and being used as drinking water and water intended for
ablutions.
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Filter

UV Unit

Figure 7. Filter and ultra violet unit.

One main disadvantage however is the cost. A typical installation is in the order of
€800.There is no installation costs associated with chlorine, but when chlorine is
unsuccessful and multiple purchases of bottled water is the only alternative, not to
mention the cost and inconvenience of boiling water, UV treatment may not be that
expensive.
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MATERIAL SELECTION FOR GAS TURBINE POWER PLANTS

ODABIR MATERIJALA ZA PLINSKE TURBINE TERMOELEKTRANA

Loreta Pomenié¢, Teuta Duleti¢
University of Rijeka, Faculty of Engineering, Vukovarska 58, 51000 Rijeka, Croatia

Pregledni ¢lanak / Subject review

Abstract: Increasing demand for electrical power worldwide increase efforts for the
construction of new power plants, witch would have higher reliability, efficiency and
acceptable environmental effects. Number of the power plants using gas turbines has been
increasing worldwide in regions with access to suitable fuels, mainly natural gas or biomass
fuel. The critical components of a gas turbine are blades because they operate under severe
conditions such are high temperatures, high mechanical stresses and hot corrosion. Gas
turbines, and particularly their hot path components, require relatively high maintenance cost.
Because of that, selection of the adequate materials for these components is very demanding.
This paper is a review of materials that can be used in high temperatures regions of the gas
turbine hot path.

Key words: material selection, gas turbine, power plant

SaZetak: Povecani zahtjevi za proizvodnjom elektricne energije u svijetu zahtijevaju
povecane napore u nalazenju novih konstrukcija termolelektrana ¢iji ¢e rad biti pouzdaniji,
efikasnost povecana, a bile bi prihvatljivije za okolis. U svijetu se u tu svrhu povecéao broj
plinskih turbina u podru¢jima s dostupnom dobavom prirodnog plina ili goriva iz bio-mase.
Kriti¢éne komponente plinskih turbina su lopatice turbina jer su tijekom rada izloZene visokoj
temperaturi, visokim mehanickim naprezanjima i koroziji u vru¢im plinovima. Plinske
turbine, a posebno njezine komponente u struji vruceg plina, iziskuju relativno visoke
troSkove odrzavanja. Zbog toga je odabir odgovaraju¢ih materijala za te komponente vrlo
zahtjevan. U ovom su c¢lanku navedeni neki od materijala koji bi se mogli upotrijebiti u
visokotemperaturnom podrucju plinkih turbina.

Kljuéne rijeéi: odabir materijala, plinske turbine, termoelektrane
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1. INTRODUCTION

Rapidly increasing demand for electrical power worldwide increase efforts for the
construction of new power plants with higher reliability, higher efficiency, and acceptable
environmental effects. Number of the power plants using gas turbines has been increasing
worldwide in regions with access to suitable fuels, mainly natural gas or biomass fuel. Gas
turbines, and particularly their hot path components, exhibit relatively high maintenance cost
and short in-service inspection cycles, in comparison with most main components of thermal
power plants because of high operating temperatures, short overhaul cycles and expensive
materials required [1]. Operating conditions at high temperatures for the most materials are
temperature dependent. Improvement of existing materials and development of new materials
is required to support improved construction of gas turbine components. This paper is a
review of materials, which may be used for the hot path gas turbine components
manufacturing.

2. GAS TURBINE DESCRIPTIONS AND FUNCTION

A gas turbine is a heat engine that uses high-temperature, high-pressure gas as the working
fuel and generally consists of a compressor, combustor, and turbine. Fuel for conventional
land- based gas turbine can be natural gas, gas derived from coal or biomass fuel. An example
of the simple-cycle, single-shaft gas turbine is shown in Figure 1 [2]. Air enters at ambient
conditions (15°C, 1.013 bar and 60% relative humidity; ISO conditions) into compressor
where it is compressed to some high pressure. No heat is added; however, compression raises
the air temperature so that the air at the discharge of compressor is at a higher temperature
and pressure. This air then enters in combustor where fuel is injected and where combustion
occurs.

Combustor

Turbine

Figure 1. GFA gas turbine [2]

The combustion mixture leaves the combustion system and enters the turbine. In the turbine
section of the gas turbine, the energy of the hot gases is converted into work. This conversion
occurs in the nozzle section where hot gases expand and a portion of a thermal energy is
converted to the kinetic energy. In subsequent blade section of turbine, a portion of kinetic
energy is transferred to the rotating blades end converted to work [3]. The longitudinal cross
section of a 26 MW gas turbine from Thermal Power Plant (TPP) Zagreb is shown in Figure 2

[4].
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Figure 2. Longitudinal cross section of a 26 MW gas turbine from TPP Zagreb: 1-
compressor, 2- combustor, 3 - turbine [4]

Conventional land-based gas turbines used for power generation are 33 to 40% efficient when
used in “simple cycle” mode. The combined cycle gas turbine (CCGT) plant, that uses the
exhaust heat from the gas turbine to produce steam for power-producing steam turbine, is
more efficient than the “simple cycle” mode gas turbine. Intention of gas turbine
manufacturers is to achieve at least 60% efficiency. This intention include that turbine inlet
temperatures must be higher than 1427°C [5]. The 1% stage gas turbine blades must be cooled
by air because they operate at extreme high gas temperature. An example of the 1% stage gas
turbine rotor blade with cooling holes is shown in Figure 3.

Figure 3. Gas turbiﬁé otor | lade with cooling holes [6]

For gas turbines components as a turbine blades, which operate at high temperature an
improved or new materials are required.

3. MATERIALS FOR GAS TURBINES HOT PATH COMPONENTS

Strength of materials generally decreases with increasing temperature. In stress carrying
structures creep becomes significant at high temperatures (>0.4Tm). Furthermore, rapidly
alternating temperatures induce thermal stresses, which may cause a premature failure by
brittle fracture or thermal fatigue mechanisms. Temperatures at gas-turbine combustion
outlets have now reached the 1400°C-level, resulting in a combined efficiency of 48%. It is
expected that they will soon reach the 1500°C-level, producing a total efficiency higher than
54%. The primary development issues in the [7] for gas turbines are related to the fast-rotating
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parts, i.e., the blades and the supporting disc, and particularly with the thermal barrier coating (TBC)
applied to the blades. New improved alloys for high-temperatures use single-crystal materials because
the lack of grain boundaries reduces the degradation in creep strength. The creep properties of
selected steels and other metal alloys are shown in Figure 4.
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Figure 4. Creep properties (100h creep rupture stress) of selected steels and metal alloys [8]
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Materials for high temperature applications may be divided in seven main groups (Figure 5).

MATERIALS FOR HIGH TEMPERATURE APPLICATIONS
/ : \
Steels Super Intermetallic | | Refractory | [Ceramics | [Composites | | Coatings
alloys compounds metals
v v v v v v v
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Low Alloys aluminides: | Mo, W, Ta, Composites Alumina-, and
Alloyed Ti Silica-Forming
Steels Coatings
Austenitic | Cr-Based | Fe- Ir- refractory | SiC, Ceramic Thermal
Stainless Alloys aluminides | super alloys Matrix Barrier
Steels Composites Coatings
Martensitic | Co- Based | Ti- Rh- Z10O;, MCrAlY
and Alloys aluminides | Refractory (M- metal)
Ferritic super alloys
Stainless
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Duplex Fe- Based | Ni- Ir-Nb — Al,O4
Stainless Alloys silicides Refractory
Steels super alloys
ODS Refractory | Mo- Ir-Ti -
Steels Super silicates Refractory
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Figure 5. Materials for high temperature applications
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3.1. Metals and alloys

Most metal alloys for the high temperature application must carry high thermal stresses that
typically occurred at the alloys surface. Alloys resistance to thermal stress-induced failure
depends on the fracture strength and thermal conductivity, low modulus of elasticity and
coefficient of thermal expansion, and low heat transfer rate. Furthermore, for the gas turbines
hot path components, such are 1* turbine blades, metal alloys are susceptible to hot corrosion.
Hot corrosion is caused by deposition of impurities from gases on gas turbine component
surface. In gas turbine combustor the alkali metals impurities in the fuel react with the sulphur
in fuel to form sodium and potassium sulphates, which condense on surface of the turbine hot
gas path. At temperatures in range of 700°C to 900°C the alkali sulphates on the turbine are
molten and react with the metal, causing the notorious hot corrosion (sulphidation) [9].
Because of all above mentioned, materials for gas turbine hot path components must satisfy
most of these high thermal, mechanical and chemical requirements. Chemical compositions of
the some high temperature resistant alloys for gas turbine components are shown in Table 1.

Table 1. Chemical composition of the some high temperature resistant materials for gas
turbine components [4]

Material Elements, wt %

C [cr |[Ni [Co [Mo [V |[W |[Nb |Ti Al
Ferritic —
Martensitic
Steels
X20CrMol21 0,17 | 12 0,2 - 1,0 - - - - -
X20CrMoV121 0,20 | 12 0,4 - 1,9 0,3 - - - -
X20CrMoVWI121 | 0,20 | 12 0,4 - 1,0 0,3 0,5 - - -
Austenitic
Stainless Steels
AM 350 0,10 | 185 |4,25 |- 2,75 | - - - - -
AM 355 0,15 | 155 |425 |- 2,75 | - - - - -
17-7-PH 0,09 | 17,0 | 7,10 | - - - - - - 1.1
Cr-Ni- Alloys
S-495 0,45 | 140 |20 - 4,0 - 4,0 4,0 - -
Incoloy 901 0,05 |13 40 - 6,0 - - - 2,5 0,2
19-9 DL 0.30 | 19 9 - 1,25 | - 1,2 0,4 0,3 -
Cr-Ni-Co alloys
S-590 0,43 |20,5 |20 20 0,4 - 4,0 4,0 - -
N 155HS 95 0,15 | 21 20 20 0,4 - 2,5 1,0 - -
Refractalloy 80 0,1 20 20 20 10 - 5,0 - - -
Ni-Base Alloys
Hastelloy R 235 0,15 | 15,5 | 55 2,5 5,5 - - - 2,5 2,0
Inconel 700 0,13 | 15 46 29 3,0 - - - 2,2 3,2
Nimonic 105 0,2 16 44 22 5,5 - - - 1,5 4.8
Co- Base Alloys
S-816 0,38 | 20 20 43 4,0 - 4,0 4,0 - -
HS-25 0,15 | 20 10 54 - - 15 - - -

Alloys for the particular gas turbine hot path components are shown in Table 2.
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Table 2. High-temperature alloys for particular components of gas turbine [10]

BUCKETS
1L} 185 BaL | 85| — | — 1 1 k] — — on | 0WE| —
RENE T7 (7000 16 BaL | 17 - | — ] 138 | 4% - amw (0| | —
INT2E 16 BaL | B3 |02 | 28 178 4 a4 08 | — Q10 | 01| 176
GTON it BalL | 46 18 15 19 a0 — — ol | om 1
NOZZLES
an 25 10 Ba&L| 1 B — — — — — 80 | oM —
qa5 25 ] BAL| 1 B bl bl - bl bl 028 | om -
Fai414 k. 10 BaL| 1 7 - - - - - 028 | om -
NIEE 2 ] A BaL | 2B 2 - - - - ax | — -
GTD-22 nk BaL | 19 - ] 22 1.2 08 - 010 | 0ne| 10 -
COMEUSTORS
5530M 12 — | BaL| — — — — - - am | — —
HAST X a2 BaL [ 16 [ 1.8 | 07 Q - - - — | o | 0DmE| —
262 a BaL | A 04 [ 11 04 bl — | am | - -
HA-186 a n BaL| 165 | 40| — - - - - 00s | om —
TURBINE WHEELS
ALLOYTIE 0 BaL | — [ 1EE | — an 0 11 (] — am | - —
ALLOY 706 16 BaL | — (30 | — bl 18 - 8 - aml | = -
Cr-Mo-¥ 1 05 — | BAL | — 1.26 - — — | 03| 0@ | — -
LR 16 15 — | BaL | — 12 1 0l — | 026 | OB | DE| —
MI62 12 15 — | BAL| — 17 - - - 03 iz - -
COMPRESS O R ELADES
Al5140 12 — — | BAL| — - - - - - an - -
AI51408 + Ch 12 — — | BAL| — — — — 0.2 — ale - -
GTO-450 165 62 — | BAL| — il - bl - bl ae | — -
* (Cb = Nb)

3.2. Protective coatings

The increases in high temperature resistance of the blade alloy provided temperature increase
into gas turbine hot path until the 1970s, when air-cooling was introduced. Air-cooling
decrease high temperature of hot gas from blade metal. When the metal temperatures
approached the 870°C range, life limiting of blades depends more of hot corrosion than of
strength until the introduction of protective coatings. During the 1980s, researches turn
towards two major areas: improved processing to achieve greater blade alloy capability
without sacrificing alloy corrosion resistance; and advanced, highly sophisticated air cooling
technology to achieve the higher temperature capability required for the new generation of
gas turbines [10].
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Figure 6. Coating material loss on different temperature [11]

177



The nozzles and blades are exposed to a corrosive environment. The gas turbines hot path
components corrode and this corrosion process is accelerated by high temperature and
impurities present in the air due to the combustion of fuel into the combustor. Therefore,
coating will protect the gas turbine against both kinds of attack i.e. high temperature and
corrosion, Figure 6. Thermal barrier coating (TBC) relaxes the thermal stresses while
functioning as a corrosion shield and a thermal barrier. They must be resistant to oxidation,
corrosion and cracking. Comparative resistance in types of coatings is shown in Figure 7 [10].

Oxidation Corrosion Cracking
PtAl

GT-29

GT-29 PLUS
GT-29 IN-PLUS™

GT-33 IN-PLUS™

Figure 7. Comparative resistance in different types of coatings [10]

Nickel coatings containing Cr, Al and Y called “NiCrAlY Coatings” can combat high
temperature corrosion and oxidation. A hot corrosion resistant MCrAlY (M = metal) based
bond coating containing 18% Cr, 22% Co, 12% Al and 0.5% Y has been developed for use in
gas turbine engines. To prevent extreme high temperature aim is in TBC coating application.
MCrAlY coatings are being used in combination with ceramic (zirconia, ZrO;) coatings,
where the MCrAlY is acting as a bond coat for the ZrO, coating [12]. Thermal barrier cross
section scheme, Figure 8, can illustrate function of the TBC coating protection from the
thermal and mechanical influence which hot combustion gases have on the metal alloy
substrate. Also, they have a function as a barrier between metal alloy substrate and hot gases
environment, which can cause their corrosion.
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Figure 8. Thermal barrier cross section [12]
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Furthermore, the four-layer TBC coating developed by [7] has twice the durability of a
conventional two-layer TBC, plus higher temperature difference (90°C) across its thickness
[12].

4. CONCLUSION

Improvements in materials for the gas turbine hot path components and manufacturing
technologies, improvements in turbine designs, and cooling systems have made possible
higher turbine operating temperatures which results in an significantly improved power plant
efficiency. The selected high temperature applicable material for the particular gas turbine hot
path component must require: first, the mechanical requirements and, then the candidate
materials, must have adequate corrosion properties. If their hot corrosion resistance is not
adequate then the protective coatings must be applied.
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Izvorni znanstveni rad / Original scientific paper

SaZetak: Visokope¢ni mulj nastaje tijekom proizvodnje gvozda i predstavlja metalurski otpad. U
ovom radu provedena su ispitivanja kemijskog i mineraloSkog sastava visokope¢nog mulja koji su
povezani sa procesom proizvodnje. Iz analize kemijskog sastava vidljiv je dominantan udjel kisika
(42,23 %) i ugljika (31,74 %), zatim Si (6 %), Al (3 %), Fe (2,9 %) itd. Visok je udjel cinka (4,52 %) i
olova (0,99 %) kao elemenata nepozeljnih s ekoloSkog stanovista. Iz mineraloskog sastava je vidljiv
najveci udjel amorfne tvari, slijede kalcit, magnetit i kaolinit itd.

Visokopeéni mulj je potencijalni adsorbens za uklanjanje Stetnih tvari iz vodenih otopina. Stoga su
provedena ispitivanja njegovih povrSinskih svojstava (BET metodom). Relativno velika specificna
povrSina objasnjava se ekstremno sitnim Cesticama visokopeénog mulja. Prema vrijednosti za
prosjecnu veli¢inu pora, ovaj materijal je mezoporozan. Blago luznati karakter visokope¢nog mulja
ukazuje na malu topljivost prisutnih metala.

Kljuéne rije€i: metalurski otpad, visokopecni mulj, karakterizacija

Abstract: Blast furnace sludge is generated during the production of pig iron and recognized as
metallurgical waste.

In this paper were investigated the blast furnace sludge samples in order to determine its chemical and
mineralogical nature. Chemically, blast furnace sludge is dominated by O (42,23 %) and C (31,74 %);
follow Si (6 %), Al (3 %), Fe (2,9 %) etc. reflecting the process of pig — iron production. On the basis
of total contents, Zn and Pb as environmentally problematic metals are also present (4,52 %
respectively 0,99 %). The mineralogical analysis revealed that blast furnace sludge is dominated by x-
ray amorphous substances. The most representative crystalline phases are calcite magnetite and
kaolinite.

Blast furnace sludge is potential adsorbent for the removal of harmful substances from aqueous
solutions. By reason of this, the surface area properties were determined (BET method). The relatively
large specific area is explained by the extremely fine — grained particle size of the blast furnace sludge.
According to average pore diameter value, the blast furnace sludge may be considered as mesoporous
material. A slightly alkaline pH values of the blast furnace sludge indicate that the solubility of the
metals would be very low.

Keywords: metallurgical waste, blast furnace sludge, characterization
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UvOD

Produkti visokopeénog procesa su gvozde, troska i visokopeéni plin koji se sastoji od CO,,
CO, H,, CH4, Ny, vodene pare 1 praSine. Ovisno o postupku prociS¢avanja, nakon obrade
plinova zaostaju dvije vrste ¢vrstog otpada. Ukoliko je procis¢avanje plina provedeno
direktno filtriranjem ili elektrostati¢kim taloZenjem (suho prociS¢avanje), kao rezultat nastaje
prasina c¢ije su cCestice vece od 0,Imm. Sitnije Cestice iz plina uklanjaju se u skruberima i
dezintegratorima (mokro proci§¢avanje) nakon cega zaostaju u obliku taloga poznatog kao
visokopeéni mulj (VPM) /1, 2 /.

Koli¢ina prasine za vrijeme visokopeénog procesa u bivsoj Zeljezari u Sisku iznosila je 20 do
200 kg/t sirovog Zeljeza, odnosno prosje¢no 10-50 g/m’ plina. Odlaganje, zbrinjavanje i
upotreba visokopeénog mulja kao nusprodukta industrije Zeljeza 1 Celika zahtjeva poznavanje
njegovih osnovnih karakteristika.

Dio industrijskog otpada pa tako i visokopeénog mulja moze se reciklirati, jedan dio se moze
koristiti kao sekundarna sirovina dok ¢esto puta najveci dio zavrSava na odlagaliStima otpada.
U posljednje vrijeme su intenzivirana ispitivanja mogucénosti upotrebe visokope¢nog mulja
kao uspjesnog adsorbensa, a naroCito za uklanjanje Stetnih tvari poput teskih metala iz
vodenih otopina /3-6/.

Svrha ovog rada je prikaz rezultata koji predstavljaju karakterizaciju visokope¢nog mulja,
sastavnog dijela metalurSkog otpada.

EKSPERIMENTALNI DIO

Uzorci

Ispitivanja su provedena na uzorcima VPM s odlagaliita bivie Zeljezare Sisak. Uzorci su
suSeni na 105°C u vremenu od 4 sata. Za ispitivanja su koriSteni uzorci veli¢ine Cestica <
0,056 mm.

Odredivanje kemijskog sastava

Kemijski sastav VPM je odreden PIXE (particle induced x-ray emission) spektroskopijom,
mjerenjem intenziteta karakteristicnog x-zraenja koje emitiraju atomi uzorka nakon
bombardiranja protonima. Analiza je provedena pomoéu HVE 1.oMV Tandetron
akceleratora. Uzorci su ozraceni s 2 MeV protona uz primjenu Si(Li) detektora /7/.

Odredivanje mineraloskog sastava

Konvencionalnom metodom difrakcije x-zraka (XRD) provedena je kvalitativna analiza
mineraloSkog sastava VPM (fazna analiza). Radi utvrdivanja kvantitativnog faznog sastava
uzorka, koji je velikim dijelom amorfan, primijenjena je Rietveld XRD metoda /8/.

Udjel kristalini¢ne faze je izracunat na bazi poznatog dodavanja unutarnjeg standarda. Smjesa
ispitivanog uzorka i ZnO kao unutarnjeg standarda s udjelom od 10 %, je homogenizirana u
ahatnom tarioniku u trajanju od 30 minuta. Mineraloski sastav smjese je odreden
difraktometrom Phillips PW 1710 uz upotrebu CuK,, zracenja.

Analiza povrsinskih svojstava

Specificna povrSina, raspodjela veli¢ine pora i volumen pora odredeni su snimanjem
adsorpcijsko-desorpcijskih izotermi dusSika BET (Brunauer Emmett Teller) metodom
uredajem Micromeritics ASAP 2000. Prije analize provedeno je ,,otplinjavanje* kojim se iz
pora uzorka uklanjaju moguce necistoce 1 vlaga. Otplinjavanje je provedeno pri 50°C uslijed
djelovanja visokog vakuuma (0,666 Pa) u trajanju od 12 sati.
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Mjerenje pH-vrijednosti
Odredivanje pH vrijednosti provedeno je u suspenziji VPM sa destiliranom vodom. Mjerenja
su provedena nakon 1, 3 1 7 dana upotrebom pHmetra Schott.

REZULTATI I DISKUSIJA

Kemijski sastav VPM je prikazan u tablici 1. Od nemetala najvise su zastupljeni kisik (42,23
%) 1 ugljik (31,74 %), a od metala silicij (6 %), zatim cink (4,52 %), aluminij (3 %), natrij
(3%) 1 zZeljezo (2,9 %). Kemijski sastav visokope¢nog mulja povezuje se sa samim procesom
za vrijeme kojeg zrak, prolazec¢i prema vrhu visoke peci, nosi sa sobom cestice zasipa. Npr.
nesto ugljika potjece od karbonata koji su komponente vapnenca kao topitelja. Medutim,
glavni izvor ugljika je koks (89 %). Kao tre¢i moguci izvor ugljika je onaj vezan u obliku
cijanida koji se formira iz koksa /9/.

Tablica 1. Kemijski sastav visokopeénog mulja

Element Sadrzaj Element Sadrzaj

mas. % mas. %
o 42,23 Pb 0,99
C 31,74 K 0,66
Si 6,00 Mn 0,66
Zn 4,52 S 0,62
Na 3,00 P 0,14
Al 3,00 Cl 0,05
Fe 2,90 Ti 0,05
Ca 2,30 Cu 0,01

Mg 1,00

Zeljezo, Si, Ca, Mg, Al, Pb, Na potje¢u iz ruda, topitelja i nesto manje iz koksa u kojem se
pojavljuju kao necistoce. Relativno visoke koncentracije Zn (4,52 %) i Pb (0,99 %) ne mogu
se objasniti samo mehanizmom transporta tijekom visokopeé¢nog procesa. Zbog visoke
temperature na dnu peci i njihovog niskog vreliSta, dio Zn i Pb isparava, a zatim se ponovo
kondenzira tako da dio napusta pe¢ s plinovima. Slicno Pb 1 Zn 1 dio Na i K ostaje na dnu 1
zidovima visoke pe¢i, a dio isparava Cineéi sastavni dio visokopec¢ne prasSine, a zatim i VP
mulja.
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Sumpor, P i N su sastavni dijelovi organske osnove koksa. Dok dio sumpora potjece iz
anorganskih sastojaka koksa (pirit ili markazit, FeS,), cijanidni dusik potjeCe iz N, iz zraka 1
predstavlja jedan od glavnih izvora dusika u ovom materijalu.

U odnosu na neke industrijske nusproizvode kao Sto su npr. troska i1 lebdeéi pepeo,
visokopeéni mulj je otpad vrlo onecis¢en cinkom i olovom /10/.

Slicno kemijskom sastavu, mineraloski sastav VPM (tablica 2) dobrim dijelom je posljedica
samog visokopeénog procesa. Tako je prisutnost magnetita Fe;Os i hematita a-Fe,O;
povezana s rudom, a kalcita, CaCOj; 1 dolomita, CaMg(COs); s topiteljima. Kvarc 1 kaolinit
uglavnom su sastavni dijelovi pepela koksa.

Tablica 2. Mineraloski sastav visokope¢nog mulja

Faza Formula mas. %
x-ray amorfan 76,2
Kalcit CaCO; 9,9
Magnetit Fe;0q4 6,3
Kaolinit Al,S1;,05(OH)4 2,2
Smitsonit ZnCO; 2,1
Dolomit Ca,Mg(COs3), 1,6
o-kvarc a-Si0; 1,1
o-hematit o-Fe,0; 0,4
a-elementarno Zeljezo a-Fe 0,2

Iz dobivenih rezultata je vidljiv veliki udjel amorfne tvari (76,2 %) koju uglavnom ¢ini ugljik
iz turboslojevito orijentiranog koksa 1 neki manje kristalini¢ni oksidi i hidroksidi metala (Fe,
Zn, Pbi Al).

Primjenom BET metode utvrdena je specifina povr§ina uzorka, Sger = 31,46 m’g’.
Relativno velika specificna povrSina objasnjava se ekstremno sitnim Cesticama visokopeénog
mulja. Vece Cestice su uklonjene iz prasine visokope¢nog plina tijekom suhog procis¢avanja
/2/. Takoder je poznato da je specificna povrSina VPM povezana sa sadrzajem ugljika te da
opada s porastom udjela ugljika /6/.

Ukupni volumen pora veli¢ine od 1,7 do 300 nm, iznosio je V = 0,157 cm3g'l. Prema
vrijednostima za prosjecni promjer pora, d = 17,88 nm visokopeéni mulj se smatra
mezoporoznim materijalom.

Dobiveni rezultati mjerenja pH vrijednosti su pokazali da je VPM slabo luznatog karaktera.
Pra¢enjem promjena ove vrijednost (nakon 1, 3 i 7 dana), uocen je blagi porast vrijednosti pH
od 7,84 — 7,92. Luznati karakter VPM uglavnom se objaSnjava prisutnoS¢u karbonata, ali i
moguc¢om hidrolizom nekih baznih oksida (npr. CaO, MgO) na odlagaliStima.
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ZAKLJUCAK

Prema rezultatima ispitivanja kemijskog i mineraloskog sastava ispitani visokopeéni mulj je
uglavnom amorfan s visokim udjelom kisika i ugljika. U odnosu na neke industrijske
nusproizvode relativno visok je udjel cinka i olova u uzorku. Kemijski i mineraloski sastav je
povezan sa samim procesom proizvodnje gvozda.

Promjena pH vrijednosti promatrana je do 7 dana. Iako je promjena pH vrijednosti neznatna,
visokopeéni mulj nije sasvim inertan materijal.

Visokopeéni mulj karakterizira velika specifiéna povrsina (31,46 m°g’'), a obzirom na
prosjecnu veli¢inu pora predstavlja mezoporozan materijal.

Dobiveni rezultati doprinose procjeni upotrebe visokopeénog mulja kao potencijalnog
adsorbensa.
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ADSORPCIJA ORGANSKIH KISELINA NA RAZLICITIM UGLJICNIM
MATERIJALIMA

ADSORPTION OF ORGANIC ACIDS ON DIFFERENT CARBON
MATERIALS

Ankica Radenovi¢, Jadranka Malina i Anita Strkalj
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Izvorni znanstveni rad / Original scientific paper

Sazetak: Povrsinska svojstva znatno utjeCu na brojnu primjenu ugljicnih materijala. Prema
tome, njihova upotreba u adsorpcijskim procesima u otopinama je jedan od primjera
relevantnosti povrSinskih svojstava kao obiljezja ovih materijala. Modifikacija povrSine se
moze provesti adsorbiranjem stranih tvari organskog porijekla na povrsini ugljika.

U radu je ispitana adsorpcija octene i limunske kiseline na razli¢itim uglji¢nim materijalima
(¢ada, aktivni ugljen, ugljen za koksiranje). Za opisivanje adsorpcije koriStena je
Langmuirova izoterma pri ¢emu je nadena povezanost povrsinske i ravnotezne koncentracije
kiselina. Dobiveni rezultati mogu koristiti za tumacenje modifikacije povrSine uglji¢nih
materijala kao potencijalnih adsorbensa.

Kljuéne rijeci: uglji¢ni materijal, organska kiselina, adsorpcija, Langmuirova izoterma

Abstract: Many applications of carbon materials are strongly influenced by their surface
properties. Thus, their use in adsorption processes in solution are one of examples in which
the surface properties have an relevance in the materials performance. Surface modification
can be performed by adsorbing foreign organic compounds on the surface of carbons.

In this work the adsorption of acetic and citric acid on different carbon materials (carbon
black, activated carbon and coking coal) was examined. Langmuire isotherm equations were
employed to description of the adsorption equilibrium. Applied isotherm is used to find the
relationship between the surface concentration and the equilibrium concentration of the acids.
The obtained results could be useful for the interpretation of surface modification of carbon
materials as potential adsorbents.

Keywords: carbon material, organic acid, adsorption, Langmuire isotherm
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UvOD

Pored uobicajene primjene, ugljicni materijali sve viSe se upotrebljavaju kao adsorbensi u
postupcima uklanjanja $tetnih tvari iz vodenih otopina. Osim adsorpcije primijenjeni postupci
ukljucuju jos neke metode koje se temelje na razli¢itim fizikalnim i kemijskim tehnikama kao
Sto su ionska zamjena, taloZenje, kompleksiranje, bioloski procesi, kemijske reakcije 1 sl. /1,
2/.

Iako je jedan od najcesSce koriStenih i najefikasnijih adsorbensa, upotreba aktivnog ugljika je
ograni¢avajucéa zbog visoke cijene. Sve vise se ispituje mogucnost upotrebe drugih, jeftinijih,
a dovoljno djelotvornih adsorbensa ukljucujuci materijale s velikim udjelom ugljika.

Poznato je da adsorpcija ovisi o interakciji povrSine adsorbensa i adsorbirane tvari.
Postupcima modifikacije povrSine adsorbensa moze se utjecati na adsorpcijske procese. Jedan
od njih je i modifikacija povrSine adsorbensa organskim kiselinama /3-5/.

U radu je ispitana adsorpcija dviju organskih kiselina (octene i limunske) na razliCitim
ugljiénim materijalima (Cada, aktivni ugljen i1 ugljen za koksiranje). Obje kiseline su Siroko
primijenjene u farmaceutskoj i prehrambenoj industriji, te biorazgradive.

Ravnoteza sistema ugljicni materijal/organska kiselina opisana je Langmuirovom
adsorpcijskom izotermom. Ispitivanja su provedena statickim — batch postupkom. Vrijednosti
parametara izoterme za razliite adsorbense dobivene su metodom linearne regresijske
analize.

EKSPERIMENTALNI DIO

Uzorci

Komercijalna granulirana ada (C), proizvedena je uljno-peénim postupkom s osnovnim
karakteristikama: CTAB 113 ng'l, 98,7% C, 1,0 % S; 0,28% pepela, 2,35% vlage.

Aktivni ugljik (AU) analiticke Cistoce (p.a. "Carlo Erba", Milano) sadrzi 83,7 % C.

Ugljen za koksiranje (UK) je mjesavina ugljena ruskog (65%) i australskog (35%) porijekla s
65,25%Crix, 3,05% vlage, 7,7% pepela i 0,87% S.

Veli¢ina cestica svih uzoraka iznosila je <100 um, a odredena je mljevenjem u
laboratorijskom mlinu "Retch"-RMO.

Adsorpcija kiselina na adsorbensima

Ispitani uzorci adsorbensa to¢ne odvage (1g) preneseni su u tikvice i uravnotezeni tijekom 1,
8, 24 1 68 sati sa 100 ml octene odnosno 100 ml limunske kiseline razlicitih koncentracija
(0,05 moll'l; 0,1 moll'l; 0,15 moll'l; 0,25 moll'l; 0,35 moll'l). Nakon uravnoteZenja otopina je
filtriranjem odijeljena od ispitivanih uzoraka.

Adsorpcija je pracena mjerenjem koncentracije kiselina prije i nakon uspostavljanja ravnoteze
na ispitanom adsorbensu (tzv. "batch" postupkom). To¢na koncentracija kiselina odredena je
volumetrijski uz upotrebu otopine NaOH koncentracije 0,1 moll”' kao titranta i fenolftaleina
kao indikatora.

Sva mjerenja su provedena pri sobnoj temperaturi od 20°C.

Odredivanje parametara Langmuirove adsorpcijske izoterme i Gibbsove energije

Langmuirova adsorpcijska izoterma (LAI) povezuje koli¢inu adsorbirane tvari po jedinici
mase adsorbensa i1 ravnoteznu koncentraciju adsorbirane tvari iz otopine.
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Opéi oblik LAI je:
qm ) |<L -C

— e
€
a I+K, -c,

gdje su:
ge- ravnotezna koli¢ina adsorbirane tvari po masi adsorbensa, molg'l,
ce-ravnotezna koncentracija adsorbirane tvari iz otopine, moll™,
qm-maksimalni adsorpcijski kapacitet, molg™,
K, -Langmuirova konstanta povezana s entalpijom adsorpcije, Imol™.

Jednadzba Langmuirove izoterme u linearnom obliku je:

1 C,
—+_
Qe KL'qm Un

Za odredivanje parametara Langmuirove adsorpcijske izoterme primjenjena je linearna

regresijska analiza. Parametri q, i Ky su izracunati iz grafickog odnosa —= f(c,), a
e

Gibbsova energija prema izrazu AG = -RTInK.. (R = opca plinska konstanta, T =

temperatura)

REZULTATI I DISKUSIJA

Dinamicka adsorpcija iz otopina opisuju se ravnotezom izmedu dvije faze. Dobiveni
eksperimentalni podaci adsorpcije octene i limunske kiseline na adsorbensima s razliitim
udjelom ugljika (C, AU i UK) opisani su Langmuirovom adsorpcijskom izotermom. Iako su
uglji¢ni materijali kao adsorbensi i organske kiseline kao adsorbirane tvari bili u viSesatnom
kontaktu (1, 8, 24 1 68 sati) ravnoteza je uspostavljena brzo (nakon 1 sata).

400
o aktivni ugljen y = 29,9474+274,3427*x

350 o ugljen za koksiranje y = 208,0043+356,0833*x o
o gada y = 9,3755+1,5491*x

300 |

250

200 |

Ce/Ge, 9/l

150

100

50

-50 - - - - - -
0,00 0,05 0,10 0,15 0,20 0.25 0,30 0,35

Ce, mol/l

Slika 1. Langmuirova adsorpcijska izoterma sistema uglji¢ni materijal/octena kiselina
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Slika 2. Langmuirova adsorpcijska izoterma sistema uglji¢ni materijal/limunska kiselina

Rezultati ovisnosti omjera ravnotezne koncentracije c. i koli¢ine adsorbirane tvari po masi
adsorbensa q. o ravnoteznoj koncentraciji adsorbirane tvari c. prikazani su na slici 1 (sistem
uglji¢ni materijal/octena kiselina) i na slici 2 (sistem ugljicni materijal/limunska kiselina). 1z
slika je vidljiva linearna ovisnost praé¢enih veli¢ina.

Dobivene vrijednosti parametara Langmuirove izoterme, kapacitet adsorpcije qm,
Langmuirova konstanta K i odgovarajuéi koeficijent korelacije r* su prikazani u tablici 1 (za
sistem ugljicni materijal/octena kiselina) i tablici 2 (za sistem uglji¢éni materijal/limunska
kiselina).

Tablica 1. Parametri Langmuirove adsorpcijske izoterme za sistem ugljicni materijal/octena

kiselina
uzorak dm KL r AG
[mol/g] | [I/mol] [kJ/mol]
Cada- C 0,6455 | 0,17 | 0,7053 +4,38
Ugljen za koksiranje- UK | 0,0028 | 1,71 | 0,6086 -1,31
Aktivni ugljen- AU 0,0036 | 9,16 | 0,9966 -5,40

Tablica 2. Parametri Langmuirove adsorpcijske izoterme za sistem uglji¢ni materijal/limunska

kiselina
uzorak qm Ky r AG
[mol/g] | [I/mol] [kJmol]
Cada- C 0,0027 | 7,88 | 0,7165 -5,03
Ugljen za koksiranje- UK | 0,0126 | 13,86 | 0,9533 -6,40
Aktivni ugljen- AK 0,0139 | 10,78 | 0,7249 -5,79
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Najveéi koeficijent korelacije je dobiven za sistem AU/octena kiselina (r* = 0,9966) i sistem
UK/limunska kiselina (r* = 0,9533). Za ostale uglji¢ne materijale neovisno o organskoj
kiselini dobiveni su niZi koeficijenti korelacije (r* = 0,6086 - 0,7249). Najveca vrijednost za
Langmuirovu konstantu je dobivena za sistem UK/limunska kiselina (K. = 13,86 Imol™) i
AU/octena kiselina (Ki = 9,16 Imol™). Iz podataka za slobodnu Gibbsovu energiju vidljivo je
da su svi procesi spontani osim adsorpcije octene kiseline na ispitanoj ¢adi (AG = +4,38
kJmol™).

U slucaju adsorpcije limunske kiseline na ispitanim ugljiénim materijalima najveéi
korelacijski koeficijent (r* = 0,9533) je za sistem UK/limunska kiselina. Prema vrijednostima
za r* prikazanim u tablici 2 vidljiva je nesto slabija korelacija eksperimentalnih podataka s
Langmuirovom jednadzbom za izotermnu adsorpciju limunske kiseline na ¢adi 1 aktivhom
ugljenu. Medutim, adsorpcija limunske kiseline na navedenim adsorbensima je takoder
spontan proces (AG<O0).

Obzirom na maksimalni kapacitet adsorpcije qm, najvise limunske kiseline se adsorbiralo na
AU (0,0139 molg™), slijedi adsorpcija na UK (0,0126 molg™), a najmanji g, (0,0027 molg™)
je dobiven za adsorpciju limunske kiseline na ¢adi. Langmuirov model opisa ravnoteze
adsorpcije pretpostavlja homogenu povrSinu adsorbensa pri ¢emu se kod zasi¢enja formira
monosloj adsorbirane tvari /6/. Homogenost i heterogenost povrsine uglji¢nih materijala ovisi
o vrsti i broju funkcionalnih grupa /1, 5, 6/. NajceSce prisutne karboksilne, karbonilne,
kinonske 1 hidroksilne grupe sklone su interakcijama s tvarima iz otopine. Dobiveni rezultati
ukazuju na razli¢ita povrSinska svojstva ispitanih ugljiénih materijala 1 mogucnost
modifikacije njihove povrSine organskim kiselinama.

ZAKLJUCAK

Adsorpcija u sistemu uglji¢ni materijal/organska kiselina ovisi o vrsti ugljiénog materijala kao
adsorbensa 1 vrsti organske kiseline kao adsorbirane tvari. Neovisno o tome, ravnoteza je
uspostavljena brzo (nakon 1 sata). Primjenom linearne regresijske analize, najbolja korelacija
eksperimentalnih podataka 1 Langmuirove izoterme dobivena je za sisteme AU/octena
kiselina (r* = 0,9966) i UK/limunska kiselina (r* = 0,9533). Svi opisani procesi adsorpcije su
spontani (AG < 0) osim adsorpcije octene kiseline na ¢adi. Na temelju g, kao parametra
primijenjene izoterme veca koli¢ina octene kiseline nego limunske se vezala u monosloju na
UK i AU. Iako je koli¢ina octene kiseline na &adi najveéa (qm = 0,6455 molg™) proces
adsorpcije nije spontan. Za pretpostaviti je da se radi o reverzibilnoj adsorpciji octene kiseline
na ispitanoj cadi.
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Abstract: For the selection of the polymer materials for various fields of applications the
stability of material under constant load is very important. In this paper the blends of
polystyrene (PS) and high density polyethylene (HDPE) with poly[styrene-b(ethylene-co-
butylene)-b-styrene] (SEBS) block copolymer were investigated. The investigations were
done by DMA analysis. The primary viscoelastic functions storage modulus, (E’) loss
modulus (E’”) and loss tangent (tgd) were determined. The secondary viscoelastic functions,
creep and creep modulus were determined at temperatures 25, 30, 35, 40 and 45 °C. The
master curves for reference temperature were created using time temperature superposition,
TTS principle. The correlation of the secondary viscoelastic functions with time, temperature
and blends compositions was discussed. The results were correlated with morphological
structure and mechanical properties obtained in our earlier investigations of the same systems.
Key words: PS/HDPE/SEBS blends, rheological properties creep, master curves

Sazetak: Za izbor polimernog materijala 1 polimernih mjeSavina za razli¢ita podrucja
primjene od vaZnosti je stabilnost materijala pod konstantnim optereCenjem. U radu su
istrazene mjeSavine polistirena (PS) 1 polietilena visoke gustoce (HDPE) s
kompatibilizatorom poli[stiren—b(etilen—co-butilen)-b—stiren] (SEBS) blok kopolimerom.
Istrazivanja su provedena DMA analizom. Odredene su primarne viskoelasti¢ne funkcije
modul pohrane (E’), modul gubitka, (E’’) i tangens kuta gubitka, (tgd). Sekundarne
viskoelasti¢ne funkcije, puzanje i modul puzanja odredene su pri temperaturama 25, 30, 35,
40 i 45 °C. Konstruirane su temeljne krivulje na osnovi vremensko temperaturne
superpozicije, TTS. Provedena je korelacija primarnih 1 sekundarnih viskoelasti¢nih funkcija
s vremenom, temperaturom i sastavom mjeSavina. Rezultati su korelirani s morfoloSkom
strukturom i mehanickim svojstvima dobivenim u prethodnim istrazivanjima istih sustava.

Kljuc¢ne rijeci: mjesavine PS/HDPE/SEBS, reoloska svojstva, puzanje, temeljne krivulje
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1. INTRODUCTION

Polystyrene (PS) and polyethylene (PE) are two of the most widely used plastics in the world.
A decrease in stiffness and an increase in creep value of PS can be achieve by adding PE
whose high creep value can be modify by PS [1,2]. The PS/PE blends have better properties
than neat polymers when they are used in constructions and in packing. The PS/PE blends are
very important for plastic wastes recycling [3]. PS is incompatible with PE. The compatibility
can be improved with compatibilizers [2-4]. The formation of the new morphological
structure results which allow more equal sharing of imposed stresses and might therefore
improve the rheological properties and mechanical properties of the blends. The effect of
compatibilization on the morphology of the PS/PE blends has been studied by several authors
[5-8]. It has been established that the microdomain structure in such blends changes in a much
more complicated fashion than in neat polymers. It influences especially on creep behaviour
and creep modulus as well as on the constructed master curves from creep modulus. Creep
and creep modulus as the function of time and temperature are important for engineering
applications. In this paper PS and HDPE blends with SEBS as compatibilizer were
investigated. The rheological properties in blends processing as well as creep behaviour of
blends extruded and moulded samples were studied together with E’, E’’and (tgd) to find the
correlation between blends composition, rheological properties in processing and creep
measurements as well as creep modulus in function of time and temperature [9-11]. On the
base of creep measurements the master curves were created [9-11]. The results were
correlated with morphological structure and mechanical properties obtained in our earlier
investigations of the same systems.

2. EXPERIMENTAL

Materials and methods

The investigation was done with PS, Dow Styrene 678E GPPS, Dow Plastics; MFR 10.5 g/10
min.-200 °C/5 kg; HDPE, Lupolen 5031L, Basel; MFR 6.5 g/10 min.-190 °C/2.16 kg and
SEBS, Kraton G 1650, Shell Co., with a content of PS 29 % wt., as compatibilizer.
Compositions of blends studied are listed in Table 1.

Specimens preparation

The sample of neat polymers and blends were prepared using Haake Record 90 twin extruder
with intensive mixing profile, Haake TW 100, with the following temperatures in zone
180/195/210/210 °C. The specimens were obtained by compression injection moulding at
Zwick injectometer at 230 °C, mould temperature of 40 °C and the injection rate of 200
mm/s.

Measurements

Torque (TQ), output (Q) and back pressure (p), in melt during processing in the extruder were
recorded at six seconds interval. The rheological properties were measured using a Dynamic
Mechanical Analyser 983 (DMA) TA Instruments at constant frequency of 1 Hz, in
temperature range from -150 °C to +150 °C, with amplitude 0.2 mm and heating rate of 5
°C/min. The primary viscoelastic functions were determined: storage modulus (E’), loss
modulus (E’’), and loss tangent (tan ). The secondary viscoelastic properties, creep
behaviour, recovery and creep modulus, as a function of time and temperature were measured
using creep mode software at temperature 25, 30, 35, 40 and 45°C. The specimens were
stressed for 15 min. and then allowed to relax for 15 min. The temperature was then increased
in increments of 5 °C, followed by an equilibration period of 15 min. before initiation of the
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next stress/relax cycle. Using the time-temperature correspondence principle the master
curves for the reference temperature (Ty.r) 25 °C were created.

3. RESULTS AND DISCUSSION

Processing parameters

The processing parameters are presented in Figure 1. Processing parameters of the
PS/HDPE/SEBS blends indicated that TQ values decrease with increasing HDPE content.
The ratios TQ/Q and p/Q decrease too with increasing HDPE content in blends. It is due to
the lower viscosity of HDPE in comparation with PS viscosity. The amount of SEBS does not
influence significantly on processing parameters.

a) b)

(TQ/Output)(Nm/ikg/h)

0 phr SEBS
5 phr SEBS 4

7 phr SEBS 0
20 60

60
HOPE (phr) 10 HDPE (phr) 100

0 phr SEBS
5 phr SEBS
7 phr SEBS

©)

(back-pressure/Output)
(bar/kg/h)
>

"7 phr SEBS
5 phr SEBS

% 0 phr SEBS

HDPE (phr)

60

100

Figure 1. Processing parameters of PS/HDPE/SEBS blends: (a) TQ, (b) TQ/Q and (c) p/Q

Primary viscoelastic functions

The dates from DMA spectra’s of neat PS and HDPE as well as PS/HDPE/SEBS blends are
summarized in Table 1. PS indicates one relaxation maximum corresponding to a- relaxation
transition of PS phase. In DMA spectra of neat HDPE two relaxation maximums were found.
They are connected to y relaxation transition of amorphous phase in HDPE (present at
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negative temperature) and o relaxation transition of crystalline phase in HDPE (present at
positive temperature) what is evident in Table 1 [12].

Table 1. Glass transition temperatures of the phases (T,), intensity (I) of loss modulus (E*’)
and storage modulus (E’) for investigated systems.

PS phase EB phase PE phase
PS/HDPE/SEBS | T,/°C | loy | T,/°C | lag | To/°C | Iy, aq E'/GPa
Ell Ell EH EH E" Ell _750C 25 OC
100/0/0 1050 | 793,3 / / / / / 5,5
80/20/5 1157 | 4633 | -260 | 6524 / / 46 | 3233
-125,5 | 61,55
80/20/7 109.7 | 2462 | 2459 | 78,57 | [yl | (o0 | 4345 | 3,507
“122,1 | 1414
40/60/5 8.5 | 1357 | 2775 | 7429 | o | g, | 4295 | 2609
1232 | 135,1
40/60/7 1143|1209 | 23,14 | 7324 | SA0 | T0s | 4,033 2,5
-1253 | 233,1
0/100/0 / / / / 6153 | 1800 | 3867 | 2433

Upon addition of SEBS in PS/HDPE blends the PS/HDPE/SEBS blends have single
maximum of PS phase, single glass transition (T,), what indicate miscibility [13,14]. The Tgs
of amorphous phase and crystalline phase in HDPE are present in DMA spectra’s of
PS/HDPE/SEBS blends. The E’ is decrease with increasing content of HDPE in blends and
the curves E’/T are shifted to the lower E’ values. At the same time the intensity of loss
modulus relaxation maximum due to the PS phase decreases while the intensity of loss
modulus relaxation maximum due to the crystalline and amorphous phases in HDPE
increased. Such behaviour can be related to the decrease blends rigidity with higher content of
HDPE [13, 14].

Secondary viscoelastic functions

Creep and recovery of neat homopolymers, PS and HDPE as well as PS/HDPE/SEBS blends
increase with temperature (Figure 2 a) and Table 2). The creep modulus (E) decreases with
time (t) (Figure 2 b)) and the curves E/t are shifted to lower E values with increasing
temperature for all examined systems. The relaxation processes are more expressed with time
and are faster at higher temperature [15, 16]. The creep and recovery increase with increasing
amount of HDPE in the blends (Table 2).
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Figure 2. The example of: (a) creep and (b) creep modulus as function of temperature for
blend PS/HDPE/SEBS 80/20/5.

Table 2. Creep and recovery values for investigated systems.

PS/HDPE/ CREEP, % RECOVERY , %
SEBS

25°C | 30°C | 35°C [40°C | 45°C | 25°C | 30°C | 35°C | 40°C | 45°C
100/0/0 8,762 | 9,548 | 12,04 | 15,57 | 20,94 | 5,53 5,81 7,14 8,85 10,38
80/20/5 14,39 | 16,36 | 17,54 | 19,37 | 21,73 | 10,76 | 10,77 | 11,23 | 11,53 | 12,38
80/20/7 11,12 | 14,0 | 16,49 | 189 | 20,85 | 8,66 8,77 9,72 | 10,38 | 10,95
40/60/5 29,98 | 35,55 | 42,05 | 47,31 | 50,10 | 22,85 | 22,85 | 24,05 | 25,95 | 24,53
40/60/7 34,7 39,0 | 44,29 | 48,86 | 53,86 | 22,89 | 23,13 | 24,22 | 27,13 | 28,75
0/100/0 82,00 | 90,00 | 93,43 | 96,86 | 96,86 [ 30,0 31,5 | 32,35 | 32,57 | 33,22
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It is due to the faster HDPE flexibility and possibility of conformation changes at the
measured temperatures what is connected with T, of the amorphous phase at the negative
temperature. Higher creep value of PP/HDPE blend with HDPE matrix and higher SEBS
content suggest that interfacial adhesion betwen phases increased with compatibilizer. It is in
agreement with scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) investigations of the same blends [17]. For all examined samples master curves E/t are
created for reference temperature 25°C (Figure 3) [9, 13, 15, 16].
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Figure 3. Master curves at T.f 25 °C for: (a) PS, (b) PS/HDPE/SEBS 80/20/5, (c)
PS/HDPE/SEBS 40/60/5, (d) HDPE, (e) PS/HDPE/SEBS 80/20/7 and (f) PS/HDPE/SEBS
40/60/7.
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The curves show effects of time on the creep modulus, on the time scale which is outside of
the range measured [9, 15, 16]. The master curves are shifted to lower creep modulus values
with increasing HDPE content in the blends. In the blends the dependence of relaxation time
on temperature is difference for each component. The T, of HDPE at low temperature is
responsible for it because the creep measurement have been performed at the temperatures
above the T, what enhances the flexibility and relaxation of HDPE. As a consequence, the
lower E values and faster decrease of E values with time result with higher HDPE content,
what is more expressed in PS/HDPE blend with higher SEBS content and HDPE matrix. It
indicated better compatibility what is in agreement with better adhesion in the interface in
these blends, what is confirmed by SEM and TEM microscopy in our earlier investigations
[17]. The improvements of impact strength of PS/HDPE blends were obtained with SEBS
addition. This is more expressed in the blends with higher SEBS content in PS/HDPE blends
with HDPE matrix. It suggest that interfacial adhesion between PS and HDPE phases
increases what is in an agreement with changes of morphologycal structure [17] and the
results obtained by rheologycal measurements.

4. CONCLUSION

The correlation between the composition of PS/HDPE/SEBS blends, creep resistence and
rheological properties is obtained. It is established that all examined properties depend on the
content of HDPE and presence of SEBS block copolymer. SEBS block copolymer acts as
compatibilizer. The creep values are increased in PS/HDPE/SEBS blends, while process
parameters, storage modulus and creep modulus are decreased with HDPE content. It is in
agreement with better adhesion between PS and HDPE phases obtained on the base of SEM
and TEM morphology as well as with higher impact strenght of PS/HDPE/SEBS blends. The
compatibility is more expressed in the blends with higher SEBS content and HDPE matrix.

5. LITERATURE

[1] L. A. Utracki: “Comemercial Polymer Blends”’; Chapman and Hall, London, 1998.
[2] B. Xu, J. Simonsen, W. E. Rocheford, J. Appl. Poly. Sci. 2000, 76, 1100.
[3] B. A. Hegberg, G. R. Brenniman, W. H. Hallenback, Mixed Plastics Recylicling Technology,
Noyes Data Corp., Park Ridge, NJ, 1992.
T.Y.Kim, D. M. Kim, W. J. Kim, T. H. Lee, K. S. Suh, J. Poly. Sci., Part B 2004, 42, 2813.
L.Y. Yang, D. Bigio, T. G. Smith, J. Appl. Poly. Sci. 1995, 58, 129.
C. P. Park, G. P. Clingerman, Plast Eng. 1997, 53, 97.
S. A. Xu, S.C. Tjong, J. Appl. Poly. Sci. 2000, 77, 2024
S.C. Tjong, S. A. Xu, J. Appl. Poly. Sci. 1998, 68, 1099
W. Brostow, “Performance of Plastics”, chapter 5, Hanser, Munich, 2000.
Rek, T. Holjevac Grguric, Z. Jelcic, Macromol. Symp. 1999, 148,425.
Rek, T. Holjevac Grguric, Z. Jelcic, Macromol. Symp. 2003, 202,127.
T. Shien, C. M. Liu, J. Appl. Poly. Sci. 2001, 82, 3591.
Rek, T. Holjevac Grguric, Z. Jelcic, D. Hace, e-Polymers 2004, 034, 1.
D. Han, D. M. Back, J. Kim, K. Kimishima, T. Hashimoto, Macromolecules 1992, 25, 3052.
D. Ferry, Viscoelastic Properties of Polymer, Wiley, New York, 1960.
Y. Boiko, W. Brostow, A. Y. Goldman, A. C. Ramamurthy, Polymer 1995, 36, 1383.

4
5
6
7
8
9
1
1
1
1
1
1
1
1 Rek, N.Vranje$, M. Slouf, . Fortelny, Z. Jelgi¢, M. Mlinac-Misak, J. Elasto. Plast., in press

[4]
[5]
[6]
[7]
(8]
[]
[10
[11
[12
[13
[14
[15
[16
[17

1V.
1V.
1Y.
1V.
]1C.
1J.
IM.Y
] V. R

197



12, Savietavanje o materifaling, tehnologijam, trenji § trofenji
12 Conference on Marerials, Processes, Friction and Wear
A MATRIE'Q7, Vela Luka, 21-23.06.2007.
- [—

CELLULOSE BASE RESINS FOR PLASTICS PRODUCTION

Prof.dr.Nedzad Rep¢ié¢
Faculty of Mechanical Engineering
University of Sarajevo
tel. 653192, 656562 fax. 653055
e.mail: repcic@mef.unsa.ba,
Sarajevo,Vilsonovo 9, B&H

Pregledni ¢lanak / Subject review

Abstract:Cellulosics are synthetic plastics, but they are not synthetic polymers; they are made from a
naturally occurring polymer, cellulose, which is obtained from wood pulp and cotton linters. Cellulose
can be made into a film (cellophane) or into a fiber (rayon), but it must be chemically modified to
produce a thermoplastic material.

The resins used for plastics production are cellulose acetate, cellulose acetate butyrate, and cellulose
propionate, all of which are cellulose esters, and ethyl cellulose, which is a cellulose ether. The
plastics produced from them are commonly referred to as “acetate,” "butyrate," “propionate,” and
"ethyl cellulose.” They are processed by conventional thermoplastic processes.

The cellulosic plastics are supplied in a wide range of transparent, translucent, and opaque colors,
including pearlescents and mottles. Clear resins are available in all except ethyl cellulose, which is
light amber in uncolored formulations. Property ranges are broad because the cellulosics can be
compounded with many different plasticizers in widely varying concentrations,. These materials are
normally specified by flow (defined in ASTM D569), which is controlled by plasticizer content. Hard
flows (low plasticizer content) are relatively hard, rigid, and strong. Soft flows (higher plasticizer
content) are tough, but less hard, less rigid, and less strong. They are also processed at lower
temperatures. Thus, within available property ranges listed, no one formulation can provide all
properties to the maximum degree. Most commonly used formulations are in the middle flow ranges.
Molded cellulosic parts can be used in service over broad temperature ranges and are particularly
tough at very low temperatures. Ethyl cellulose is outstanding in this respect.

These materials have low specific heat and low thermal conductivity -- characteristics that give them a
pleasant feel. Dimensional stability of butyrate, propionate, and ethyl cellulose is excellent.
Plasticizers used in these materials do not evaporate significantly and are virtually immune to
extraction by water. Water absorption (which causes dimensional change) is also low, that of ethyl
cellulose being lowest.

The plasticizers in acetate are not as permanent as those in other plastics, however, and water
absorption of this material is slightly higher. Butyrate and propionate are highly resistant to water and
most aqueous solutions except strong acids and strong bases. They resist nonpolar materials such as
aliphatic hydrocarbons and ethers, but they swell or dissolve in low-molecular-weight polar
compounds such as alcohols, esters, and ketones, as well as in aromatic and chlorinated hydrocarbons.
Acetate is slightly less resistant than butyrate and propionate to water and aqueous solutions, and
slightly more resistant to organic materials.

Key words: resins, plastics, production, cellulose
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1. INTRODUCTION

Although unprotected cellulosics are generally not suitable for continuous outdoor use,
special formulations of butyrate and propionate are available for such service. Acetate and
ethyl cellulose are not recommended for outdoor use. Most cellulosic formulations are
available in 94HB flammability classification. Also available are formulations that can be
used in contact with food. Applications: Acetate applications include extruded and cast film
and sheet for packaging and thermoforming, and extruded rod for tool and appliance handles
and machine parts, eyeglass frames, pen barrels and caps, and quality toys. Propionate
molding applications include automotive and marine steering wheels, fuel-filter bowls,
toothbrush handles, containers for cosmetics, face shields, safety goggles, and machine
components that require transparency and toughness.Transparent sheets are used in heavy-
duty blister packaging and transparent packaging for food contact (FDA-accepted
formulations) applications. Butyrate is used for data-processor and cash-register keys,
transparent dial covers, tool handles, and covers for instrument-panel lights. Opaque
formulations are used for pens, switch covers, and knobs. Typical applications for weathering-
grade formulations are outdoor signs, window-well covers, skylights, and sprinklers. Extruded
sheet is used for windshields, industrial shields, and thermoformed signs. Extruded-profile
applications include table edging, tool handles, and trim strips. Ethyl cellulose is used in
helmets, gears, rollers, slides, flashlight housings, and tool handles. Military applications
utilize its toughness and its resistance to nitroglycerine and black powder. Ethyl cellulose
dissolves in all the common solvents for this polymer, as well as in such solvents as
cyclohexane and diethyl ether. Like the cellulose esters, ethyl cellulose is highly resistant to
water.

2. ENGINEERING FILMS

Specific properties that separate engineering films from their commodity counterparts include
greater tensile and impact strength; improved moisture and gas barrier characteristics; good
heat resistance and weatherability; better bonding and lamination; and improved electrical
ratings. One or more of these properties can be obtained by choosing from a number of
different polymer films.Several melt-processible engineering thermoplastic films such as
oriented polyester, oriented nylon, and unoriented nylon, exhibit high strength especially at
high temperatures. In addition, they provide toughness at low temperatures, stiffness and
abrasion resistance, and good chemical resistance. Polyester film is made from the PET
polymer, principally by Du Pont (Mylar) and ICI (Melinex). The monomer is polymerized,
extruded, cast into a web, and biaxially oriented, forming a drawn polyester film. Oriented
polypropylene, a thermoplastic with low specific gravity, has excellent resistance, relatively
high melting point, and good strength. Polycarbonate film is specified for its toughness,
clarity, and high heat-deflection temperature. Polyimides, both thermoplastics and thermosets,
retain their principal properties over a wide temperature range. Polyimide films are available
from ICI (Upilex) and Du Pont (Kapton). They have useful mechanical properties, even at
cryogenic temperatures. Room-temperature mechanical properties are comparable to those of
polyester film.To minimize transmission of moisture vapors, fluoropolymers are the best
choice. This family of materials has a general paraffinic structure with some or all of the
hydrogen atoms replaced by fluorine.

Polyetheretherketone (PEEK), a high-performance thermoplastic, offers outstanding thermal
properties as well as resistance to many solvents and proprietary fluids. This film can be used
for interbonding or cladding in PEEK structural components. Thermoplastic and thermoset
acrylics are noted for exceptional clarity and weatherability, and also offer favorable stiffness,
density, chemical resistance, and toughness.
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Film produced from PEEK resins (ICI's Stabar) can be laminated to itself or to other
substrates. Bond strength depends on surface preparation and adhesive type. The film is
available in a transparent, thermoformable grade and in a higher-temperature, heat-stabilized
version, which is more crystalline and less transparent (also thermoformable). Plastic film can
be manufactured from almost any resin, but not every resin produces an engineering
film.Generally, a resin-based film's properties are related to the chemistry of the basic
polymer; however, properties may be further affected by subsequent processing techniques.
Manufacturers can choose from, and end users can specify, a range of process treatments that
significantly enhance heat stability, mechanical properties, electrical characteristics, barrier
properties, and bondability.

Applications: for engineering films span a broad spectrum of industrial uses. Film-based
products appear in photographic, business graphic, reprographic, and electronic imaging
systems. Magnetic-media manufacturers also rely on high-quality flexible films to produce
their information-handling products. Packaging end users receive product protection,
extended shelf life, and visual impact from a variety of films. In the electronics industry, films
are used to construct components such as membrane switches. Transparent PEEK film is used
for a missile nose cone because of its microwave transmittance and resistance to rain erosion.
Potential applications for the crystalline grade include helicopter-rotor blade cladding, fine-
line microwave circuits, and aircraft interior panels.

3. EPOXY

Epoxy polymers are cured to form thermoset resins by either homopolymerization of epoxy
groups with themselves, or reaction with curing agents such as anhydrides, amines, and
novolacs. Because the curing agent contributes significantly to the cured properties of the
resin, this is called an addition reaction. Shrinkage during polymerization of epoxy resins is
extremely low. The most widely used epoxy resins are based on the reaction of
epichlorohydrin with bisphenol-A. The reaction ratios of these two constituents can be varied
to produce products ranging from low-viscosity liquids to high-molecular-weight solids. The
novolacs are another important class of epoxy resins, particularly the ECNs (epoxy cresol
novolacs) and EPNs (epoxy phenol novolacs). These polyfunctional resins offer higher
thermal properties and improved chemical resistance over bis-A derivatives. The
cycloaliphatics comprise a third group of epoxy resins that are particularly important for
applications requiring resistance to arc tracking and weathering. A fourth class of epoxy
resins is based on the epoxidation of aromatic amines. These resins have good mechanical
properties and high thermal capabilities and fatigue resistance.

Properties: Epoxies have excellent electrical, thermal, and chemical resistance. Their strength
can be further increased with fibrous reinforcement or mineral fillers. The variety of
combinations of epoxy resins and reinforcements provides a wide latitude in properties
obtainable in molded parts. Molded epoxy parts are hard, rigid, relatively brittle, and have
excellent dimensional stability over a broad temperature range. Their excellent electrical
properties, in combination with high mechanical strength, qualify them for electrostructural
applications. Resins based on bisphenol-A are adequate for most services. However,
cycloaliphatics are recommended for parts subjected to arcing conditions or those requiring
outdoor weatherability.Excellent adhesion in structural applications is another outstanding
property of epoxy systems. Epoxy adhesives for bonding many dissimilar materials can be
supplied either as one or two-part systems. One-part systems require heat for curing; two-part
systems usually cure at room temperature, but properties are improved when the materials are
heat cured. Some epoxy adhesive systems can withstand temperatures to 450 °F, although
properties at such temperatures are considerably lower than at room temperature.
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Applications: Epoxy resin systems are used with various reinforcements: glass, graphite and
aramid fibers, asbestos, cotton, and metal foils. Epoxy laminates are important because of
their excellent electrical properties over a wide temperature range, as well as their
dimensional stability and chemical resistance. The amine-based resins are used in conjunction
with graphite fiber to make structural composites for commercial and military aircraft and
components for space equipment. These composites offer significant advantages over metals
in the areas of weight savings and corrosion resistance. Printed-circuit boards, consisting of a
glass-fabric-reinforced flame-retardant epoxy resin are another major use. Filled and unfilled
liquid systems are used for potting and encapsulating electrical/electronic components ranging
from semiconductor devices and miniature coils and switches to large motors and generators.
The epoxy resins provide excellent adhesion, and low shrinkage (volume shrinkage is only 2
to 3%) needed for such applications. The casting cycle can be significantly accelerated by
using one of the newer processes: liquid injection molding or pressure gelation. Applications
being evaluated for pressure-gelation casting include high-voltage electrical components and
pump and valve housings. Another important use for epoxy resins is in coatings, both as
liquids and powders. These finishes have excellent flexibility, impact and abrasion resistance,
and adhesion to most substrates. They can be formulated to resist many industrial chemicals
and other corrosive materials. Epoxy coatings are typically used as automotive and appliance
primers, in industrial maintenance paints, marine finishes, pipe coatings, and decorative
topcoats for various products. Epoxy resins are also furnished as molding powders, usually
incorporating glass or mineral-fiber reinforcement. These compounds can be molded by
conventional thermoset methods. The outstanding electrical and thermal properties qualify the
epoxies for industrial switchgear applications and for encapsulating semiconductor devices.

4. FLOUROPLASTICS

The homopolymers are available in several viscosity ranges that meet a variety of processing
and end-use needs. The higher viscosity materials are generally used for extrusions and for
molded parts requiring maximum toughness; the lower viscosity grades are used for injection
molding. Elastomer-modified grades offer greatly improved toughness. Properties: Acetal
homopolymer resins have high tensile strength, stiffness, resilience, fatigue endurance, and
moderate toughness under repeated impact. Delrin 100, a high-impact grade, is the toughest
acetal. Delrin 100 ST is a super tough grade, delivering up to seven times greater toughness
than unmodified acetal in 1zod impact tests and up to 30 times greater toughness as measured
by Gardner impact tests. Homopolymer acetals have high resistance to organic solvents,
excellent dimensional stability, a low coefficient of friction, and outstanding abrasion
resistance among thermoplastics. The general-purpose resins can be used over a wide range
of environmental conditions; special, UV-stabilized grades are recommended for applications
requiring long-term exposure to weathering. However, prolonged exposure to strong acids and
bases outside the range of pH 4 to 9 is not recommended. Acetal homopolymer has the
highest fatigue endurance of any unfilled commercial thermoplastic. Resistance to creep is
excellent. Moisture, lubricants, and solvents including gasoline and gasohol have little effect
on this property, which is important in parts incorporating self-threading screws or
interference fits. The low friction and good wear resistance of acetals against metals makes
these resins suitable for use in cams and gears having internal bearings. For even lower
friction and wear, PTFE-fiber-filled and chemically lubricated formulations are available.
Properties of low moisture absorption, excellent creep resistance, and high deflection
temperature suit acetal homopolymer for close-tolerance, high-performance parts. Long-term
behavior in various environments can be predicted from design handbook data. Applications:
Automotive applications of acetal homopolymer resins include fuel-system and seat-belt
components, steering columns, window-support brackets, and handles.
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Typical plumbing applications that have replaced brass or zinc components are shower heads,
ballcocks, faucet cartridges, and various fittings. Consumer items include quality toys, garden
sprayers, stereo cassette parts, butane lighter bodies, zippers, and telephone components.
Industrial applications of acetal homopolymer include couplings, pump impellers, conveyor
plates, gears, sprockets, and springs.

After candidate materials are selected, the design should be tested under real-life conditions
involving the temperatures, loading, and environment of the anticipated service. Ideally, the
test part should be molded in the shape and from the material to be used in production. In the
beginning, this is costly and time consuming, but as experience is acquired, accelerated tests
can be developed on simpler shapes; testing will then be more economical but just as reliable.
Understanding the molding process that will produce the part is also necessary. The process
directly affects material choice, shape, tolerances, and properties of the part. For example, a
container or housing can be made by injection molding, blow molding, thermoforming, or
rotational molding. But each process requires a markedly different design, would use a
different grade of plastic or a different plastic entirely, and would produce a component with
significantly different properties. All molding processes alter the published data-sheet
properties, reducing most strengths and often creating areas of stress concentrations. But each
process may create stresses in different areas. Sometimes, processing conditions are so severe
that there is no choice but to redesign the shape and change to a different plastic.
Unfortunately, reliable data on molded strength properties may never be available because of
the basic nature of plastics.

5. CONCLUSIONS

: The homopolymers are available in several viscosity ranges that meet a variety of processing
and end-use needs. The higher viscosity materials are generally used for extrusions and for
molded parts requiring maximum toughness; the lower viscosity grades are used for injection
molding. Elastomer-modified grades offer greatly improved toughness. Properties: Acetal
homopolymer resins have high tensile strength, stiffness, resilience, fatigue endurance, and
moderate toughness under repeated impact. Properties of low moisture absorption, excellent
creep resistance, and high deflection temperature suit acetal homopolymer for close-tolerance,
high-performance parts. Long-term behavior in various environments can be predicted from
design handbook data. Applications: Automotive applications of acetal homopolymer resins
include fuel-system and seat-belt components, steering columns, window-support brackets,
and handles. Typical plumbing applications that have replaced brass or zinc components are
shower heads, ballcocks, faucet cartridges, and various fittings. Consumer items include
quality toys, garden sprayers, stereo cassette parts, butane lighter bodies, zippers, and
telephone components. Industrial applications of acetal homopolymer include couplings,
pump impellers, conveyor plates, gears, sprockets, and springs. Acrylic thermoplastics are
known for their crystal clarity and outstanding weatherability.

They are available in cast sheet, rod, and tube; extruded sheet and film; and compounds for
injection molding and extrusion. Cell-cast sheet is produced in several sizes and thicknesses.
Alkyd molding compounds are based on unsaturated polyester-type resins, which are
combined with crosslinking monomers, catalysts, reinforcements, lubricants, and fillers. The
formulations are similar to those of thermosetting polyesters but with lower amounts of
monomers.But each process may create stresses in different areas. Sometimes, processing
conditions are so severe that there is no choice but to redesign the shape and change to a
different plastic. Designers used to take little interest in the molding of parts they designed.
They sent the drawings to the molder in another department or another company and expected
perfect parts to emerge. But design and processing have become so interrelated that this
separation can no longer exist if products are to be consistently successful.
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Molders can usually be relied upon to detect and correct visible problems or readily measured
factors such as color, surface condition, and dimensions. Even here, there is the danger that
these sources may not be aware of the many compromises a company must make internally
among production, engineering, purchasing, and marketing considerations to produce a
product that will sell at a profit.

Also, a molder might be inclined to recommend the material that works best in his equipment,
rather than the best for the application. There is an attractive simplicity in deciding on the
material with the highest ASTM test values as listed in manufacturers' data sheets.
Unfortunately, this method seldom results in the best choice. First, the choice of any material
should be based on the best combination of properties, not only on one property. An ideal
material will have a value for each strength property just sufficient to perform properly and
safely in a given application and no higher. The best material choice usually represents a
trade-off among satisfactory properties, ease of processing, and cost. It is seldom the plastic
with highest values in any single category. Second, values in published data sheets represent
laboratory tests, which do not duplicate real-life molding conditions. Strength of a molded
plastic part is significantly affected by such processing factors as direction of flow, pressure
during molding, melt temperature, thermal degradation, cooling rate, and stress
concentrations. As a result, a high value listed in the data sheets for a given property can be
reduced considerably by processing conditions. Because the molding variables are beyond
their control, material suppliers have chosen to make simple, standardized ASTM laboratory
tests that are easily reproduced.

The tests are not material performance tests for predicting real-life results over a period of
time, but are actually material quality tests. They are made for the purpose of assuring a buyer
that the batch he buys today is the same formulation and quality he bought last month or last
year. The ASTM tests were not intended to compare one material with another on the basis of
strength after molding; different configurations and different molding processes can change
the values significantly Third, ASTM tests are essentially short-term tests with all variables
fixed except the one being measured. For example, testing for tensile, flexural, or impact
strength is often done at a standard rate of loading.

A short-time tensile test may show a high strength value, but if the rate of loading is reduced
by 100 or 1,000 times, tensile strength can drop to as little as 20% of the short-time strength.
If the loading rate is increased, the tested tensile-strength value may double or triple. The
data sheets do not show this.Plastics are also temperature sensitive; strength properties may
vary by a factor of 10 over a temperature difference as little as 200°F. Since most ASTM
strength tests are made at room temperature, behavior at other temperatures cannot be
reliably predicted from these data. Nor can the behavior be predicted under combinations of
temperature, varying loads, and changing environments outside the narrow test conditions.
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Prethodno priopcenje / Preliminary note

Abstract: In the paper a new method for the measurement of fracture toughness during
hardness test is described.

Those techniques are based on the observation that some materials will have fracture
when indented with a certain critical load, typical for Vickers hardness test.

The measurement results are given for welding steel and compared with Charpy test. Test
specimens were obtained of the base material or heat-affected zone.

Keywords: fracture toughness test, Vickers hardness test, welding steel
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1. INTRODUCTION

In the paper new method for brittle materials is tested.

Indentation testing is commonly used for surface hardness measurement of different
materials'2. This testing method is, however, quite versatile and several new applications
for it have been proposed. These include the evaluation of different mechanical properties
of materials including elasticity modulus (E), fracture toughness (K¢), and the elastic-
plastic power law curve®.

The investigation is applied on the high frequently welding tube with ferit-perlit structure
of basic material and martenzit of weld.

2. VICKERS HARDNESS TEST

It is the standard method for measuring the hardness of metals, particularly those with
extremely hard surfaces. The surface is subjected to a standard pressure for a standard length
of time by means of a pyramid-shaped diamond. The diagonal of the resulting indention is
measured under a microscope'. Vickers hardness is a measure of the hardness of a material,
calculated from the size of an impression produced under load by a pyramid-shaped diamond
indenter. The indenter employed in the Vickers test is a square-based pyramid whose opposite
sides meet at the apex at an angle of 136°.

L= T T T~ | OPERATING
POSITION

¥

Fig. 1: Vickers hardness test
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Fig. 2: Equation for finding Vickers hardness

The diamond is pressed into the surface of the material at loads ranging up to approximately
120 kilograms-force, and the size of the impression (usually no more than 0.5 mm) is
measured with the aid of a calibrated microscope. The Vickers number (HV) is calculated
using the following formula':

0

2F sin—
o =kX 0102f 01022 -0189 L
S S d d

Where,
HV - Vickers hardness

- -1/ -1 —
k - constant k_/gn_ég%“o_o,loz,

F -test force, N,
S - surface is of indentation, mm?,
d, +d,

5
0 - face-to-face apex angle of diamond indentor (136°),
g, - standard acceleration due to gravity

d - average length of two diagonals 4 = mm,

The applied load is usually specified when HV is cited.

The Vickers test is reliable for measuring the hardness of metals, and also used on ceramic
materials™*. The Vickers testing method is similar to the Brinell test. The Vickers indenter is
a 136 degrees square-based diamond cone, the diamond material of the indenter has an
advantage over other indenters because it does not deform over time and use. The impression
left by the Vickers penetrator is a dark square on a light background. The Vickers impression
i1s more easily "read" for area size than the circular impression of the Brinell method. Like the
Brinell test, the Vickers number is determined by dividing the load by the surface area of the
indentation. The load varies from 1 to 120 kilograms. To perform the Vickers test, the
specimen is placed on an anvil that has a screw threaded base. The anvil is turned raising it by
the screw threads until it is close to the point of the indenter. With start lever activated, the
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load is slowly applied to the indenter. The load is released and the anvil with the specimen is
lowered. The operation of applying and removing the load is controlled automatically.

Several loadings give practically identical hardness numbers on uniform material, which is
much better than the arbitrary changing of scale with the other hardness machines. A filar
microscope is swung over the specimen to measure the square indentation to a tolerance of
plus or minus 1/1000 of a millimeter. Measurements taken across the diagonals to determine
the area, are averaged.

The advantages of the Vickers hardness test are that extremely accurate readings can be taken,
and just one type of indenter is used for all types of metals and surface treatments. Although
thoroughly adaptable and very precise for testing the softest and hardest of materials, under
varying loads.

3. FRACTURE TOUGHNESS TEST

This method is based on the observation that brittle materials will normally fracture when
indented with a certain critical load.

According to IF method of JIS standards , the fracture toughness shall be calculated based
on lengths of crank which happened during the impression at the certain indentation load"

d

cy .

A

\ 4

d

Fig.3: Crack length

The fracture toughness value Kc shall be calculated from the following formula with the
lengths of indentation (d;/d,) and the lengths of crack (c;/c,). It has been shown in multiple
derivations that the length of corner cracks 2¢ can be related to the fracture toughness of
the indented material.
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3
c?
11
E*P3d
K, =0,026=——"
C
where
- E is Young’s Modulus of the material, N/m?,
- HYV is Vickers hardness,

- P is the indentation load, N
- c is Half of mean of crack lengths, m
- d is half of mean of diagonals, m

The numerical constant (0.026) can differ for various formulas and materials.

The load depends on the material and type of indentor.

As a rule, the test surface shall be flat surface perpendicular to the loading direction of test
force. The finishing condition of the test surface shall be smooth so that the crack length is
easily to measure. The effected zone by finishing shall be cared to remove it. The surface
roughness should be less than O,IA The specimen shall sufficiently be thick so that the
length of crack is not affected. The thickness of specimen should be at least 3mm. Unless
otherwise limited, the magnitude of test force should be allowed to select as large as
possible. Unless otherwise specified, the test force shall be 15 seconds under the specified
magnitude of test force.

As a rule, after removing the test force, measurement shall be carried out within 10
minutes. The crack length shall be at least 2.5 times diagonal length'

The advantage of the technique lies mostly in the simplicity and low amount of material
necessary for the test. Although absolute values of fracture toughness generated from the
indentation test could be questionable, the test is excellent for comparative studies of
material properties'.

When using the indentation technique for fracture toughness measurement, it is important
to assure the development of a penny-shaped crack under the indentor™. If the shallow
sub-surface cracks (called Palmquist cracks) develop, the formula for fracture toughness
must be adjusted accordingly. For most materials of low and moderate fracture toughness,
the penny-shaped crack develops during indentation and the above formula is valid. One of
the ways to recognize the “non-penny-shaped” crack is to examine the fracture surface of
the sample.
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Another practical use of indentation for fracture toughness testing is the “indentation
strength” test. The bend bar is indented several times on the tensile face and is subjected to
a fracture test, preferably at elevated temperature (for room temperature, rather the
“normal” indentation test for fracture toughness as described above is recommended)**”.

For hard (and lower toughness) materials lower loads can be used for indentation fracture
toughness measurements. As the hardness decreases the load must be increased to keep up
with the condition of “long crack”. Similar trend is followed if fracture toughness of the
tested material increases. Therefore, indentation toughness suits brittle hard materials or

intermetallics, and is useless for soft, tough materials.

4. FRACTURE TOUGHNESS TEST OF WELDING STEEL

The research is conducted on Nb microalloyed steel tube of 0,10%C, 0,72%Mn, 0,020%S,
0,014% P and 0,049%Nb. The tube & 114,7x4,0 mm produced on high frequency welding
process.

The microstructure of base material, heat affected zone (HAZ) and weld on the sample is
investigated, fig. 4. The microstructure of base material is ferit-perlit and microstructure of
weld is martenzit. In the HAZ the microstructure is ferit-perlit + martenzit.

Fig. 4: Cross-section of welded sample

The mechanical properties of the welded tube are presented in the table 1.

The Charpy toughness test on non standard epruvete (4x3,6x34mm) is investigation.

Tab. 1
Charpy,
Ren Rm A toughness, J
MPa MPa % +20°C
Base material 557 632 26,7 35
Weld +heat
affected zone 319 431 11,2 17

The test of fracture toughness of weld on tube steel is investigated on Vickers hardness
machine Mitutoyo HV112. The Vickers hardness machine Mitutoyo HV112 has software
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which from measured lengths of indentation and the lengths of crack calculated K. and

converted in HV.

The change of K.jo and HV of base material, HAZ and weld is shown in Tabl. 2.

Table 2.
d] dz Ci1 Co HV10 Kcl()
Base material 329 328,7 - - 171 -
HAZ 283,2 295,1 303 304,3 224 9,59
Weld 278 285 306,9 320 232 8,48
The results are compared with Charpy toughness , Table 3.
Table 3
HV K. Charpy
Microstruct HV10 Ko toughness, J
ure +20°C
Base material Ferit-perlit 171 - 35
HAZ Ferit-perlit
(heat affected zone) + Martenzit 224 9,59 15
Weld Martenzit 232 8,48

5. CONCLUSION

The method of fracture toughness test on the brittle materials is applied (applied) on weld
of high frequency welding tube.

The cracks are raised on the weld and heat affected zone by impression of the indentor, but
on the base materials the cracks are not happened and fracture toughness is not measured.
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Abstract:

Further development in many technical fields is strongly crimped with raising problem of
thermal management of high-tech components. At present overheating causes more than 50 %
failures of electronic devices and the high temperature becomes a limiting factor also in
construction of heat exchangers, fusion reactors, thrusters, brake systems, aircraft engine parts
etc. The development of new high performance devices will in short term require novel
thermal management approaches able to dissipate almost 20 MW per square m. This will be
possible only with heat spreaders or heat sinks made of materials possessing extremely high
thermal conductivity, ability to withstand large temperature changes without disintegration
and deterioration of properties and capability to reduce complex thermo-mechanical stresses
after bonding to supporting or protecting structures by tailoring of CTE.

The use of MMCs is probably the only choice in these cases. In presented paper their
potential to fulfil abovementioned requirements will be evaluated, with respect to applications
in reactors and electronic components. Feasible approaches will be discussed from technical
but also cost point of view.
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ULTRA VISOKIH CVRSTOCA

EFFECT OF POLYPROPYLENE FIBERS ON THE PROPERTIES OF
ULTRA HIGH STRENGTH CONCRETE
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Gradevinski fakultet Sveucilista u Zagrebu, Zavod za materijale, Kaci¢eva 26, Zagreb,
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Izvorni znanstveni rad / Original scientific paper

Abstract: Ultra high strength concrete (UHSC) is characterized by its exceptional mechanical
and durability properties. UHSC fire resistance is reduced because of its specific structure
with dense and compact matrix and high amount of steel fibres. Its resistance to fire can be
enhanced by the addition of polypropylene (PP) fibres. The main aim of the experimental
investigation was to find out in what manner the addition of PP fibres to ultra high strength
concrete (UHSC) influences its properties in fresh and hardened state. Experimental results
showed that the UHSC with polypropylene fibers has significantly lower compressive
strength and modulus of elasticity. The addition of PP fibers has no important effect on
flexural strength and toughness. Durability tests revealed that the addition of PP fibers has a
bad effect on concrete gas permeability. Other properties of UHSC in fresh and hardened state
were not significantly modified by addition of PP fibres.

Key words: durability, ultra high strength concrete, mechanical properties, polypropylene
fibres

Sazetak: Beton ultra visoke cvrstoée je vrsta betona karakteristicna po vrlo dobrim
mehanic¢kim i trajnosnim svojstvima. Zbog svog specificnog sastava s gustom i kompaktnom
matricom velike ¢vrstoce te velikoj koli¢ini €eli¢nih vlakna nije otporan na djelovanje pozara.
Pozarna otpornost ovih betona poveéava se dodatkom polipropilenskih (PP) vlakana. U ovom
radu bio je cilj istraziti na koji nac¢in dodavanje PP vlakana betonima ultra visokih ¢vrstoca
utjeCe na njihova svojstva u svjezem i oCvrsnulom stanju. Dobiveni rezultati pokazuju da
mjeSavina bez PP vlakana ima znaajno vece vrijednosti tlaénih ¢vrstoca i statickih modula
elasti¢nosti. Dodatak PP vlakana ne utjeCe bitnije na svojstva savojne ¢vrstoce i zilavosti.
Ispitivanja trajnosti pokazuju da dodatak PP vlakana u mjeSavinu pogorSava svojstvo
plinopropusnosti. Ostala svojstva u svjezem i1 o¢vrsnulom stanju dodavanjem PP vlakana ne
mijenjaju se bitnije.

Kljucne rijeci: beton ultra visoke ¢vrsto¢e, mehanicka svojstva, polipropilenska vlakna,
trajnost
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1. UVOD

Beton ultra visoke ¢vrstoce (eng. Ultra high strength concrete) je materijal s cementnom
matricom c¢ija karakteristicna tlacna ¢vrstoc¢a prelazi 150 MPa, a koji u svom satavu najcesce
ima 1 Celicna vlakna za osiguranje dostatne duktilnosti pri vlaénom naprezanju. Osim po
velikoj koli¢ini celi¢nih vlakana sastav ovog betona karakteristican je i po malenom
vodovezivnom omjeru, velikoj koli¢ini veziva i superplastifikatora. Postupci proizvodnje su
sli¢ni kao 1 kod obi¢nog betona, ali je bitna razlika u na¢inu njegovanja jer beton ultra visokih
¢vrstoca zahtijeva Sto ranije 1 dugotrajnije njegovanje vodom ili toplinsko zaparivanje. [1, 2]
Beton ultra visoke ¢vrstoce je izrazito slabo propustan pa njegovu prednost pred drugim
vrstama betona predstavljaju i znacajno bolja svojstva trajnosti. [2, 3] Poseban problem kod
svojstava trajnosti predstavlja otpornost na djelovanje pozara. Poznato je da betoni velikih
tlaénih ¢vrstoca s gustom i1 kompaktom matricom, a koji uz to imaju i vec¢u koli¢inu ¢eli¢nih
vlakana, posjeduju loSe ponaSanje pri djelovanju pozara. Pri poZarnim temperaturama
slobodna i kemijski vezana voda iz cementne matrice se pretvara u paru, ali ne moze ispariti
zbog vrlo zbijene i guste strukture gradiva. [4, 5] Kao rezultat dobiva se vidljivo ljustenje
povrsine betona, a nosivost i trajnost takvih elemenata je bitno smanjena.

U pojedinim slucajevima prakti¢ne primjene ovih betona, kao npr. za stupove visokih zgrada
ili kod predgotovljenih elemenata sekundarne tunelske obloge, nuzna je otpornost na
djelovanje pozara. [3] Poznato je da se pozarna otpornost betona poboljSava ako se u njihov
sastav doda odredena koli¢ina polipropilenskih (PP) vlakana. Na velikim temperaturama, kao
Sto je pozar, PP vlakana se rastope i ostavljaju kanale kroz koje vodena para moze izadi iz
betona. [6, 7] S ciljem da se postigne dostatna otpornost na djelovanje pozara koli¢ina
dodanih PP vlakana povecava se s porastom tlatne Cvrstoce betona. [8]

Do danas provedena istrazivanja pozarne otpornosti elemenata od betona ultra visokih
¢vrstoca potvrdila su da se dodatkom 0.6 do 0.8 vol.% PP vlakana bitno poboljSava otpornost
na pozar ovog materijala. [3, 8, 9] Medutim, poznato je da dodatak veée koli¢ine PP vlakana
u betone visokih ¢vrsto¢a utjeCe na smanjenje njihove obradljivosti i mehanickih svojstava.
[10] Dosad provedena istrazivanja nisu utvrdila da li se dodatkom PP vlakana u beton ultra
visokih ¢vrstoca s ciljem poboljSanja pozarne otpornosti mijenjaju njegova mehanicka i
trajnosna svojstva.

Glavni cilj eksperimentalnog istrazivanja prikazanog u ovom radu jest utvrditi na koji nac¢in
dodatak PP vlakana u beton ultra visokih ¢vrsto¢a utjeCe na njegova svojstva u svjezem i
o¢vrsnulom stanju. Odabrana je koli¢ina od 0.8 vol.% PP vlakana jer je pregledom literature
utvrdeno da je to najveca koli¢ina PP vlakana koja se dodaje s ciljem poboljSanja pozarne
otpornosti.

2. EKSPERIMENTALNO ISTRAZIVANJE
2.1. Sastav mjeSavina

Eksperimentalno istrazivanje je provedeno na dvije mjeSavine betona ultra visokih ¢vrstoca.
Sastavi mjeSavina su odabrani s ciljem da se postignu svojstva u ocvrsnulom stanju
karakteristi¢na za beton ultra visokih ¢vrstoca. Recepture mjesavina se medusobno razlikuju
po tome §to mjeSavina M 2 ima u svom sastavu, pored svih drugih komponenti, dodana i PP
vlakna u koli¢ini od 0.8 vol.%. Svaka mjeSavina spravljana je po tri puta. Sastavi mjeSavina
prikazani su u tablici 1.

Betonske mjeSavine su spravljane u laboratorijskoj mijeSalici zapremine 70 litara. Duljina
mijesanja iznosila je oko 12 minuta. Vibriranje uzoraka izvrSeno je na vibro stolu frekvencije
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150 Hz u trajanju od 120 sekundi. Svi uzorci su do dana ispitivanja njegovani u vodi

temperature 20 * 2°C.

Tablica 1- Sastav mjeSavina betona ultra visokih ¢vrstoéa

Sastojci mjeSavine (kg/m3) M1 M?2 .
(bez PP vlakana) (sa PP vlaknima)

Cement I 52,5 1115 1115
Silikatna prasina 169 169
Kvarcni pijesak 0/1 mm 1073 1073
Voda 204 204
Superplasrifikator 32.1 37.6
Celi¢na vlakna 13/0.15 mm 234 234
Polipropilenska vlakna 6/0.015 mm - 8

Vod