NAL CONFERENCE ON
t, corrosion, testing and tr

ech

| MTECH 2023

| OCTOBER, 2 - 5, 2023, Cavtat, CROATIA

- Conference Proceedings

eat Treatment and Sufrace Engineerin
ials Protection - HDZaMa
andjribology - HDMT

esting —CENI_ _

ISSN: 2584-4334




INTERNATIONAL CONFERENCE ON MATERIALS
heat treatment, corrosion, testing and tribology, 2023

ech

MTECH 2023

October 02-05, 2023, Cavtat, Croatia
ORGANISED BY

Croatian Society for Heat Treatment and Sufrace Engineering - HDTOIP
Croatian Society for Materials Protection - HDZaMa

Croatian Society for Materials and Tribology - HDMT

Center for Non-destructiveTesting - CENI

D NN

WITH THE SUPPORT OF PARTNERS
Lo E;;Zletr;]z); I?dfeczzgr:ei?al Engineering EF ' J -~
[——] and Naval Architecture byt mmm““mmm:

CASOPIS ZA ZAVARIVANJE | SRODNE TEHNOLOGIJE

S©ME IRY  agvarivanie

UDRUGA STUDENATA II\z{N.[RST\I'& MATERLJALA INOVACIJE « RAZVOJ * TEHNOLOGLIE

SPONSORED BY

o8%8¢ REPUBLIC OF CROATIA
ﬁﬁ Ministry of Science and
Education

€ correc ) ke CORTECROS 4.0

Corte
CORPORATION BIOPLASTICS PLANT ke P L
Emvironmentay Safe VoCTTMC® Technologies A Subsichory of Cortec®™ Corporation \
. ®

v, s Q E0C
{f trokuttestyor %),)R.:fﬁf’
[E)

DEFEKTOSKOPIJA

@ Ivekovié

TEHNIKE ZASTITE METALA

GRACOTECH
i

G R UP A



https://mtech-conf.hr/?page_id=392&lang=en

J-

Tech

IZDAVAC/PUBLISHER:

GLAVNI UREDNIK
/CHIEF EDITOR:

UREDNICI
/EDITORS:

NASLOVNICA/
COVER:

EFC Event No. 503
ISSN: 2584-4334

INTERNATIONAL CONFERENCE ON MATERIALS

heat treatment, corrosion, testing and tribology, 2023

Hrvatsko drustvo za toplinsku obradu i inzenjerstvo povrSina
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SCIENTIFIC AND PROGRAM COMMITTEE

Bozidar Matijevi¢ (President), Ivan Stojanovi¢, Zeljko Alar, Vesna Alar, Imre Felde
University of Obuda, Budapest, HU, Lauralice de Campos Franceschini Canale,
University of Sdo Paulo, Faculty of Mechanical Engineering, Sdo Carlos, Brasil, M.T.
Mathew, Ph.D., University of Illinois College, Chicago, USA, Nikolai Kobasko, USA,
Damir Markuci¢, Dusko Pavleti¢ (RITEH), Angela Topi¢ (FSR Mostar), Danko Cori¢,
Zdravko Schauper], Suzana Jakovljevi¢, Mateja Snajdar Musa (UniRi), Ivan Juraga,
Helena Otmacié¢ Curkovié (FKIT), Marko Kati¢, Morana Mihaljevi¢, Johgann Wilhelm
Erning (BAM), Marijana Serdar, Ivica Kladari¢ (UNISB), Ivan Samardzi¢ (UNISB), Claus
Qvist Jessen (Damstahl).

ORGANIZING COMMITTEE

Dario Iljki¢, Suzana Jakovljevi¢, Jurica Janci¢, Tomislav Kezele, Ivica Kladari¢, Marin
Kurtela, Darko Landek, Johgann Wilhelm Erning (BAM), Sre¢ko GodeZ (SLO), Nikola
Knezovi¢ (FSR Mostar), Izabela Martinez, Morana Mihaljevi¢, Jurica Jac¢an, Daniel
Pusticki, Filip Zaneti¢

TECHNICAL COMMITTEE

Ante Dizdar (OPT d.o.0.), Marko Rakvin (TUV Croatia), Mladen Franjkovi¢ (STSI), Karla
Roncevi¢ (Helios), Ivana Radi¢ Borsi¢ (Cortec Corporation Europe), Robert Ivekovi¢
(IVEKOVIC-TZM), Martin Miculinié¢ (ZIT), Branko Separovi¢ (Altmont), Kresimir Kekez
(PA-EL)

TOPICS

Materials and processes, Materials characterization, Nanomaterials and
nanotechnology, Friction, wear and lubrication, Metallurgy, Quenchants and
quenching technology, Coatings, Advanced surface modification and coating
technologies, Vacuum heat treatment, Heat treatment equipment, Mathematical
modeling and process simulation of heat treatment, Corrosion and corrosion
protection methods, Corrosion resistant materials, Non-destructive and destructive
testing methods, In-service inspection, Certification and accreditation, Measurement
and quality assurance

Conference Chairman

Prof. dr. sc. Bozidar Matijevi¢ -
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VENUE AND DATE

INTERNATIONAL CONFERENCE ON MATERIALS

heat treatment, corrosion, testing and tribology, 2023

MTECH International Conference will be held at
Croatia hotel, Cavtat, from 2-5 October 2023.

Rising above a pine forested peninsula overlooking
unspoiled Cavtat Bay, Hotel Croatia Cavtat is the
leading five-star resort and conference center in the
South Adriatic. Just 5km from Dubrovnik airport, Hotel
Croatia Cavtat combines a stunning waterfront
location with easy access to the halcyon treasures of
the Adriatic coast. Medieval Dubrovnik across the bay
is a must and less than half an hour by car, or a relaxed
45-minute boat ride away. Closer to home, we offer
access to two quiet beaches - one facing Cavtat Bay,
the other the crystal-clear Adriatic - an outdoor pool
shaded by pine trees, a spa and excellent restaurants.
It is an idyllic, design award-winning base from which
to explore the region’s historic charm.

To book preferential accommodation the conference participants are kindly asked to follow the link on
mtech-confhr under “Venue & Accommodation” using promo code MTECH2023 (deadline till 15th

Sept 2023.)
EFC-Event No. 503

CONFERENCE VENUE ADRESS:

Adress: Hotel Croatia
Frankopanska 9
20210, Cavtat

Croatia
Telephone: +385 20 475 555

mail: reservations@alh.hr
Airport distance: Dubrovnik Airport 5,8 km

16,00m /52,5 ft

/ / ‘J,
mt l'f—conf.hr
|

/


https://mtech-conf.hr/?page_id=392&lang=en
https://mtech.com.hr/
tel:+385%2020%20475%20555
mailto:reservations@alh.hr%3E

INTERNATIONAL CONFERENCE ON MATERIALS

heat treatment, corrosion, testing and tribology, 2023

ech

CONFERENCE HALLS:

Halls and lobbys in Hotel Croatia used for the purpose of the conference are:
e Ragusa conference hall - Opening ceremony, Invited and comercial lectures,
Workshops, Lectures
e Bobara conference hall - Lectures, Workshops, more than 500m? of exhibition space

e (Cavtat Buffet Restaurant - Lunch
¢ Gala dinner - Spinaker Restaurant of Hotel Croatia

PROGRAMME OVERVIEW

% -conf.hr
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DAY 1 - MONDAY 02. 10.2023.

14.00h mvti(:;ti};?lrf);r Bobara Conference Hall
18.00 h REGISTRATION REGISTRATION DESK
WELCOME RECEPTION
20.00h for Conference participants Piano bar
DAY 2 - TUESDAY 03. 10. 2023.
8.00-9.00 h REGISTRATION DESK Hotel Croatia
Conference Reception desk
9.00-9.15h OPENING CEREMONY BOBARA HALL
9-15-1045h & COMMEIEXIIATE EECTURES BOBARAHALL
10.45-11.15h COFFEE BREAK Piano bar, Lobby (Level 1)
11.15-12.30 h LECTURES BOBARA HALL
12.30-13.45h LUNCH BREAK Restoran CAVTAT
13.45-14.45h POSTER SESSION Lobby (Level 1)
9.00-14.45h EXHIBITION Lobby (Level 1)
Departure from Hotel Croatia by
15.00h Visistotgie;fg::‘fnik Return to g:i/?alisby Galleon
Tirena

DAY 3 - WEDNESDAY 04. 10. 2023. \\
9.00-10.30 h & COMMEIE(\I]IIXEIzECTURES BOBARA HALL
10.30-11.00 h COFFEE BREAK Piano bar, Lobby{Level 1) |
11.00-12.45 h LECTURES BOBARA HALL
12.45-14.00 h LUNCH BREAK Restoran Cavtat ,f‘

LECTURES BOBARA HALL "
14.00-15.30 h In memoriarrl izv. prof. dr. sc.
Vinko Simunovi¢

15.30-16.00 h COFFEEBREAK Piano-bar, L?bby (Levé\1/j R
16.00-17.30 h LECTURES BOBARA HALL
9.00-17.30 h EXHIBITION/ \///' /Lfﬁﬁby (\{‘evel 1) / \ , ==
20.00 h CALA DINNER Spinaker Restaurant of Hotel

Croatia



https://mtech-conf.hr/?page_id=392&lang=en

INTERNATIONAL CONFERENCE ON MATERIALS

heat treatment, corrosion, testing and tribology, 2023

DAY 4 - THURSDAY 05. 10.2023.

BOBARA HALL

9.00-10.30 h INVITED

& COMMERCIAL LECTURES
10.30-11.00 h COFFEE BREAK Piano bar, Lobby (Level 1)
9.00-11.00h EXHIBITION Lobby (Level 1)
11.00-11.30 h The Commemoratlonlvf(v).r BOBARA HALL

prof. dr. sc. Bozidar Lis¢i¢

THE CONFERENCE CLOSING BOBARA HALL

11.30-12.00 h CEREMONY

DAY 2 - TUESDAY 03. 10.2023.

TIME / EVENT / LOCATION
8.30-9.00 h REGISTRATION DESK Hotel Croatia
Conference Reception desk
9.00-9.15h OPENING CEREMONY BOBARA HALL
9.15-10.45 h INVITED BOBARA HALL

& COMMERCIAL LECTURES

CHAIRMEN: dr. sc. BozZidar Matijevi¢, dr. sc. Ivan Stojanovi¢

INVITED LECTURE:
Wilhelm Erning: "GRABENKORROSION": HOW SCIENTIFIC DEBATE LEADS TO AN SOLUTION. AND
MODERN FAILURES DUE TO NEGLECTION OF WELL DESCRIBED FACTS

INVITED LECTURE:
Imre Felde: APPLICATION OF MACHINE LEARNING FOR CHARACTERIZATION OF TRANSIENT HEAT \ N\
TRANSFER

COMMERCIAL LECTURES: Trokut Test Group

10.45-11.15h COFFEE BREAK Piano bar, Lobby (Level 1)

11.15-12.30h LECTURES BOBARA HALL

CHAIRMEN: dr. sc. Zeliko Alar, dr. sc. Damir Markuci¢
DEPOSITION OF PACVD TiN COATING ON ADDITIVELY MANUFACTURED-TITANIUM ALLOY
Jurica Ja¢an, Darko Landek, Miho Klai¢
BORIDE LAYER GROWTH KINETICS ON 42CRMO04 STEEL
Filip Zaneti¢, BoZidar Matijevi¢, Darko Landek, Igor Vuki¢
VpCI FOR MULTIMETAL PROTECTION IN HEATING SYSTEMS ; u‘
Ivana Radi¢ Bors$i¢, Ivan Stojanovi¢, Marin Kurtela, Vesna Alar, Borls A. M1k51c \‘\
KONZERVACIJA VATRENOG ORUZJA PRIMJENOM ISPARAVA]UCIH INHIBITORA KOROZI]E
Katarina Sabelja, Ivan Leutar, Mirko Jakopci¢
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12.30-13.45h LUNCH BREAK
13.45-14.45h POSTER SESSION Lobby (Level 1)

THE EFFECT OF SHOT-PEENING ON BENDING FATIGUE FAILURE IN CARBURIZED SPUR GEARS
Ivan Cular, Kre$imir Vuc¢kovi¢, Zeljko Alar, Sre¢ko Glodez

THE INFLUENCE OF APPLYING PVD COATINGS ON ADHESION WEAR RESISTANCE OF HARDENING
AND TEMPERING STEEL C45E
Ivica Kladari¢, Stjepan Golubi¢, Slavica Kladari¢, Andrijana Milinovi¢

FAILURE ANALYSIS OF THE HAY TEDDER
Tomislav Vukes, Suzana Jakovljevi¢

PROPERTIES OF WATER-BASED COATINGS FOR WOOD BURNING STOVE PROTECTION
Borna Skrlec, Ivan Stojanovi¢, Vesna Alar, Marin Kurtela

EXPERIMENTAL DETERMINATION OF RESIDUAL STRESSES ON BUTT WELDS OF AL-MG ALLOYS
OBTAINED WITH MIG WELDING
Mislav Stefok, Ivica Garagié, Maja Jurica, Vedran Jurlina

DEPENDENCE OF SPOT-WELDED JOINT GEOMETRY ON ANTI-CORROSIVE PROPERTIES OF
CONVERSION COATING AND EPOXY-POLYESTER POWDER COATING
ANNA POROPAT, IVAN STOJANOVIC

MATHEMATICAL MODELLING OF TEMPERED HARDNESS OF QUENCHED STEEL
Dario Iljki¢, Sun¢ana Smokvina Hanza, BoZo Smoljan, Dario Kvrgi¢

VERIFICATION OF PAUT SYSTEM FOR AT RAIL WELD TESTING
Morana Mihaljevi¢, Tomislav Kezele, Jure Burna¢

EFFECT OF AL AND AG NANOPARTICLES ON THE ANTICORROSION AND ANTIBACTERIAL
PROPERTIES OF EPOXY COATING
Marina Samardzija, Vesna Alar, Vedrana Spada, Suzana Jakovljevi¢, Biserka Runje

PROJECT “SMART PLANT FOR DRYING LIQUID COATINGS”
Mirta Logar, Ivan Stojanovi¢, Ivan Juraga, Zdenka Keran

COMPARISON OF DIFFERENT TESTING MACHINE CONTROL IN STATIC TENSILE TESTING DURING
COLD DEFORMATION
Tin Brli¢, Stoja ReSkovi¢, Ivan Jandrli¢, Zeljko Alar, Branko Grizelj, Lorena Mrkobrada

EXPLORING ORGANIZATIONAL COMPETENCE IN LABORATORY ENVIRONMENT: A HOLISTIC
APPROACH
Branimir Buntak, Zeljko Alar

15.00 h Visit to Dubrovnik
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DAY 3 - WEDNESDAY 04. 10.2023.

TIME / EVENT / LOCATION

9.00-10.30 h INVITED BOBARA HALL

& COMMERCIAL LECTURES
CHAIRMEN: dr. sc. Alar Zeliko, dr. sc. Damir Markucié

INVITED LECTURE
Mathew T. Mathew: TRIBOCORROSION ASPECTS OF BIOMEDICAL IMPLANTS: CURRENT STATUS AND
NEW DIRECTIONS

GUEST LECTURE:
Pascal Collet: THE EFC, A FEDERATION FOR ALL CORROSION SPECIALISTS AND EXPERTS IN
MATERIAL SUSTAINABILITY

COMMERCIAL LECTURE: Cortec Corporation

10.30-11.00 h COFFEE BREAK Piano bar, Lobby (Level 1)

11.00-12.45h LECTURES BOBARA HALL

CHAIRMEN: dr. sc. Darko Landek, dr. sc. Morana Mihaljevi¢

COMPARISON OF VARIOUS MINERAL AND VEGETABLE OILS AS QUENCHING MEDIA IN THE

HARDENING PROCESS

Izabela Martinez, Bozidar Matijevi¢, Tonca Caleta Proli¢
EFFECT OF HEAT TREATMENT ON MECHANICAL AND CORROSION PROPERTIES OF ALSITMGMN /\

ALUMINUM ALLOY f-" \
Darko Landek, Marin Kurtela, Domagoj Fekonja, Jurica Jacan /f

COMMENTS ON ULTRASONIC THICKNESS MEASUREMENT DEVIATIONS |

Damir Markucic /

PA ULTRASONIC TESTING OF AT WELD JOINTS IN RAILS

Aleksandar Dragojevi¢, Ivica Garasi¢, Tomislav Kezele

ULTRASONIC CHARACTERIZATION OF ADDITIVELY MANUFACTURED SAMPLE /

Maria Grozdani¢, Morana Mihaljevi¢

RISK ASSESSMENT OF PRESSURE VESSELS BY USING FRACTURE MECHANICS AND ADVANCED
ULTRASONIC TESTING
Mirjana Opaci¢, Aleksanda Sedmak, Gordana Baki¢, Nenad MiloSevié¢, Nikola Milovanovié¢

12.45-14.00h LUNCH BREAK/ | Ne '
/ .

mte -conf.hr
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DAY 3 - WEDNESDAY 04. 10. 2023.

14.00-15.30h LECTURES BOBARA HALL

CHAIRMEN: dr. sc. Ivan Stojanovi¢, dr. sc. Vesna Alar
In memoriam izv. prof. dr. sc Vinko Simunovié
ANALYISIS OF ELECTRICAL RESISTANCE OF ELASTOMER COMPONENTS OF THE FASTENING

SYSTEMS IN URBAN RAILWAY TRACKS
Katarina Vranesi¢, Stjepan Lakusi¢, Marijana Serdar, Vesna Alar

TESTING OF GALVANIC CORROSION IN A SALT ATMOSPHERE
Ivan Stojanovi¢, Vesna Alar, Marin Kurtela

ALUMINIUM NANOCOMPOSITES EPOXY COATING FOR ANTICORROSION AND ANTIBACTERIAL
PROTECTION
Marina SamardZija, Vesna Alar, Ivan Stojanovi¢, Vedrana §pada, Marin Kurtela

DRYING PARAMETERS OF WATER-BORNE COATINGS
Ivan Stojanovi¢, Vesna Alar, Marin Kurtela, Ivan Juraga, Mirta Logar, Ivan Fatovi¢

CORROSION PROPERTIES OF AA5083 IN MARINE ENVIRONMENT UNDER STAGNANT AND FLOW
CONDITIONS

Lea Lokas, Vesna Alar

15.30-16.00 h COFFEE BREAK Piano bar, Lobby (Level 1)
16.00-17.30 h LECTURES BOBARA HALL
CHAIRMEN: dr. sc. Ivica Kladarié, dr. sc. Danko Corié ; /\

SURFACE HARDNESS UNIFORMITY OF THE HARDNESS REFERENCE BLOCKS PRODUCED BY SLM ‘
TECHNOLOGY AND HEAT TREATMENT /
Daniel Pusti¢ki, Zeljko Alar [

ANNEALING OF THICK-SOLID WELDED SHEETS TO REDUCE RESIDUAL STRESSES
Darko Landek, Ivica Garag$i¢, Mislav Stefok, Jurica Jacan /

THE INFLUENCE OF DIFFERENT FOAMING AGENTS ON ALUMINIUM FOAM PORE SIZE
Tomislav Rodinger, Danko Cori¢

ANALYSIS OF WELDED LAYER WEAR ON HELICOPTER SLIDE LINER

Darko Landek, Anita Peran, Mirko Jakopci¢ /
MATERIAL CHARACTERIZATION OF THE FREE-FORGED MACHETE

Andrija Cestar, Vera Rede, Helena Luksic¢

9.00-17.30h EXHIBITION s \\ l \/
20.00h GALA DINNER Spinaker Restaurant of Hotel Croatia
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DAY 4 - THURSDAY 05. 10.2023.

TIME / EVENT / LOCATION
BOBARA
9.00-10.30 h INVITED HALL
& COMMERCIAL LECTURES

CHAIRMEN: dr. sc. Alar Zeljko, dr. sc. Damir Markuéi¢

INVITED LECTURE
Stefan Valkov: ELECTRON-BEAM PROCESSING OF METALS AND ALLOYS - TECHNIQUES AND TRENDS

Zoltan Koloszvary

COMMERCIAL LECTURE: MESA Electronic GmbH

APPLICATION OF VISCOELASTIC COATINGS BASED ON POLYISOBUTENE
Sven Radimiri

QUALITY EVALUATION OF CORROSION PROTECTIVE SYSTEMS IN EXPLOITATION CONDITIONS IN
INDUSTRY
Zoran Ceralinac, Tomislav KaraZija, Dijana Vrsaljko

OVERVIEW OF MODIFICATION AND COATING OF SURFACE
Bozidar Matijevi¢, Izabela Martinez
10.30-11.00 h COFFEE BREAK Piano bar, Lobby (Level 1)

11.00-11.30 h The Commemoration for BOBARA HALL
Prof. dr. sc. Bozidar LiSci¢

11.30-12.00 h THE CONFERENCE CLOSING BOBARA HALL
CEREMONY

Participants are invited to visit the
EXHIBITION

Trokut Test Group ,““‘
IDEF d.o.o.
Cortec Corporation & EcoCortec \ \ /
CorteCros d.o.o.

Ina mazivad.o.0o.” _/~—_

EDC d.o.o.

MESA Electroniﬁ/ Grﬁl{y/ /

Gracotech Grupa d.o.o.

Instrumentacija ;ﬁ;}v}%\u.o\.

IRT3000 ADRIA
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INVITED LECTURERS

Dr. rer. Nat. Johann Wilhelm Erning

Works at Bundesanstalt fiir Materialforschung und -priifung (BAM), Berlin,
Germany. Studied Chemistry in Cologne and Bonn. Worked for the research
centre Jilich from 1993 - 1996. Worked as post-doc at South Westphalia
University of Applied Sciences from 1996-1998. Currently working at
Bundesanstalt fiir Materialforschung und -priifung (BAM) since 1998. Topics:
electrochemistry, metals in contact with drinking water, failure analysis.
Participation in various committees at EFC, CEN, DIN, DVGW...

Dr. Imre Felde

Dr. Imre Felde was born 19.07.1973. in Hungary. He achieved his PhD in
Materials Science and Technology from Miskolc University (Hungary) in 2007.
From 1995. to 2008. he was head of department and from 2008 to 2012. CEO
of Bay Zoltan Foundation for Applied Research, Budapest, Hungary. From
2012. he is Vice Dean of Faculty of Informatics, Obuda Univesity in Budapest,
hungary. He has published more than 100 scientific and technical papers in
field of engineering, computer science, mathemathics and process modeling.
He is member of editorial board of Strojniski Vestnik-Journal of Mechanical
Engineering, International Journal of Microstructure and Mechanical
Properties, Surface Engineering and Hindawi Advanced Materials Science and
Technology.

Dr. Mathew Mathew

Mathew is a faculty at Department of Biomedical Science, UIC School of
Medicine at Rockford and leading Disability Research lab. He holding adjunct
position at Department of Bionegineering at UIC, Chicago and Department of
Orthopedic Surgery, Rush University Medical Center, Chicago. His research is X
supported by the federal agencies (NIH and NSF) and research foundations.

He is also Editor- in- chief of Journal of Bio and Tribo-corrosion by Springer.

He was an instrumental for initiating an international research institute called

“Institute of Biomaterials, Tribocorrosion, and Nanomedicine” (IBTN), which

is a joint venture of University of Illinois (UIC) and UNESP, Brazil. Currently,

he actively involved in the IBTN and the director of tribocorrosion division.
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Dr. Stefan Valkov

Dr. Stefan Valkov is Associate Professor at the Technical University of Gabrovo
and Institute of Electronics of the Bulgarian Academy of Sciences. Currently,
he is a team leader of the laboratory “Physical technologies” located at the
Institute of Electronics, Bulgarian Academy of Sciences. His scientific interests
are related to the modern materials science: thin films and coatings
deposition, electron-beam surface treatment and modification of metals and
alloys, materials characterization, X-ray diffraction, crystallography.

GUEST SPEAKER

Mr. Pascal Collet

Mr. Pascal Collet received a degree in chemical engineering at Hautes Etudes
Industrielles in Lille, France. He has over 30 year-experience in technical
services, sales, business development and marketing in the chemicals and
protective coatings industries for markets which have included the oil & gas,
water sectors, the nuclear industry, the automotive sector and building.
His main current employment is the European Federation of Corrosion (EFC)
as Chief Operating Officer from April, 2023. He is also involved with the French
Corrosion Society Cefracor.



https://mtech-conf.hr/?page_id=392&lang=en

INTERNATIONAL CONFERENCE ON MATERIALS
heat treatment, corrosion, testing and tribology, 2023

WORKSHOPS
Monday 02.10.2023.

14.00 - 19.00

WORKSHOP 1

PRIMJENA HLAPIVIH INHIBITORA KOROZIJE U INDUSTRIJI

Organizator: Hrvatsko drustvo za zastitu materijala i Cortec Corporation

Predavac: Ivana Radi¢ Borsi¢
Kontakt i slanje prijava: dubravka.ulaga@fsb.hr

WORKSHOP 2

OCJENE ULTRAZVUCNIH INDIKACIJA NEPRAVILNOSTI U ZAVARIMA PREMA ISO 17640

Organizator: Hrvatski centar za nerazorna ispitivanaja — CeNI
Kontakt i slanje prijava: info@ceni.hr

WORKSHOP 3 a \\
\
\

TRIBOCORROSION BASICS

Organizator: Hrvatsko drustvo za toplinsku obradu — HDTOIP
Predavac: M.T. Mathew, Ph.D., Professor, Department of Biomedical Engineering, UIC, Chicago
Kontakt i slanje prijava: bozidar.matijevic@fsb.hr
]

WORKSHOP 4 \ /
\

ISPITIVANJA MEHANICKIH SVOJSTAVA
MATERIJALA I UMJERAVANJA OPREME

Organizator: Hrvatsko drustvo za materijale i tribologiju - HDMT
Prijava za seminar putem e-mail adrese: zeljko.alar@fsb.hr
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OFFICIAL LANGUAGES:

Official languages of the Conference are Croatian and English.

CONFERENCE BADGE:

Everyone is kindly requested to wear her/his name badge during the Conference as it provides access
to the scientific sessions, poster session, coffee breaks and gala dinner.

COFFEE BREAKS:
Coffee breaks will be served at the Lobby (Level 1) according to the program timetable.

DURATION OF PRESENTATION:

Due to the tight presentation schedule each participant selected for presentation is kindly asked to
present his work in max. 12 min. Additional 3 min is left for the discussion of each presentation. All
speakers are kindly asked to prepare the presentation in English in a Power Point format and to bring
it on a USB memory device.

POSTER PRESENTATION:

Posters will be exhibited in the Cuiet Salon in front of the Bobara Hall.

All authors participating at MTECH 2023 with posters must print posters and bring them to the
conference. The Conference Secretariat will provide tapes to fix posters. Poster size should be 70 cm
x 100 cm (that is width x height; portrait format). Organizing Committee is unfortunately not able to
offer a Poster Printing Service.

REGISTRATION:
All participants at MTECH 2023 must register via https://mtech-confhr/?page id=513&lang=en.

ENDORSED BY:

European Federation of Corrosion, EFC-Event No. 503

CONFERENCE WELCOME DRINK:

Date and time: Monday, 2th October, 20:00
Venue: Piano bar Lobby, Hotel Croatia
The Organizers invite all guests to enjoy a breathtaking panorama, together with the appropriate

welcome drink and snack in the terrace of the Hotel.
Dress code: Casual

CONFERENCE SOCIAL EVENT:

Date and time: Thusday, 3t October, 15:00
Venue: Vistit old town of Dubrovnik
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Abstract

In the late 1980s, a new type of corrosion appeared in drinking water installations where
galvanized steel pipes failed forming a deep groove with no corrosion at the other surfaces. The
reason was discussed quite fiercely between failure analysts and material suppliers. In the end
the discussion lead to the solution: inductive welded pipes of a certain sulphur content were prone
to selective corrosion. The history of the arguments is discussed using old communications
between Wilhelm Schwenk and Wolfgang Stichel, who later published the results in a paper
unfortunately only I german.

Thus the knowledge got lost and new cases based on the same material problems are observed in
application of so-called C-Steel piping systems. Failure cases are shown.
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1. GROOVING CORROSION IN 1994 IN GERMANY

After the german reunification, a lot of buildings were reconstructed due to former
neglection of maintenance. In certain areas drinking water installations were refurbished
using galvanised steel pipes, a material still often used in this time. In certain cases after
1-2 Years of operation, leakages, predominantly in hot water (PWH) were observed, this
obviously caused by higher corrosion velocity.

The Pipes used had official certificates from DVGW stating they fulfilled all the
standardised requirements but still showed major corrosion problems after short time.

1.1. Details of the failures

The pipes showed a localised corrosion in the area of the weld leading to a high material
loss and thus a fast leakage. Fig. 1 shows a typical cross-section.

Fig. 1: Typical appearance of the corrosion damage

Many of these failurs were analysed by Wolfgang Stichel from BAM. He noticed the
common failures and decided to notify the certification body at DVGW and the most
important corrosion committee in Germany, DVGW “Fachausschuss Innenkorrosion”.
There, people from industry, research and authorities met and discussed issues
concerning corrosion issues in drinking water.

2. THE DISCUSSION

After Stichel had presented his results, the manufacturers of galvanised stell pipes were
not exactly happy. The most important person at that time was Wilhelm Schwenk,
working for Mannesmann. He was a man of a sometimes effervescent temper, which was
not so rare at those times in such committees in Germany. And he wrote a letter to Stichel
which gave some information on grooving corrosion and trying to give alternative failure
causes.

The discussion by Schwenk came to an important conclusion concerning the question of
implementing additional information into the European standard. And he gave additional
information on corrosion failures predominantly occurring at certain welds.



Unfortunately, the files do not include minutes of the DVGW- Meetings, where the topic
was discussed in detail.

The pipes affected were all made via ERW (electrical resistive welding). They were made
by smaller and previously unknown companies.

3. INFORMATION FROM LITERATURE

The literature about grooving corrosion goes back until at least 1978, when Kato et al. [1]
described the effect of grooving corrosion in sea water. Here ERW-made pipes were
investigated and showed a sensitivity for grooving corrosion if the sulfu content of the
sheets used to make the pipes exceeded a certain level. The heat treatment due to the
ERW-process resulted in sulphide formation that “activated” the grooving corrosion.
While this is not the same exact electrolyte, the complete story of the cause for the
localised corrosion at the weld is given. Herbsleb did publish additional results [2-4],
unfortunately mostly in german language.

In the end the picture was very clear fom the 1970ies: If you produce steel pipes from
sulphur-containing sheets by erw and there is no heat treatment after the welding
process, those pipes are sensitive to local corrosion at the weld.

The result of th discussions was another publication by Stichel [5] that came to the
conclusion: ERW pipes without thermal treatment of the weld and a sulphur content
> 0,008 % are affected by grooving corrosion.

So far, so good. Unfortunately ref. 3-5 (and some others) were published in german
language...

4. PROCESS OF NEGLECTION

In the years 2010ff new failure cases appeared. Due to the change in use of galvanised
pipes, this time not in drinking water installations (where galvanised pipes are no longer
used in Germany) but in cooling or heating systems.

Fig. 2: Corrosion in a cooling circuit, grooving corrosion at bottom pipe half shell.



Fig. 3: Corrosionof heating pipes, damage from outside.
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Fig. 4: Corrosionof heating pipes, damage from inside.

All these independently occurring failures (and more!) were caused by a wrong use of the
pipes. Groovong corrosion was an indicator for the wrong operation but would not have
happened if the pipe systems had been operated properly. Inside corrosion always was
caused by oxygen that should not have been present in the circulating water, outside
corrosion by the presence of humidity outside the pipes.

All the corroded pipes showed a similar appearance in the cross sections, a typical
example is shown in fig. 5:



Fig. 5: Cross section of pipe showing grooving corrosion.

Fig. 5: Cross section of pipe showing grooving corrosion, sulphides in the HAZ visible by etching.

All the pipes were produced using ERW, all had a sulphur content higher than 0,008 %.
This was described in detail decades ago.

5. CONCLUSION

Obviously, the development of knowledge and the use of it follow a circular process.



Circle of knowledge

1,5
Knowledge
1
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0,5
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Where you start with a problem, here a failure, leading to research and a solution of the
problem. Afterwards you will lose the knowledge again and return to the prohblems.
Grooving corrosion has at least two cycls from the 1970ies to now.

Important for the knowledge to persist is information in an accessible format (i.e. NOT in
german language only). And it would have been quite a good idea to write the facts down
in the European standard.

REFERENCES

[1] C.Kato, Y Otoguro, S. Kado, Y Hisamatsu, Corrosion Science, 1978, 18, 61.
[2] C.Diiren, E. Treiss, G. Herbsleb, Materials performance 1986, 25, 41

[3] G.Herbsleb, Schweifdtechnik, 2 und 3 /85, 21-24 and 40-44.

[4] P.Drodten, G. Herbsleb, W. Schwenk, steel research, 1989, 471.

[5]

5] W. Stichel; Materials and corrosion, 1996, 47, 452



INTERNATIONAL CONFERENCE ON MATERIALS

corrosion, heat treatment, testing and tribology, 2023

Tech

APPLICATION OF MACHINE LEARNING FOR CHARACTERIZATION OF
TRANSIENT HEAT TRANSFER

Akos Szabo-Galil, Zoltan Biczo?, Robert Kohleb3, Gabor Kertesz!, Okumiva
Masahiro4, Levente Kovacs?, Imre Felde!

1 Department of Biomatics and Applied Artificial Intelligence Institute, John von Neumann Faculty
of Informatics, Obuda University, Budapest, Hungary

2 Docotral School of Applied Informatics and Applied Mathematics, Obuda University, Budapest
3 Docotral School of Safety Science Doctoral School, Obuda University, Budapest, Hungary

4 Toyota Technological Institute, Nagoya, Japan

Abstract

The knowledge of the heat transfer coefficient plays a crucial role in evaluating coolants utilized
for immersion quenching of steels. This coefficient effectively characterizes the heat exchange
occurring between the immersed workpiece and the liquid coolant. The calculation of the heat
transfer coefficient involves solving an inverse heat transfer problem, typically addressed using
stochastic optimization algorithms. These algorithms rely on iterative processes and are
computationally intensive, often requiring hundreds or even thousands of iterations to obtain a
solution. To alleviate the computational burden, this paper introduces an initialization technique
based on a non-iterative approach for solving the inverse heat transfer problem. The proposed
method utilizes an artificial neural network to solve the problem. Specifically, a multi-layer
feedforward neural network is utilized, trained using the backpropagation algorithm. In order to
train the network, a synthetic database containing 150,000 records of heat transfer coefficients is
created. The coefficient is determined as a function of temperature, with an unconventional
utilization of the Fourier transform of the cooling curve as input for the inference system.
Furthermore, the performance of the neural network is compared with other conventional
learning algorithms. It is observed that when combined with stochastic algorithms, the network
achieves comparable solutions in a shorter timeframe.

Keywords: inverse heat conduction, immersion quenching, heat transfer coefficient, mlp, afwa
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1. INTRODUCTION

In the industrial sector, the post-production process of steel and alloys involves subjecting
them to a heat treatment regimen. This entails heating the workpiece to a specified
temperature and maintaining it at that temperature until the desired structural
transformation occurs within the material. Subsequently, controlled cooling is applied to
the workpiece. The primary objective of this process [1] is to enhance the mechanical,
physical, and chemical properties of the product by inducing structural changes. In heat
treatment programs, precise control of the cooling rate is crucial, as it directly influences
the resulting structures. The heat transfer coefficient governs the rate at which the
coolant effectively dissipates heat from the workpiece. The complexity of fluid dynamics
and mechanical flow during the cooling process affects the magnitude of this coefficient.
Consequently, determining the coefficient necessitates a combination of technical
examinations, experimental measurements, and theoretical calculations. Previous studies
[2-3] have demonstrated the feasibility of approximating the heat transfer coefficient by
employing inverse methods and utilizing measurements. However, bio-inspired heuristic
algorithms utilized for this purpose exhibit a high level of predictability, these algorithms
are computationally intensive, often requiring over 10 hours to complete. Additionally,
prior to initiating these calculations, the user must specify the locations at which the
nominal functions, derived from measurements, are to be compared with the functions
obtained from the inverse algorithm. Failure to set these points correctly may result in
incomprehensible outcomes that are only evident after several hours of simulation. To
mitigate unnecessary and erroneous simulations, it is desirable to develop a rapid
estimation method that can provide users with nearly instantaneous feedback on the
results. Moreover, this method can be executed even before using bio-inspired heuristic
algorithms, allowing successful heuristics to be initiated based on the initial estimation.
The aim of this research is to develop a method that is suitable for approximating the heat
transfer coefficient function in an environment where accuracy is not that important, but
the speed is in focus. Application of the method is, for example, incorporation into a hybrid
algorithm. In previous research, the application of deep neural networks has already been
demonstrated to be efficient in solving complex problems, such as assessment and disease
diagnosis [5-6]. This precedent underscores the suitability of employing a neural network
to address the present heat transfer coefficient approximation problem.

2. METHODOLOGY
2.1. Heat transfer model

As part of the numerical method a heat transfer model was applied, which is described by
the following differential equation, assuming central-symmetric heat transfer conditions
for a cylinder with finite length of L:

V-G, T) - VT) + Q(T,7,0) = C,(r, T)p(r, T) - & @)

where r is the coordinate along the radius, t is time, T is temperature, A is thermal
conductivity, C, is heat capacity, p is density, Q is latent heat (its value is zero during the

entire heat transfer process). The initial condition is described by the following equation:
T(r,t =0) = T,(r) 2



where T, is the initial temperature of the domain. The boundary conditions are described
by the following equations:
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where T,,, is the coolant temperature, h;is i. heat transfer coefficient for the rim.
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1. Figure - Axismmetric cylindrical geometry

The edges of the cylinder are marked as I', and the conditions I'; UT, U..T[;, =T'and I} N
I, N..T, = @ hold true for these edges. Each edge I' possesses a temperature-dependent
heat transfer coefficient h; (T). The heat transfer coefficient function is implemented using
(T, h) data pairs, with the coefficient value determined through linear interpolation
between the points. In the case of an axisymmetric cylinder, three edges are considered:
the curved surface and the two bases, as depicted in Figure 1. However, if the heat transfer
calculations are limited to the inner circle of an infinitely long cylinder, only the curved
surface edge remains. Consequently, in this study, one-dimensional heat transfer analysis
is performed, with a single edge defined at the coordinate r=R. The temperature
distribution along the radius is calculated at Nx points. To solve the differential equation,
the Smith's [7] explicit finite difference method is employed.

2.2. Inverse Heat Conduction Problem

The specimen's temperature was measured at p points within the boundary. Following
the thermal field calculation, TS is obtained and utilized to compute the difference
between T and T as defined in 4. equation. The solution to the inverse heat conduction

problem [7] can be achieved by minimizing this objective function.
S = Zle(TiC - TiM)2 “4)

2.3. Inverse Heat Conduction Problem

A robust optimization method is recommended to solve the inverse problem, ensuring
avoidance of local extreme values. Bio-inspired heuristic algorithms [3-4] are well-suited
for this purpose. By exploring global extreme values at multiple calculation points instead
of a single point, these algorithms prevent getting trapped in local optima. In a previous
study, the author [8] used the Adaptive Fireworks Algorithm (AFWA), a variant of the
Fireworks Algorithm, to address this specific problem. Computational efficiency

9



comparisons were made between AFWA and the Genetic Algorithm. Numerical tests
demonstrated that AFWA can estimate heat transfer coefficients; however, it exhibits
significant computational intensity. When dealing with a higher number of dimensions,
obtaining results from AFWA can take several hours. To mitigate this weakness, learning
algorithms offer a viable solution as they do not operate iteratively. For instance, artificial
neural networks, which fall under the category of learning algorithms, require
considerable training time (the iterative phase); however, once the model is trained, heat
transfer coefficient estimations can be quickly obtained. Although the accuracy may not
be on par with swarm-based algorithms, leveraging these initial results can significantly
reduce the overall running time. This approach is referred to as an initialization strategy,
and it allows for the creation of hybrid methods by combining learning algorithms with
swarm-based optimization algorithms.

2.4. Artificial Neural Network

The Universal Approximation Theorem [9] states that any function can be approximated
with an artificial neural network with the appropriate number of neurons. An artificial
neural network is a learning-based model that (partially) mimics the biological processes
of the human brain. It has already been demonstrated in previous research [10] that the
artificial neural network can be used to solve the inverse heat transfer problem. The
utilized model is a feed-forward artificial neural network. Each neuron in a layer is
connected to all neurons in the adjacent layers. The input layer of the model consists of
15 neurons, corresponding to the number of Fourier coefficients, while the output layer
comprises 14 neurons, representing the control points of the heat transfer coefficient. A
total of 14 (T, HTC) data pairs are used, resulting in the derivation of 7 control points. The
network incorporates a single hidden layer, consisting of 100 neurons. Sigmoid activation
functions are applied to the neurons in the hidden layer, while the input and output layers
use linear activation functions.

2.5. Dataset

The dataset was generated by recording the cooling curve of a 12.5 mm diameter cylinder
composed of Inconel 600 alloy at a specific location along the axis during immersion
hardening. For the purpose of heat transfer analysis, a one-dimensional heat transfer
assumption is made, considering the cylinder to have infinite length, which will be
simulated later. Subsequently, the heat transfer coefficient functions were reconstructed
using a well-established Inverse Heat Conduction Problem (IHCP) algorithm. The heat
transfer coefficient functions were encoded with 7 control points, representing the
(temperature - HTC) pairs. By averaging the heat transfer coefficient functions, a single
average heat transfer coefficient function was obtained. To introduce variability, 150,000
heat transfer coefficient functions were randomly generated around the control points of
the mean function, with a standard deviation.

10
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2. Figure - Generated heat transfer coefficient and the associated drop curve and its
derivative

2.6. Preprocessing

The data preprocessing steps were carried out during the dataset creation process. The
first step involved numerically deriving the cooling curve, resulting in the CR cooling rate.
To determine the Tvp and Tcp points that define the source section, the cooling curve was
analyzed. By identifying the maximum point and subsequently moving left and right until
reaching the inflection points, the Tvp and Tcp points were determined. In the second
preprocessing step, the Tvp - Tcp range of the cooling curve was isolated for further
analysis, and this range was saved as CR_TvpTcp in a file.
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3. Figure - Fourier transformed applied on Cooling Rate

The final preprocessing step aimed to remove the time dependency of the cooling curve.
This was achieved by transforming the cooling curve into the frequency domain using the
Fourier transformation. By encoding the curve with its Fourier coefficients, the cooling
curve could be represented with significantly fewer numbers. This process was applied
to the CR_TvpTcp curve, as depicted in Figure 3. where the negative range was omitted
due to symmetry. The one-dimensional discrete Fast Fourier Transformation algorithm
was utilized to perform the Fourier transform on the CR_TvpTcp curve.
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2.7. Evaluation

2.7.1. Result

Upon completion of pre-processing, the heat transfer coefficient was estimated using a
trained feed-forward artificial neural network (MLP). It should be noted that the expected
output heat transfer coefficient of the test dataset is encoded with 32 control points,
whereas the MLP can estimate only 7 control points. Hence, a direct comparison between
the two is not feasible. To enable comparison, the heat transfer values in the temperature
range of 0-1000 °C were calculated via linear interpolation between the control points of
both HTC functions. Subsequently, the two functions were compared at 1000 temperature
points, with the absolute error between them computed and presented in the right side
of Figure 4. On the left side of the figure, the two HTCs are depicted. It can be observed
that the maximum error does not exceed 500. While it is challenging for a function
encoded with 7 points to precisely approximate the original function encoded with 32
points, the MLP model provides a suitable approximation from which another
optimization algorithm can be initiated. Furthermore, by increasing the number of search
dimensions, additional control points can be interpolated between the existing ones,
facilitating a closer approximation to the original function. Additionally, it is worth noting
that the MLP achieved a satisfactory estimate of the function within 1 second, whereas an
iterative optimization algorithm would have required thousands of iterations to achieve

a comparable result.
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4. Figure - Estimation
2.7.2. Comparison with conventional learning algorithms

The performance evaluation of the algorithms was conducted using average error and
standard deviation metrics. The average error and standard deviation were calculated for
all the curves in the test dataset. The results, including the average error and error
standard deviation, are presented in Figure 5. The artificial neural network is denoted as
MLP, the decision tree as Decision Tree [11] and the K-nearest neighbors algorithm [12]
as K-NN. The heat transfer coefficient was estimated using each model with the
preprocessed data as described earlier. Additionally, to demonstrate the importance of
preprocessing, the heat transfer coefficient was estimated based solely on the cooling rate
and without any preprocessing. The average error of the estimates made on preprocessed
inputs is indicated with the label FFT, while the error of the estimate based on the
unprocessed cooling rate is indicated with the label CR.
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5. Figure - Comparison of learning algorithms

From the figure, it is evident that the learning algorithms achieve significantly improved
performance with Fourier transformed data, with the average error of the FFT models
being nearly half compared to the CR models. Furthermore, the diagram reveals that MLP,
Decision Tree, and K-NN yield similar estimation results, exhibiting almost identical error
levels. Consequently, it can be inferred that all three learning algorithms can be utilized
interchangeably for heat transfer coefficient estimation.

2.7.3. Hybrid solution

In the first scenario, the presented initialization strategy was employed, where the heat
transfer coefficient function was approximated using an artificial neural network.
Subsequently, the Adaptive Fireworks Algorithm (AFWA) was initialized based on the
obtained approximation. The search was initiated from these points, considering the
swarm-based nature of AFWA. To prevent the algorithm from converging to a single point,
the points were initialized around the approximation.
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6. Figure - Number of total iterations
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In the second scenario, AFWA was executed independently without the neural network
initialization. The results of both optimizations are displayed in Figure 6. Both methods
were terminated based on the same stopping condition. It is noteworthy that the AFWA
initialized with MLP required only 28 iterations to reach the solution, whereas the
standalone AFWA necessitated over 900 iterations to achieve the same outcome.
Consequently, employing this hybrid approach significantly reduces the optimization
runtime, as demonstrated by the results.

3. CONCLUSION

The aim of this research was to develop a robust method for estimating the heat transfer
coefficient using an artificial neural network, specifically designed for time-independent
analysis in a one-dimensional heat transfer domain. To train the neural network, a dataset
comprising 150,000 records was generated based on filtered measurements using
predefined rules. Prior to training, the dataset was Fourier transformed to transition the
data from the time domain to the frequency domain. This preprocessing step ensured that
the trained network was not reliant on the duration of the entire cooling process. The
network was then trained on this preprocessed dataset and validated using a separate
test dataset. The Fourier transform of the trained artificial neural network enabled the
estimation of the heat transfer coefficient function from the cooling curve. Additionally,
estimations were performed on unprocessed cooling curves and with alternative learning
algorithms such as Decision Trees and K-nearest neighbors. Results indicated that
superior estimations could be achieved using Fourier transformed inputs, and all the
considered learning algorithms could perform the estimation. Thus, each model can be
utilized within the initialization strategy. Subsequently, a heat transfer coefficient
function was reconstructed using the Adaptive Fireworks Algorithm. The initial points of
the algorithm were initialized based on the results obtained from the artificial neural
network. The algorithm was then executed independently. Notably, the network-
initialized optimization required significantly fewer iterations to converge to the same
solution. It is important to note that the network estimation is applicable exclusively to
one-dimensional heat transfer models but has the potential for extension to two-
dimensional models.
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Abstract

The EFC is a federation of organisations with interests in corrosion, active in Europe and beyond.
Its aim is to advance the science of corrosion and protection of materials by promoting
cooperation in Europe and collaboration internationally through the management of working
parties, publications and the organization of the well-recognised EUROCORR scientific congress.
The federation also supports events, courses and webinars to disseminate knowledge, encourage
networking and help develop the next generation of corrosion professionals.
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1 INTRODUCTION AND MISSION

The federation was founded in 1955 by three Corrosion Societies, based in France,
Germany and in the UK as a non-profit organization. Today, it’s the largest corrosion
organisation in Europe and one of the largest in the world (it’s estimated that ca. 26,000
corrosionists are members of the federation through Corrosion societies, research
institutes, universities and companies (see section §4)

The EFC is a founding member of the World Corrosion Organisation (WCO), a non
governmental organisation recognized by the United Nations.

The missions of the federation are to
» strengthen output of corrosion science and protection of materials by promoting
cooperation in Europe and collaboration internationally.
» Disseminate scientific excellence and technical knowledge.

» Foster the connection all actors in the corrosion and durability value chain.

2 ORGANIZATION
2.1 General Assembly

The General Assembly is the decision making body of the federation. It is composed of all
Member Societies (see §4). Honorary Fellows and Affiliate Members (see §4) may take
part in the meetings of the General Assembly and shall have an advisory vote but shall not
have the right to vote on any matters relating to the affairs of the federation.

The following matters (but not only) are within the exclusive competence of the General
Assembly:

the admission and exclusion of Member Societies and Affiliate Members;
the granting of the status of Honorary Fellow;

the election, dismissal or replacement of administrators;

the adoption of the budget,

the approval of the accounts;

the modifications to the structure of the General Secretariat;

the adoption of Bye-laws;

the modification of the Statutes;

the dissolution of the Association;

the election of a President, a Vice-President and a Treasurer;

the discharge to be granted to the Directors, the Secretariat General and/or
the Auditor.

The General Assembly is chaired by the President or an alternate from either the
immediate Past President or Vice-President.

2.2 Administrative Body

The federation shall be administered and managed by a Board of Administrators (BoA),
composed of a President and Vice-President, the Immediate Past President and twelve
administrators. They are assisted by a Treasurer and a Scientific Secretary who shall be
ex officio members of the BoA. The twelve administrators are chosen from among the
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Member Societies of the Association. All elected administrators shall serve on the BoA for
a period of three years in the first instance.

The General Assembly shall endeavour to maintain a balance between representatives of
industry and academic representatives.

The BoA has, among other responsibilities, the duty to institute, or approve the creation
of study groups/task forces and working parties.

The President, the Vice-President and the Treasurer are elected by the General Assembly
on the proposal by the Board of Administrators. The functions of the President and the
Vice-President begin on the first of January following the General Assembly that elected
them.

The STAC (Scientific and Technical Advisory Committee) Chair will be nominated by the
BoA and elected from among its voting members. The Science and Technology Advisory
Committee shall advise the EFC on scientific, technological and educational matters and
the implementation of decisions concerning these.

The Scientific Secretary is appointed by the BoA in consultation with the Chairman of the
Science and Technology Advisory Committee (STAC). He/She is in charge of the
development and coordination of the activities of STAC in cooperation with the STAC
Chair, Member Societies, the BoA and the General Secretariat. He / She is also in charge of
the preparation of papers and reports for the dissemination of corrosion information
across the boundaris, through publication in an EFC series of reports, guidelines, ... and
also through partner journals. He/She is also in charge of maintaining an awareness of
and collaboration with Standardisation bodies.

The meetings of the BoA shall be chaired by the President.
The Chief Operating Officer is selected and appointed by the Board of Administrators.

The work of the Association is carried out by a General Secretariat and is shared between
the three offices of the following members at the origin of the federation:

- DECHEMA e.V,, Frankfurt
- CEFRACOR, Paris
- The Institute of Materials, Minerals and Mining, London

The General Secretariat administers the following affairs of the Association, such
Affiliations, Finances, Publications, Awards, EUROCORR Congress,

3 ACTIVITIES

The numerous activities of the federation can be descrived as follows:

. Knowledge exchange through Congresses, workshops, Business Meetings, Green
Books,...).

. Identification of challenges, trends and industrial needs.
. Peer review of novel techniques, mechanisms, standards, monitoring and inspection.
. Release of guidelines, good practices and standard tests.

.Training and practical work exchange of young researchers (e.g. summer
schools/grants).
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. Network for international collaboration.
These activities are structured with working parties, congress, events, courses, ...

3.1 Working Parties

The EFC accomplishes its most important activities through 23 Working Parties (WPs)
devoted to various aspects of corrosion and its prevention. One of the main tasks of the
WPs is to organise, singly or jointly with other WPs, strong technical sessions at
EUROCORR (see §3.2). Other valuable activities include participation in collaborative
research and testing programmes, the organisation of courses and workshops, and the
preparation of reports, guidelines, and proceedings for publication in the highly regarded
EFC Series of 'Green Books', (see §3.6). The WPs are overseen by the Science and
Technology Advisory Committee (STAC), composed of all of the WP Chairs.

A Working Party may be formed on the proposal of the General Assembly, the BoA, the
STAC, a Member Society or industry with the support of at least four Member Societies. A
WP should be proposed only where the topic has significance in a European context. It is
received by the Scientific Secretary who will bring the proposal to the attention of the
STAC, for its approval and finally by the General Assembly.

Anyone can participate in the activities of the WPs, either as a member of an EFC Member
Society or as a ‘friend’ without being a member of an EFC Member Society. If you are
interested in any of the topics covered by the EFC WPs, simply inform a Chair personally
or using a contact form on the EFC website, https://efcweb.org/Scientific+Groups.html.
The Chair will then keep you up to date about the WP activities.

During the EUROCORR congress (see §3.2), each WP holds a short ‘business meeting’,
where activities are presented and discussed. Anyone is welcome to join any of the
meetings. All WP Chairs and Vice-Chairs are now elected at these meetings for the next
three-year term. Every EUROCORR participant physically present at a business meeting
automatically has a voting right.

Currently, there are 23 WP operating in various domains, i.e.
- WP1: Corrosion & Scale Inhibition
- WP3: Corrosion by Hot Gases and Combustion Products
- WP4: Nuclear Corrosion
- WP5: Environment Sensitive Fracture
- WP6: Surface Science and Mechanisms of Corrosion and Protection
- WP7: Corrosion Education
- WP8: Physico-chemical Methods of Corrosion Testing
- WP9: Marine Corrosion
- WP10: Microbial Corrosion
- WP11: Corrosion of Steel in Concrete
- WP13: Corrosion in Oil and Gas Production

- WP14: Coatings
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- WP15: Corrosion in the refinery and Petrochemistry Industry
- WP16: Cathodic Protection

- WP17: Automotive Corrosion

- WP18: Tribo-Corrosion

- WP19: Corrosion of Polymer Materials,

- WP20: Corrosion and Corrosion Control of Drinking Water Systems
- WP21: Corrosion of Archeological and Historical Artefacts

- WP22: Corrosion Control in Aerospace

- WP23: Corrosion Reliability of Electronics

- WP24: CO2-Corrosion in Industrial Applications

- WP25: Atmospheric Corrosion

Beside these WP, Task Forces (TF) may be established to carry out specific tasks that are
not normally the responsibility of existing Working Parties. They may be set up by the
BoA, STAC or Working Parties. There are actually two TF running,

. TF1: Corrosion in Green & Low Carbon Energy Technologies, which is being transformed
into a new Working Party (decision made during the last STAC meeting in August, 2023)

. TF2: Corrosion of medical implants & devices

One of the duties of the Working parties is to offer technical sessions as well as joint
sessions with other Working Parties at EUROCORR and arrange their programme.

3.2 EUROCORR congress

EUROCORR is the title of the annual EFC corrosion conference and it’s the flagship event
of the federation. It’s held in an European country and organised by an EFC Member
Society or Societies.

All Working Party Chairs shall be invited to join the International Scientific Committee of
EUROCORR. The outlines of the technical programme are discussed in the STAC to make
appropriate recommendations to the local organiser. They decide together about the
themes of the joint sessions, aside the “normal” sessions, associated to the WP.

The location of EUROCORR congress is decided by the BoA, based on bid submission.

Last August, EUROCORR2023 took place in Brussels and the thematic proposed by the
local organizer was “ Driving corrosion prediction and protection towards a circular
economy” - it gathered more than 1,000 delegates from over 50 countries during 4 days.
Plenary sessions with highly recognized experts in the field of corrosion took place along
with 11 joint sessions and more than 30 sessions and additional workshops were part of
the scientific programme of the conference, allowing the presentations of ca. 650 papers.
For information, there was a strong joint session named “Hydrogen and metallic materials
“ during the 4 days.

Regarding the process to submit abstracts, the call for abstracts starts mid of October, the
year preceeding the EUROCORR congress, to end usually in January/February. The
authors are invited to choose the most relevant session or joint session when they submit

20



their abstracts. The abstracts selection is made and announced by April generally
speaking

Beside the submission of abstracts for lectures, authors can propose alternatively for the
poster session. The timing of submission and approval is slightly different.

A third option, named “flash presentation” will be proposed for this first time for
EUROCORR 2024. It will be based on a few-minutes presentation, taking place during one
session.

In parallel to the conference, an exhibition takes place during the same period at the same
place, allowing societies / companies to promote their products and services, to reinforce
the link between academics and the industry during EUROCORR.

The EUROCORR series is scheduled as follows for the next 3 years:
- Paris, France from 1 to 5 September, 2024 with the theme “A step forward in
societal awareness of material degradation issues”
- Stavanger, Norway from 7 to 11 September 2025 with the general theme “Joining
forces for smart and sustainable solutions for fighting corrosion in society”.
- Dublin, Ireland from 20 to 24 September, 2026 with a special emphasis on
“Corrosion Challenges for Net-Zero Technologies “
3.3 Awards, prizes & grants
EUROCORR Congress is the right moment and the right place to celebrate and recognize
the contribution of experts in the field of corrosion, in particular with the

. European Corrosion medal (recognising achievements by a scientist in the application of
corrosion science)

. EFC Honorary Fellow award (given for outstanding accomplishment in corrosion
science)

In parallel, the Cavallero medal (instituted by the University of Ferrara, Italy) awards
under the auspices of the EFC to honour the memory of and the work accomplished by
this Professor. It awards every two years, a scientist who is particularly distinguished by
his/her activity and publications in the field of corrosion research.

Every three years, on the initiative of the Hungarian Corrosion Society HUNKOR and
supported by the “Kurt Schwabe Foundation”, this prize is awarded to a young scientist
in recognition of his/her scientific and technical contribution to the field of corrosion on
the basis of publication.

Other awards dedicated to young researchers and engineers are also organised, such as
the best oral presentation and the 3M Plenary Lecture competition associated to
EUROCORR.

To encourage the scientists to present posters during EUROCORR, a dedicated prize is
awarded to the best poster - ca. 150 posters were presented during the last EUROCORR
in Brussels.
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Grants are also offered to young corrosionists, such as EUROCORR travel grant to support
them to attend EUROCORR. In 2023, two ladies from Turkey and Colombia got grants for
that purpose.

Another grant, named “Young Scientist grant” helps to stimulate interaction and
collaboration within the international corrosion community, by providing financial
support to junior corrosionists to enable them to visit and interact with other
corrosionists at their home institute abroad and to discuss research issues of mutual
concern relevant to the field.

3.4 EFC events

The EFC label helps the Members to communicate wider about their events - the
federation informs the EFC community via different channels: EFC Newsletters, website,
emailing, social media to give more visibility with special promotion.

The event must be concerned with a topic or topics that fall within the interests of the
EFC. The event must be organised by a Member Society, Working Party of the EFC, or an
affiliate member.

EFC summer schools are organised, focusing on the young community, with one of them
backed to EUROCORR, to attract people for both events.

Here after the link to the dedicated page on the EFC website
https://efcweb.org/Events/Calendar+of+events.html
3.5 EFClabelled courses

As education is one of the main missions of the federation by disseminating the highest
level of scientific knowledge by organising globally recognised events and by allowing the
knowledge exchange in Europe and beyond, the EFC supports initiatives of the Members
when organizing courses related to corrosion education, by granting the EFC Approved
label courses with high professional standards.

It's an opportunity for all the Members to include their EFC labelled courses in the EFC
calendar and rely on the federation for special promotion through the EFC channels
(Newsletters, website, emailing, social media).

Here after the link to the dedicated page on the EFC website
https://efcweb.org/Events/EFC+Approved+Course+Label /EFC+Approved+Courses.htm
1

3.6 EFC Newsletter, Publication &]Journals

EFC Newsletters are distributed to the EFC community, allowing members and the
federation to communicate about the activities of the WP, events, courses, workshops,
seminars and giving a chance to the members to share experience in the field of corrosion
with case studies and projects reports.

The dissemination of the knowledge is also monitored by the publication of so-called EFC
Green series. As many as 70 books are available in e-format or print, covering many
aspects of the corrosion industry and the work of the Working Parties. This ranges from
general corrosion education (EFC 52 Progress in corrosion - the first 50 years of the EFC)
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to specific investigations (EFC 66 - Understanding Biocorrosion / EFC 69 - Nuclear
Corrosion: Research, Progress and Challenges), as well as providing guidelines (EFC 53 -
Standardisation of thermal cycling exposure testing / EFC 55 - Corrosion Under
Insulation guidelines). The entire Green Book series is available on the EFC website in
parternship with Elsevier to market them.

The EFC can rely on Journals in Czech republic, France, Germany, Poland, Switzerland and
UK, to regulary publish information about the EFC and its activities.

3.7 Young EFC

Young EFC is an initiative created in 2016 by the EFC that aims to support early career
researchers and engineers in the field of corrosion and protection of materials. The work
of Young EFC is based on collaboration between early career researchers and engineers,
senior advisors, and the support of the board of the EFC. The membership of Young EFC
is open to all scientists and professionals linked to corrosion science and engineering
topics, with a focus on early career researchers and professionnals from all over the
world.

Young EFC is organised by a Board constituted by members affiliated to one of the
Member Societies that collaborates with the EFC.

In terms of initiatives, Young EFC is active by organising webinars (related to careers,
science communication), collecting and sharing events related to the World Corrosion
Awareness Day (April 24th), highlighting and celebrating Women working in Corrosion by
sharing videos via the EFC social media.

4 MEMBERSHIP

The EFC is composed of the following categories of members:

. Member Societies (European), ie. European scientific and technical societies and
organisations that act to enhance progress, best practice and education in the science and
technology of corrosion and its prevention for the socio-economic benefits of mankind
and the good condition of the environment.

Member Societies (International), also scientific and technical societies and
organisations acting for the same purpose as the European Member Societies, and located
in a country which is not a member state of the Council of Europe. They become members
on the recommendation of three European Member Societies.

. Affiliate Members are Organisations that support the aims and objects of the Association.
Two classes of Affiliate Member exist; one for Companies and one for Universities and
Research Organisations.

4.1 Member Societies

Member Societies are entitled to be represented in the General Assembly (with voting
rights), propose candidates to the BoA and appoint delegates to EFC Working Parties.
They have the benefits of participation of their individual members in EFC Working
Parties as a matter of right, volunteer to hosta EUROCORR event (held only in a European
country), propose the formation of an EFC Working Party, register meetings as EFC
events, subject to approval of the EFC, apply for an EFC Approved Course Label, subject to
approval of the EFC Course Endorsement Committee, receive current information via the
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EFC Newsletter, propose nominees for awards presented by, or in conjunction with the
EFC.

4.2 Affiliate Members

Affiliate Members are entitled very similarly as the Member Societies, except the voting
right at the General Assembly, the representation at the BoA, the possibility to form an
EFC Working Party, the organization of EUROCORR. However, they receive discount on
fees for EUROCORR booths. They also have discount on advertisment in the EFC
Newsletters and ability for free publication of case studies, activities in the EFC
Newsletters.

4.3 Branches

Beside these two types of members, Branches are structures, which may bring together
individuals and/or institutions, which act to strengthen the progress, best practices and
education of the science and technology of corrosion and its prevention for the socio-
economic benefit of mankind and the good condition of the environment. Branches must
be non-profit. Branches are admitted by invitation subjected and are subject to the
recommendation of the Board of Administrators and the approval of the General
Assembly

4.4 Honorary Fellows and members

Honorary Fellows status is confered by the General Assembly on any natural person who,
in the opinion of the BoA, has made a special contribution to the achievement of the aims
of the federation.

De facto, natural persons belonging to Member Societies (European and International)
and Branches are considered as Members of the Association.

Members and Honorary Fellows are entitled to have the benefit of reduced registration
fees for EUROCORR, have the benefit of participation in EFC Working Parties as a matter
of right.

5 CONCLUSION

The EFC is a federation of organisations with interests in corrosion, active in Europe and
beyond. Its aim is to advance the science of corrosion and protection of materials by
promoting cooperation in Europe and collaboration internationally through the
management of working parties, publications and the organization of the well-recognised
EUROCORR scientific congress. The federation also supports events, courses and
webinars to disseminate knowledge, encourage networking and help develop the next
generation of corrosion professionals.
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PREVLACENJE ADITIVNO PROIZVEDENE TITANIJEVE LEGURE
PREVLAKOM PACVD TiN

DEPOSITION OF PACVD TiN COATING ON ADDITIVELY
MANUFACTURED TITANIUM ALLOY

Jurica Jacan?!, Darko Landek!, Miho Klai¢!

1 University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Zagreb,
Croatia

Sazetak

Titanijeve legure posjeduju iznimno povoljnu kombinaciju mehanickih i fizikalnih svojstava uz
dobru korozijsku postojanost te biokompatibilnost zbog ¢ega imaju Siroko podrucje primjene u
razli¢itim industrijama. Aditivha proizvodnja titanijevih legura otklanja nedostatke
tradicionalne proizvodnje u izradi proizvoda sloZene geometrije, koji se manfestiraju u visokim
troskovima polaznog i otpadnog materijala i teSkoj obradljivosti odvajanjem Cestica. Primjenom
postupka plazmom potpomognutog kemijskog prevlacenja iz parne faze (PACVD) moguce je
povecati tvrdocu i otpornost na troSenje titanijeve legure nanosenjem tvrdih prevlaka. U radu je
istrazen utjecaj obrade odvajanjem Cestica na kvalitetu povrSine titanijeve legure proizvedene
postupkom taljenja snopom elektrona (EBM) i njenu prikladnost za PACVD prevlake. Nakon
prevlacenja uzoraka aditivno i konvencionalno proizvedene legure Ti6Al4V PACVD TiN
prevlakom, ispitana je adhezivnost prevlake prema VDI 3198 metodi, debljina prevlake
kalotestom i nanotvrdo¢a prema normi EN [SO 14577-2:2002.

Kljuéne rijeci: aditivna proizvodnja, Ti6Al4V, EBM, PACVD, TiN

Abstract

Titanium alloys have an extremely favorable combination of mechanical and physical properties,
as well as good corrosion resistance and biocompatibility, making them widely applicable in a
variety of industries. Additive manufacturing of titanium alloys eliminates the drawbacks of
traditional manufacturing methods in producing complex geometric products, characterized by
high costs of raw and waste materials and difficult machinability. By using the Plasma Assisted
Chemical Vapour Deposition (PACVD) process it is possible to enhance the hardness and wear
resistance of titanium alloys through the application of hard coatings. The influence of
machining operations on the surface quality of Electron Beam Melted (EBM) titanium alloy, and
its suitability for PACVD coatings has been investigated in this work. After coating samples of
additively and conventionally produced Ti6Al4V alloy with PACVD TiN coating, the adhesion of
the coating was tested according to VDI 3198 method, the coating thickness was measured by
calotest, and the nanohardness was evaluated according to EN ISO 14577-2:2002 standard.

Keywords: additive manufacturing, Ti6Al4V, EBM, PACVD, TiN
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1. INRODUCTION

Titanium alloys are widely recognized for their remarkable mechanical and physical
properties, encompassing a high strength-to-weight ratio, exceptional corrosion
resistance, and biocompatibility. These alloys find extensive applications in various
industries, such as aerospace, biomedical, chemical, and automotive, where high-
performance materials are required. However, traditional manufacturing methods for
titanium alloys suffer from drawbacks, such as the high costs associated with starting
and waste materials, as well as limitations in producing complex geometries. Additive
manufacturing (AM), commonly referred to as 3D printing, has emerged as a promising
technology that can overcome these limitations and offer numerous advantages in the
production of titanium alloy components [1,2].

According to the ISO/ASTM 52900:2015 standard, AM technologies are divided into
seven basic groups, of which the following four are suitable for the production of metal
products: powder bed fusion (PBF), binder jetting (B]), sheet lamination (SL) and direct
energy deposition (DED). Among the named additive manufacturing techniques for
metal products, the most commonly used methods for titanium alloys are Selective Laser
Melting (SLM), Electron Beam Melting (EBM) from the group of PBF technologies, and
Directed Energy Deposition (DED) [3-5]. In SLM and EBM processes, the selective
melting of a pre-set layer of metal powder is carried out to create the desired three-
dimensional object. On the other hand, in DED processes, metal powder is continuously
fed through a nozzle and melted during the process [2].

While titanium alloys have numerous advantages, they also have some limitations.
Prolonged exposure to the human body can result in the release of metal ions, leading to
tissue inflammation and other adverse reactions [6,7] Additionally, the surface quality,
porosity, residual stresses, and compositional and property homogeneity of additively
manufactured titanium alloys can be a concern [2]. To mitigate these challenges, post-
processing techniques such as heat treatment and surface finishing are employed to
improve the properties of the final product, including reducing surface roughness and
residual stresses [8].

To enhance the wear resistance and achieve a favorable combination of tribological
properties, physical vapor deposition (PVD) and plasma-assisted chemical vapor
deposition (PACVD) techniques are employed to deposit coatings onto titanium alloys.
Hard coatings produced by PVD process, such as TiN, TiCN, and TiAIN coatings, have
been commonly applied to conventional titanium alloys to improve wear resistance.
Furthermore, studies have explored the potential of PACVD coatings, such as TiN, for
medical applications and the importance of multi-layered coatings for improved
adhesion, bioactivity, and implant wear resistance [9-11]. The combination of additive
manufacturing processes and vapor deposition coating techniques has shown promise
in enhancing the surface quality and wear resistance of titanium alloy components [12].

By comprehensively exploring the effects of machining operations and the application of
PACVD coatings on EBM titanium alloy, this research aims to enhance the surface
properties and overall performance of additively manufactured components. The
findings of this study will contribute to the knowledge base of additive manufacturing in
the field of titanium alloys and facilitate advancements in surface engineering
techniques for improved applicability in various industries.
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2. MATERIALS AND METHODS

For the purpose of this study, the titanium alloy Ti6Al4V was utilized, and its chemical
composition is presented in Table 1.

Tab. 1: Elementary composition of the Ti6Al4V alloy

Elements wt.%
Ti 90
Al 6
\Y 4
Fe max. 0,25
@) max. 0,2

The investigation was conducted on three test specimens produced using the Electron
Beam Melting (EBM) additive manufacturing process in the AIDIMME Institute at the
ARCAM A2 machine, and one test specimen produced using the conventional metallurgy
process folowed by hot forming . The initial samples were cylindrical with a diameter of
18 mm and required fine turning and grinding procedures to reduce the surface
roughness, which was unsuitable for subsequent coating.

The fine turning process was performed with common parameters, including a cutting
depth of 0.1 mm and a cutting speed of Vc = 0.042 m/s on the on the turning center SBL
500 Trens Trencin. The turning parameters that varied depending on the sample are
shown in Table 2. Samples produced additively are designated with the letter "AM,"
while the conventionally produced sample is designated with the letter "K."

Tab. 2: Tool offset during sample processing

Sample f[mm/okr] [’ [mm/s]
AM1 0,05 0,0375
AM?2 0,15 0,1125
AM3 0,26 0,195

K1 0,05 0,0375

After the turning process, the diameter of the samples was reduced from 18 mm to 16
mm, and the surface roughness was measured using an electromechanical device with a
stylus, the Surface Roughness Tester TR200/210/220. Following the roughness testing,
the cylindrical samples were cut into 10 mm disks. The surface roughness test was
repeated after the deposition of a TiN coating using the PACVD process.

Prior to the PACVD TiN coating, the cut disks underwent grinding using a waterproof
range of sandpapers with grit sizes P600, P800, P1200, and P2000 to further reduce
surface roughness and enhance coating adhesion.

The PACVD coating process for both additively and conventionally produced titanium
alloys was carried out in a Riibig GmbH type PC 70/90 commercial vacuum furnace, as
shown in Figure 1, with parameters presented in Table 3.
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Fig. 1: Riibig PC 70/90

Tab. 3: PACVD process parameters

Process T [°C] t[h] p [mbar] Nz[1/h] | Hz[l/h] | Ar[l/h] | TiCla[l/h] | P[W]
Heating 510 3 2 / / / / /
Sputtering 520 1 2 20 200 10 / /

Coating process 520 6 2 45 200 10 7 3000
Cooling 20 4 2 / / / / /

Following the completion of the PACVD process, surface roughness measurements were
conducted, and coating evaluation included coating thickness determination using the
calotest method, coating adhesion according to the VDI 3198 method, and nanohardness
testing based on EN ISO 14577-2:2002 standard.

The calotest method involves rotating a ball pressed onto the coated test sample while
introducing an abrasive mixture between the ball and the sample. After a fixed number
of rotations, the size of the formed crater can be used to calculate the wear and the
thickness of the deposited layer. The equipment used for calotest thickness evaluation is
shown in Figure 2.

Fig. 2: Calotest thickness testing machine
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A hard metal ball with a diameter of 15 mm was used in the process, rotating at a
frequency of 300 rev/min for 20 seconds. The coating thickness is calculated using the
formula 1. Variables D and d are represented in Figure 3.

D%-d?2
e=— (1)

ball

abrasive slurry R
. e /
coating N &
e d —»p
- D -

Fig. 3: Coating thickness determination using calotest

The Rockwell test prescribed by the VDI 3198:1991 standard is a destructive test of the
quality of coated components. This method involves using a diamond cone with a 120°
angle to penetrate the coating's surface, causing plastic deformation of the substrate and
fracture of the coating. The appearance of the coating around the indentation site is
shown in Figure 4a for coatings with good adhesion and in Figure 4b for coatings with
poor adhesion.

Acceptable failure Unacceptable failure

Fig. 4: a) Coatings with Acceptable failure, b) Coatings with Unacceptable failure

Nanohardness testing of the samples was performed using a DUH-211/211S device
(Figure 5) manufactured by Shimadzu Corporation, serial number 162304700117, in
accordance with EN ISO 14577-2:2002.
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Fig. 5: DUH-211/211S nanohardness testing device

The nanohardness testing process, shown in Figure 6, consists of two phases. In the first
phase, the coating layer is penetrated by an indenter, while in the second phase, the
indenter is removed, and relaxation of the coating layer and the substrate occurs. During
the testing, the depth of penetration did not exceed 0.2 pm.

FImN] 4

e . ]

»

hmax h'[um]

Fig. 6: Dependence of Indentation Force on Penetration Depth

3. RESULTS

3.1. Surface machinability of samples by fine turning

Results obtained from the application of turning parameters shown in Table 2, along
with constant geometry, cutting speed, and cutting depth, are presented in Figure 7a-c
for additively manufactured samples and Figure 8 for conventionally produced titanium
samples.

Fig. 7: a) Fine turned sample AM1, b) Fine turned sample AM2, c) Fine turned sample AM3
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Fig. 8: Fine turned sample K1

The results indicate that additively manufactured samples exhibit better machinability
compared to conventionally produced ones, as the K1 sample shows an excessively long
separated chip that wraps around the tool, necessitating process interruption and chip
removal. In AM samples, there is an increase in the width of the separated chip with the
increase in feed rate; however, these chips are not as long as those in the K1 sample.
Lower feed rates ensure reduced surface roughness, but samples processed using this
method face issues with separated chips that are highly likely to wrap around the tool,
further slowing down the process due to the need for chip removal.

3.2. Surface roughness

Surface roughness was first examined on AM samples after turning. The graphical
representation of the arithmetic mean of the deviation of the profile from the mean line
(Ra), the ISO 10-point height parameter (Rz), and the maximum peak-to-valley height of
the profile within a sampling length (Rmax) of additively manufactured samples is
shown in Figure 9.
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Fig. 9: Graphical representation of surface roughness parameters of AM samples after fine turning
Figure 9 illustrates that increasing the feed rate during turning results in higher surface
roughness due to inadequate material removal, leaving numerous surface irregularities.

Surface roughness test results after PACVD coating of TiN on the samples are presented
in Table 4 and Figure 10. The reported roughness parameters include the arithmetic
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mean of the deviation of the profile from the mean line (Ra), the ISO 10-point height
parameter (Rz), and the maximum height of the profile above the mean line within the

sampling length (Rp).
Tab. 4: Results of surface roughness examination for coated samples
Sample Ra, pm Rz, pm Rp, um
K1 untreated 0,070+ 0,022 0,678+0,180 0,462+ 0,134
K1 with PACVD TiN 0,097 £ 0,028 0,926+ 0,416 0,848+ 0,514
AM1 with PACVD TiN 0,061 +0,008 0,569+0,191 0,461+0,121
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Fig. 10: Graphical representation of surface roughness parameters of coated samples

From Table 4 and Figure 10, it is evident that the AM1 sample with PACVD TiN has the
lowest values of roughness parameters Ra, Rz, and Rp. This can be attributed to its

smoother machinability, resulting in better surface quality before and after coating.

3.3. Coating tickness

Figures 11a and 11b illustrate wear marks obtained from calotest method for measuring
coating thickness on K1 sample coated with TiN (Figure 11a) and AM1 sample coated
with TiN (Figure 11b).
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a) b)

Fig. 11: a) Coating thickness examination for K1 sample coated with TiN, b) Coating thickness
examination for AM1 sample coated with TiN

The measured coating thickness for the K1 sample coated with TiN is determined by
incorporating the measured values of the inner and outer diameter of the impression
and the radius of the ball into Equation 1. The average coating thickness is e = 1.58 pm.

The coating layer on the AM1 sample with TiN is not sufficiently thick to determine its
thickness using Equation 1. To achieve better adhesion and coating thickness, surface
roughness needs to be reduced. Additionally, reducing the amount of titanium oxide on
the surface of the base material is recommended, as it decreases the mechanical
properties of the coating.

3.4. Coating adhesion
Results of coating adhesion testing using the VDI 3198:1991 method for the K1 sample

coated with TiN (Figure 12a) and the AM1 sample coated with TiN (Figure 12b) are
presented.

Fig. 12: a) ) Coating adhesion testing for K1 sample coated with TiN, b) ) Coating adhesion testing
for AM1 sample coated with TiN

Both types of samples exhibited complete delamination of the coating. The
conventionally produced sample appeared to have a slightly better coating, while the
additively manufactured sample's coating was extremely thin and prone to fracture.

3.5. Coating nano-hardness

Results of coating nano-hardness testing according to EN ISO 14577-2:2002, consisting
of mean values and standard deviations, are provided in Table 5.
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Tab. 5: Results of mean nano-hardness values

Sample HV 0,01
K1 with PACVD TiN 2440,3 + 6444
AM1 with PACVD TiN 2183,2 +418,7

The testing showed that the conventionally produced K1 sample coated with a PACVD
TiN layer exhibited 12% higher hardness compared to the additively manufactured
sample coated with the same method and coating. This discrepancy is attributed to the
porous structure of the additively produced sample, resulting in reduced hardness of the
base material, and consequently, weaker support for the coating, leading to decreased
hardness.

4. CONCLUSION

The examination results demonstrated that additively manufactured TiAl6V4 alloy
samples have superior machinability compared to conventionally produced samples.
However, to improve the adhesion and thickness of the coating, it is necessary to reduce
surface roughness. The average coating thickness achieved on the conventionally
produced sample was e = 1.58 um, whereas for the additively manufactured sample, the
high degree of delamination and its brittleness made it impossible to determine the
average coating thickness using Equation 1.

To enhance the quality of the coating layer, it is recommended to reduce the presence of
titanium oxide on the surface, as this negatively impacts the adhesion and mechanical
properties of the coating. During the PACVD process, adjusting parameters should be
considered to optimize the process for desired workpiece dimensions, as the coating
process depends on the component's geometry.

Furthermore, nano-hardness testing revealed that the conventionally produced sample
coated with a PACVD TiN layer exhibited 12% higher hardness compared to the
additively manufactured sample coated with the same method and coating. This is due
to the porous structure of the additively produced sample, resulting in reduced hardness
of the base material and, consequently, a weaker support for the coating, leading to
decreased hardness.

In conclusion, additively manufactured TiAl6V4 samples show better machinability, but
efforts are needed to improve coating adhesion and thickness. Addressing surface
roughness and titanium oxide content on the surface can positively impact the coating
quality. Further optimization of the PACVD process and consideration of workpiece
geometry are essential for enhancing coating performance.
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Sazetak

Boriranje je vrsta toplinsko difuzijske obrade s primarnim ciljem povecanja povrsinske tvrdoce,
otpornosti na troSenje i korozije. Otpornost na troSenje boriranih dijelova ovisi o vrsti borida
koji nastaju na povrsini Celika i njihovoj debljini. U ovom radu ispitana je kinetika rasta boridnih
slojeva na Celiku za poboljsavanje 42CrMo4. Boriranje je provedeno u granulatu na temperatama
od 800 do 900°C, u trajanju od 1, 3 i 5 sati. Nakon boriranja ispitane su razlike u nastalim
boridnim slojevima za razliCite temperature i vremena boriranja. [zmjerena je debljina boridnog
sloja i tvrdo¢a po poprecnom presjeku uzoraka. Vrijednosti frekvencijskog faktora (d) i
aktivacijske energije za nastali borirani sloj odredene su pomocu Arrheniusove jednadzbe. Iz
faktora frekvencije i aktivacijske energije modelirana je jednadba za predvidanje rasta boridnog
sloja. Rezultati pokazuju razliku u debljini boridnog sloja i volumnom udjelu boridnih faza u
ovisnosti o temperaturi i vremenu boridiranja.

Kljucne rijeci: boriranje, 42CrMo4, boridna faza
Abstract

Boronizing is a type of thermal diffusion process with primary goal of increasing the surface
hardness, wear, and corrosion resistance. Wear resistance of boronized parts depends on the type
of borides that form on steel surface and their thickness. This paper focuses on evaluation of
borides layers that form on 42CrMo4 steel. Pack boronizing was carried out at temperature range
of 800-900°C in duration of 1, 3 and 5 hours. After boronizing differences in surface boride layers
were observed for different temperatures and time of boriding. Boriding compound depth and cross
section hardness was measured. From boriding compound depth values of frequency factor (d) and
activation energy were determent by means of Arrhenius equation. From frequency factor and
activation energy equation predicting growth of boride layer was determent. Results indicate
difference in boride layer thickness and volume share of boride phases depending on temperature
and time of boriding.

Keywords: Boronizing, 42CrMo4, boride phase
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1. INTRODUCTION

Boronizing is a type of thermal diffusion process with the primary goal of increasing the surface
hardness, wear, and corrosion resistance of different types of steel [1]. Pack boronizing, the most
used method of boronizing today can be carried out at different temperatures ranging from 800
to 1050°C and duration of 1 to 8 hours [2]. Depending on temperature, time and type of steel,
different boride layer forms on the steel surface. Besides the type of boride layer, thickness of
achieved layer is also very important. Understanding growth of boride layer is important for
predicting part wear and scheduling maintenance. For some types of steel like C45, the boride
layer growth rate is already calculated using the Arrhenius equation [3,4,5]. In this study using
Arrhenius equation frequency factor and activation energy were determent for 42CrMo4
borided steel. Frequency factor and activation energy were used for construction of equation
that predicts boride layer thickness depending on time and temperature of boronizing process.

2. EXPERIMENTAL PART

42CrMo4 is a commonly used steel known for quenching and tempering heat treatment, offering
a favorable balance of strength and toughness. In the presented study, 42CrMo4 steel underwent
boronization using Durborid 3 solid agent at temperatures ranging from 850 to 950°C for
durations of 1, 3, and 5 hours. The boronizing process was conducted in a chamber furnace
without the use of an inert atmosphere. To ensure uniform temperature distribution among all
samples, the specimens were gradually heated from room temperature within the furnace. An
additional hour was added to the boronizing duration to attain the desired temperature of the
samples due to the heat-insulating properties of the boronizing agent. Following boronizing, the
samples were transferred to a separate furnace held at 300°C to achieve a ferrite-perlite
microstructure. After boronizing all samples were longitudinal cross-sectional cut and prepared
for metallographic examinations. This preparation involved grinding with emery paper up to
2000 grit, alumina polishing, and etching with a 3% nital solution. After the metallographic
procedures, the thickness of the boride layers was measured using light microscopy. Cross-
sectional hardness assessments were performed using Vickers hardness testing to confirm the
presence of borides in the surface layer.

3. RESULTS

The boride layers formed on 42CrMo4 steel are compact and consist of a mono Fe;B boride
layer. The boride layer exhibits a saw-tooth morphology characteristic of boronizing low alloys
steels. Although the thickness of the boride layer increases with higher boronizing duration and
temperature, the growth rate slows down with an increase in duration, consistent with earlier
studies [6,7,8]. To measure the thickness of the boride layers and perform other experimental
measurements, 27 samples were boronized at temperatures of 850°C, 900°C, and 950°C for
durations of 1, 3, and 5 hours.
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Table 2: Boride layer thickness for 42CrMo4 steel [pum]

Temperature t=1h 6 1n [pm] t=3h 6 3n [um] t=5h o sh [pm]
850°C 23,30 1,61 38,12 1,31 48,44 2,04
900°C 42,47 0,165 59,37 1,38 81,47 1,77
950°C 58,64 0,860 93,44 3,42 102,69 1,78

Table 1 represents the different boride layer thicknesses [um] achieved at various durations and
temperatures of boronizing. Standard deviation [o] is also included in Table 1 to indicate the
degree to which boride layer thickness varies among different temperature and duration. Since
the formation of boron layers does not involve carbon, a carbon-rich region is present beneath
the boride layer, referred to as the 'carbon barrier," within the steel diffusion zone. This carbon
barrier effectively slows down the growth of the boride.

layer

Figure 1: Microstructure of boride layers formed by boronizing for 5 h at temperature of 900°C,
magnification 200:1

Figure 1 displays the morphology of the boride layer achieved after 5 hours of boronizing at a
temperature of 900°C. The boride layer measures 81.47 pm in thickness and comprises of mono
Fe;B layer along with other alloying elements and boron compounds. Following the
metallographic examination, cross-sectional microhardness was assessed at every 20 um using
the Vickers method (HVO0.1), starting from the surface and extending to the sample's core. The
Boronizing Hardness Depth (BHD) was calculated as the distance from the sample's surface to
the average depth of peaks and troughs of the Fe;B compound. All samples exhibit a robust outer
layer with hardness exceeding 1000 HVO0.1, and the core that remains unchanged after
boronizing. Notably, the hardness of the base material within the diffusion zone, between the
teeth and boron layer exibits higher hardness. This phenomenon arises due to elevated carbon
content, a result of its suppression beneath the border layer. Microhardness is illustrated in
Figure 2.
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Figure 2: Hardness distribution for samples borided at 950°C for 1, 3 and 5 hours

Figure 2 shows hardenss distribution across borided samples, blue curve represents hardeness
of sample borided for 1h at 950°C, orange curve sample borided for 3h at 950°C and gray curve
sample borided for 5h at 950°C.

Growth kinetics of boride layer is analysed by using classic kinetic method based on Arrhenius
equation. Diffusion process obeys parabolic law:

d2=Dt, (H

where d is diffusion layer thickness [m], D is growth rate constant [m2/s], t is diffusion duration
[s]. Dependence between boride layer thickness and square root of boronizing duration is
shown in Figure 3.
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Figure 3: Boride layer thickness as a function of boronizing time
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Figure 4: Boride layer thickness as a function of square root of boronizing duration

Figure 3 and Figure 4 confirm diffusion nature of boronizing described with parabolic rule. The
graf in Figure 4 reveals that thickness of diffusion layer linearly increases with square root of
duration.

The growth rate constants are estimated from data. The growth rate constants are 1,27-10-13,
3,37-10-13 and 4,97-10-13 m2/s at temperatures 850, 900 and 950 °C, respectively.. Activation
energy and frequency factor are estimated from the slope and y-intercept of the straight of log K-
time diagram. The frequency factor is 2,736-10-6 m2-s-1 and the activation energy is 156 178
J-mol-1. If considering used equations and determined data, expression for boronizing 42CrMo4
steel in observed temperature range and duration is derived as follows:

d

156178
2,736 *+ 1076t e~ RT (D

The thickness of the borided layer (m) can be calculated using expression (1) for a given time
and temperature. This expression can be verified by comparing it to values measured on real
samples. The results show errors in the expression ranging from 0.26% to 5.13% for different
temperatures and times.
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4. CONCLUSION

This paper examines boride layers formed on 42CrMo4 steel, displaying a characteristic saw-
tooth morphology common for boronizing low-alloy steels. To analize boride layer thickness
growth, 27 samples were boronized at temperatures between 850 and 950°C for durations of 1,
3, and 5 hours. Micro hardness measurements show presence of a hard outer layer and
unchanged core after boronizing, with hardness decreasing with distance from the surface. The
growth kinetics of the boride layer follow the Arrhenius equation, with diffusion obeying a
parabolic law. Growth rate constants are determined for different temperatures, and an
expression for boronizing 42CrMo4 steel is derived. The growth rate constants are estimated
from data. The growth rate constants are 1,27-10-13, 3,37-10-13 and 4,97-10-13 m2/s at
temperatures 850, 900 and 950 °C, respectively. Figure 4 shows dependence between natural
logarithm of growth rate constants and reciprocal values of boronizing temperatures. Activation
energy and frequency factor are estimated from the slope and y-intercept of the straight of log K-
time diagram. The frequency factor is 2,736-10-6 m2-s-1 and the activation energy is 156 178
J-mol-1. This expression is validated through measurements, revealing errors ranging from
0.26% to 5.13% for various temperatures and durations.
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Abstract

Carbon steel is a material often used in heating systems in civil buildings. It is generally susceptible
to uniform corrosion in water but localized corrosion like pitting and crevice corrosion can also
occur due to media contamination or local deposits on the pipeline walls. Stagnant water in the
system, especially during the period when the heating system is not working, can be very
detrimental for materials and can further accelerate corrosion. One method of corrosion
protection of heating systems is to add vapor phase corrosion inhibitors (VpCI) to the media,
considering that the system often consists of fittings and valves made of more noble metals like
copper and copper alloys. This paper investigates the protective performance of vapor phase
corrosion inhibitors for the reduction of corrosion in heating systems. In order to evaluate
corrosion inhibiting performance and to determine the optimal product concentration at room
and elevated temperatures, electrochemical polarization techniques including open circuit
potential, polarization resistance and Tafel extrapolation were utilized. The optimal concentration
of corrosion inhibitor was determined for efficient corrosion protection of all tested materials
including carbon steel, aluminium, and copper parts, which are the main metal components in the
tested heating system.

Keywords: heating system; multimetal components; media; vapor phase corrosion inhibitor
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Sazetak

Ugljicni celik je materijal koji se Cesto koristi u sustavima grijanja u civilnim zgradama.
Opcenito je osjetljiv na op¢u koroziju u vodi, ali lokalizirana korozija poput rupicaste i
korozije u procijepu takoder se moZe pojaviti zbog kontaminacije medija ili lokalnih
naslaga na stijenkama cjevovoda. Stagnacija vode u sustavu, posebno u razdoblju kada
sustav grijanja ne radi, moZe biti vrlo Stetna za materijale i moZe dodatno ubrzati koroziju.
Jedan od nacina zaStite od korozije sustava grijanja je dodavanje hlapivih inhibitora
korozije (VpCI) u medij, s obzirom da se sustav Cesto sastoji od armatura i ventila
izradenih od plemenitijih metala poput bakra i bakrenih legura. Ovaj rad istraZuje zaStitnu
ucinkovitost inhibitora korozije za smanjenje korozije u sustavima grijanja. Kako bi se
procijenila ucinkovitost inhibicije korozije i odredila optimalna koncentracija proizvoda
pri sobnoj i poviSenoj temperaturi, koriStene su tehnike elektrokemijske polarizacije
ukljuCujuc¢i potencijal otvorenog strujnog kruga, polarizacijski otpor i Tafelovu
ekstrapolaciju. Odredena je optimalna koncentracija inhibitora korozije za ucinkovitu
zaStitu od korozije svih ispitivanih materijala ukljucuju¢i ugljicni ¢elik, aluminij i bakrene
dijelove koji su glavne metalne komponente u ispitivanom sustavu grijanja.

Kljucne rijeci: sustavi grijanja; multimetalne komponente; medij; hlapivi inhibitori
korozije
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1. INTRODUCTION

A hot water heating system in civil buildings usually consists of a boiler and a system of
pipes connected to radiators. Common radiator materials are mild steel, stainless steel,
aluminium and cast iron. Mild steel tends to be the most popular material used to make
radiators due to its relatively low price, different design options and colours. However,
mild steel radiators can be prone to rusting, so they come with shorter
guarantees/durability. Mild steel is a material which corrodes uniformly on the surface
when exposed to open atmosphere, soils, and waters [1]. It is generally not susceptible to
localized corrosion in water, but pitting corrosion and crevice corrosion may occur due to
media contamination or deposits on the walls [2].

Figure 1 shows the damage and leakage of mild steel panel radiators in an office building.
Panel radiators were produced from cold rolled steel plate Fe P 01 according to EN 10130.
The wall thickness was 1.25 mm. Paint blistering, traces of water leaks and corrosion
products are visible at the damaged location. The first leakage was observed after 3 years
in service.

Fig. 1: Delivered radiators and location of wall perforation and leakage. Paint blistering at the site
of the leak.

Visual inspection of the cut sample at the leakage location revealed general corrosion
damage with pitting corrosion sites on the inner wall of the delivered radiators. Observed
corrosion products and oxides on the radiator walls indicate the corrosivity of water in
the heating system.

Damage and leaking were predominantly observed at the edges of or below the black non-
metallic layers/deposits on the inner walls of the radiator, which are likely the remnants
of an organic component (glue, melt or similar) from radiator production. Such localities
are the sites of crevice corrosion. Stereomicroscopic examination of the inner surface of
the cut radiator sample confirmed that damage occurred at the edge of the black deposits
on the inner wall of the radiator, which is shown in Figure 2.
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Fig. 2: Stereomicroscopic view of the observed intense localized corrosion and perforation on the
inside wall of the cut-out specimen. The corrosion damage is localized on the edge of the black
non-metallic layers.

After the stereomicroscopic analysis, the sample was cleaned with hydrochloric acid (HCI)
solution to remove corrosion products for better insight into the condition of the base
material, which is shown in Figure 3. Gray deposits dissolved into the HCI solution.
However, a black layer was observed that did not dissolve, which indicates that it is an
organic component most likely from the production of radiators.

Fig. 3: Inner surface of the cut sample after cleaning in HCI solution. Intensive corrosion wear is
located at the edges of the black layer.
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The Langelier saturation index (LSI = -0.46) and the Ryznar stability index (RSI = 8.5)
were calculated from physicochemical parameters of the analysed soft water. These
results indicate that the water in the radiator is aggressive at 20 °C, which is the water
temperature during the summer period when the water rests in the heating system. Also,
turbidity and black sediment were observed in the water samples taken from the radiator.
Chemical analysis showed that the black precipitate in the water is most likely to be
magnetite (Fe304), which is a product of general corrosion of mild steel radiators.

There are 3 possible solutions to mitigate the localized corrosion seen in the analysis of
the radiator internals:

1) change the material of the radiators,

2) discharge the water from the system during the summer period of dormancy
and drying,

3) reduce the aggressiveness of water by adding corrosion inhibitors.

Considering the need to maintain the same working conditions, elements, and the
material of the heating system parts, it was decided to use corrosion inhibitors. Mild steels
in general are susceptible to corrosion and the use of corrosion inhibitors is important for
their extended, safe, and cost-effective operation [3].

Corrosion inhibitors are chemical substances which, when added to a corrosive
environment, reduce the corrosion rate of metal. A special class of inhibitors are Vapor
phase Corrosion Inhibitors (VpCls). VpCI products contain organic substances that have
moderately high vapor pressures which allow them to prevent corrosion in the vapor
space where the VpCl is not in direct contact with the metal surface. The volatile
components of VpCI form a thin monomolecular film which, through ion activity, protects
the metal from corrosion. The resulting barrier prevents the corrosion reaction from
occurring on the metal surface [4].

2. EXPERIMENTAL STUDY

Based on the chosen solution, it was decided to add a multimetal corrosion inhibitor,
VpCI-649, to the soft water (SW) in the heating system to minimize corrosion. VpCI-649
is a concentrated liquid formulation that protects ferrous and non-ferrous metals from
corrosive solutions designed for open and closed looped systems. It combines contact and
volatile corrosion inhibitors along with antiscalants in a formulation that does not contain
nitrites, phosphates, or chromates [5, 6]. In 1 lit of soft water, 2.5 ml of inhibitor was
added.

To evaluate corrosion inhibiting performance and to determine its optimal concentration
at room (22%2) °C and elevated temperature (70+2) °C, electrochemical polarization
techniques including open circuit potential measurement, polarization resistance and
Tafel extrapolation in the heating water were employed. The testing was conducted in a
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standard three electrode test cell in relation to the reference saturated calomel electrode
(SCE), using a Potentiostat/Galvanostat device, Model VersaSTAT 3 (Princeton applied

research AMETEK). Metals tested were carbon steel, aluminium, and copper, which are
the main metal components in the tested heating system.

Polarization curves were registered after 1000 seconds of exposure to the testing solution
(water from the ion exchanger) in order to allow corrosion potential (Ecorr) stabilization.
Polarization resistance (Rp) was determined in a + 20 mV potential range around the
corrosion potential. During the potentiodynamic measurements, the working electrode
was polarized to the potential of + 250 mV relative to the corrosion potential and the
current (lcorr) response was measured. For interpretation of the obtained data, the
ZSimpWin Version 3.2 software was used. Assessment of rusting after corrosion testing
was conducted using stereomicroscope Leica MZ6.

3. RESULTS

Based on measured data of unprotected and protected samples, the corrosion rate (vcorr)
and corrosion inhibitor efficiency (1) were calculated [7]. Photomicrographs of the mild
steel samples after testing in uninhibited water showed traces of pitting and crevice
corrosion at room and elevated temperatures. Copper samples retained their general
appearance, while aluminium samples showed slight uniform corrosion at 70 °C.

The results are given in Tables 1, 2, and 3.

Tab. 1: Test results for mild steel

Electrolyte Soft water 2.5 ml inh. + 1 lit soft
water

Temperature 22%2°C 22x2°C

Ecorrvs. SCE -697.45 mV -271.13 mV

Rp 2.627 kQ 8.016 kQ

Icorr 39.197 pA 4.714 pA

Veorr 0.455 mm/year 0.0547 mm/year

n - 87.98 %

Temperature 702 °C 702 °C

Ecorrvs. SCE -694.997 mV -270.822 mV
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Rp 1.457 kQ 6.192 kQ
Icorr 53.285 pA 6.443 pA
Veorr 0.6187 mm/year 0.0748 mm/year
n - 87.91%
Tab. 2: Test results for copper
Electrolyte Soft water 2.5 ml inh. + 1 lit soft
water
Temperature 22+2°C 22+2°C
Ecorrvs. SCE -75.76 mV -440.22 mV
Rp 16.648 kQ 440.218 kQ
Icorr 2.612 pA 186.974 nA
Veorr 0.0606 mm/year 0.00433 mm/year
H - 92.85 %
Temperature 70£2°C 70+2 °C
Ecorrvs. SCE -98.15mV -137.40 mV
Rp 50.393 kQ 88.059 kQ
Icorr 1.121 pA 525.032 nA
Veorr 0.0259 mm/year 0.0122 mm/year
n - 52.86 %
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Tab. 3: Test results for aluminium

Electrolyte Soft water 2.5 ml inh. + 1 lit soft
water

Temperature 22+2 °C 22+2°C

Ecorrvs. SCE -590.41 mV -604.21 mV

Rp 11.389 kQ 184.22 kQ

Icorr 2.533 pA 793.697 nA

Vcorr 0.0281 mm/year 0.0088 mm/year

n - 68.68 %

Temperature 70£2 °C 70£2 °C
Ecorrvs. SCE -731.49 mV -848.35 mV
Rp 4.2038 kQ 3.891kQ
Icorr 4.839 pA 4.404 pA
Veorr 0.0537 mm/year 0.0489 mm/year

1 - 8.94 %

4. DISCUSSION

Soft water does not act aggressively on copper and aluminium, with the corrosion rate of
copper being the lowest of all tested materials.

The corrosion rate of aluminium in the uninhibited water is approximately equal to the
corrosion rate of mild steel in the inhibited water, which indicates that aluminium can be
used in the heating system instead of mild steel radiators.

5. CONCLUSION

Based on the conducted tests of the effectiveness of corrosion protection VpCI-649 proved
to be an effective inhibitor for steel, copper, and aluminium at room temperature and for
steel and copper at elevated temperature. The tested inhibitor showed lower efficiency
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protection for aluminium at 70 °C, although the corrosion rate was lower than in
uninhibited water. The recommended concentration of VpCI-649 inhibitor, for all tested
materials, in soft water was 0.25 vol%.
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Sazetak

U radu su prikazane metode i postupci konzervacije vatrenog oruZja primjenom isparavajucih
inhibitora korozije. TeZiSte rada usmjereno je na prikaz tehnoloskih faza pripreme materijala i
vatrenog oruZja za konzervaciju te neposrednog izvodenja kratkoro¢ne i dugorocne
konzervacije oruZja i pripadajuceg pricuvnog alata i pribora. Prikazani su postupci i kriteriji
medufazne i zavr$ne kontrole izvedenih radova konzervacije, kontrole stanja konzerviranog
vatrenog oruZja tijekom skladistenja te slucajevi u kojima se provodi dekonzervacija i
rekonzervacija. U zakljucku rada dati su prijedlozi za racionalizaciju troskova Kkonzervacije
vatrenog oruzja, uz zadrzavanje zahtijevane u¢inkovitosti primijenjenog tehnoloskog postupka.

Kljuéne rijeci: vatreno oruZje, konzervacija, isparavajuci inhibitori korozije, kontrola kvalitete

Abstract:

This paper presents methods and procedures for the conservation of firearms using volatile
corrosion inhibitor. The focus of the paper is to show the technological stages of the preparation
of materials and firearms for conservation and also the direct implementation of short-term and
long-term conservation of weapons and spare parts, tools and accessories. Procedures and
criteria for intermediate and final control of the performed conservation works, control of the
condition of preserved firearms condition during storage, and cases in which deconservation
and reconservation are carried out are presented. In the conclusion of the paper, proposals are
given for the firearms conservation costs rationalization, while maintaining the required
efficiency of the applied technological procedure.

Keywords: firearms, conservation, vapor corrosion inhibitors, quality control
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1. UVOD

Vatreno oruZje je prijenosno cijevno oruzje koje kroz cijev ispaljuje satmu, zrna ili
projektile, koristeci tlak plinova nastalih izgaranjem barutnog punjenja. Prema namjeni
vatreno oruzje se moZe podijeliti na vojno (borbeno), civilno, lovacko i sportsko. Najsiru
primjenu ima vojno vatreno oruZje, koje se, ovisno o konstrukciji, dijeli na: piStolje,
revolvere, puske, puskostrojnice, kratke strojnice, strojnice i ru¢ne bacace. Bez obzira na
Siroku primjenu i masovnu proizvodnju, najveca koliina vojnog vatrenog oruZzja se u
mirnodopskim uvjetima malo koristi. Zbog toga se ono cuva i skladiSti u tehnicki
ispravnom stanju, u uvjetima koji u predvidenom vremenskom periodu moraju osigurati
visoki stupanj ispravnosti, pouzdanosti i raspoloZivosti. Uvjeti i nacin skladiStenja i
cuvanja vatrenog oruzja moraju osigurati njegovu privremenu zastitu od korozije, koja u
protivnom moZe uzrokovati neZeljeno razaranje materijala pod utjecajem kemijskog ili
elektrokemijskog djelovanja okoline. Korozija uvijek pocinje na povrSini, a zatim se
sporije ili brze razvija i prodire u materijal, izazivajuéi pri tome promjene vanjskog
izgleda i mehanickih svojstava materijala, koji se djelomi¢no ili potpuno razara, pri cemu
se na njemu formiraju produkti korozije u obliku taloga (hrde). Kako bi se tehnicki
ispravno vatreno oruZzje, koje se privremeno nalazi izvan uporabe, zastitilo od korozije
te bi se na taj nacin osigurala ili produZila njegova uporabna vrijednost, potrebno je
poduzeti propisane mjere i postupke njegove zastite. Postoji viSe metoda i sredstava
zaStite od korozije, ¢iji izbor moZe ovisiti o nizu ¢imbenika (zahtjevi u pogledu
mobilnosti, vremena i uvjeta skladiStenja, materijala, oblika, konstrukcije, ekonomskih
¢imbenika), a jedna od metoda je primjena inhibitora korozije.

2. INHIBITORI KOROZIJE

Zastita od korozije najCeS¢e se postiZe odabirom korozijski postojanih konstrukcijskih
materijala, konstrukcijsko - tehnoloSkim mjerama u fazi projektiranja, nanosSenjem
zaStitnih prevlaka, elektrokemijskom zaStitom i zaStitom inhibitorima korozije [1].
Inhibitori korozije su tvari anorganskog ili organskog podrijetla u cijem prisustvu
agresivnost neke sredine postaje manja, Sto za posljedicu ima smanjenje brzine korozije
do tehnicki prihvatljivih granica.

Prema nacinu djelovanja, inhibitori korozije se mogu podijeliti na anodne, katodne i
mjeSovite (anodno-katodne) [1].

2.1. Anodni inhibitori korozije

Anodni inhibitori su kemijske tvari koje tvore zastitni sloj oksidnog filma na anodnim
dijelovima metala, uslijed Cega se smanjuje brzina korozije formiranog sprega. U ovu
grupu inhibitora se ubrajaju pasivatori (kromati, nitriti, molibdati, volframati i
vanadati), koji u otopinama s pH 5-9 prevode Fe, Ni, Co i njihove legure u pasivno stanje.
Medu anodne inhibitore ubrajaju se i tzv. talozni inhibitori (npr. vodeno staklo), koji s
ionima konstrukcijskog metala daju slojeve netopljivih korozijskih produkata [2].

2.2. Katodni inhibitori korozije

Katodni inhibitori izravno koce katodnu reakciju djelovanjem ili na reakciju izdvajanja
vodika ili na reakciju izdvajanja kisika, a mogu djelovati i kao taloZni inhibitori koji na
lokalnim katodama tvore netopljive produkte. Najvazniji katodni inhibitori su spojevi s
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arsenom, antimonom, kositrom, bizmutom, itd. (izravno koce katodnu reakciju) te
cinkove i kalcijeve soli, koje djeluju kao taloZni inhibitori.

2.3. MjesSoviti inhibitori korozije

MjeSoviti inhibitori imaju dvostruko djelovanje, i anodno i katodno. To su najcesSce
organski spojevi koji se adsorbiraju na metalnu povrSinu, stvaraju¢i zaStitne
monomolekulske filmove, pa se ¢esto nazivaju i adsorpcijski inhibitori (Zelatina, agar-
agar, Skrob, tanin, K-glukonat). U ovu skupinu inhibitora spadaju i derivati acetilena, soli
organskih kiselina, amini, nitrati, spojevi sa sumporom, tioalkoholi i sulfidi [2].

2.3.1. Isparavajuci inhibitori korozije

I[sparavajuci inhibitori korozije (VCI - Volatile Corrosion Inhibitors) ¢ine posebnu skupinu
inhibitora koji Stite metal od atmosferske korozije.

Ovi inhibitori Stite povrSinu metala na nacin da kondicioniraju atmosferu zatvorenog
(hermeti¢nog) prostora za$tithom parom koja sadrzi inhibitore (Slika 1.). Sirenjem
nastale pare unutar zatvorenog prostora, migriraju prema svim povrSinama metala koje
mogu biti izloZene korozivnim procesima. Pri dodiru s povrSinom metala dolazi do
kondenzacije pare i stvaranja tankog monomolekularnog zastitnog filma, koji putem
ionskog djelovanja Stiti povrSinu metala od korozije.

Specificnost ovog zaStitnog filma je da se kontinuirano odrZava i obnavlja daljnjom
kondenzacijom pare. Ove inhibitore takoder karakteriziraju jo$ dva vazna svojstva, a to
su: visoka otpornost apsorbiranog zastitnog filma na koroziju i dobra toplinska
stabilnost na visokim temperaturama [3].
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Slika 1: Mehanizam djelovanja isparavajucih inhibitora korozije [4]

Kada je rije¢ o preventivhom odrZavanju naoruZanja i vojne opreme, najSira prakti¢na
primjena zaStite metala od utjecaja atmosferske korozije isparavaju¢im inhibitorima
korozije je pri izvodenju postupaka konzervacije vatrenog oruzja.

Sukladno potrebama, novim spoznajama i razvoju novih tehnologija i materijala za
zaStitu, ovu primjenu je moguce proSiriti i na ostala, sloZenija sredstva, koja su
sastavljena od viSe razli¢itih sustava i podsustava, te proizvedena uporabom razlicitih
konstrukcijskih materijala.
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3. KONZERVACIJA VATRENOG ORUZJA

Konzervacija vatrenog oruZja predstavlja skup mjera i postupaka preventivnog
odrzavanja koje se izvode radi privremene zaStite vatrenog oruzja od korozije, odnosno
radi produZenja njegove uporabne vrijednosti i osiguranja ispravnosti u odredenom
vremenskom periodu.

Konzervaciji podlijeZu sva vatrena oruzja koje se:

* privremeno stavljaju izvan uporabe,

» Cuvaju u skladiStima,

* planiraju za remont ili popravak, a nece biti remontirana u doglednom vremenu,

* jisporucuju iz proizvodnje ili sa remonta, a ne¢e odmah i¢i na uporabu.
Konzervirano vatreno oruzje nuzno je prije ponovne uporabe dekonzervirati (odstraniti
zaStitna sredstva), a tijekom kontrole konzervacije i po isteku predvidenog roka
konzervacije, izvodi se rekonzervacija. Rekonzervacija se sastoji od dekonzervacije,
utvrdivanja tehnickog stanja vatrenog oruZja, otklanjanja eventualno utvrdenih
neispravnosti i ponovne konzervacije.

U sklopu konzervacije vatrenog oruzja izvode se pripremni radovi (¢iSCenje i suSenje),
tehnicki pregledi, postupci nanoSenja zastitnog premaza na metalne povrsine koje je
potrebno zastititi od korozije, hermetizacija i pakiranje u za to predvidenu ambalazu.
Priprema vatrenog oruzja za konzervaciju sastoji se od:

» odstranjivanja necistoc¢a, starih ulja i masti,

* mehanickog ili kemijskog uklanjanja produkata korozije,

= (iSc¢enja cijevi oruzja od produkata izgaranja,

» uklanjanja starih zastitnih premaza i naslaga bakra (debakarizacija) i

* suSenja.

Tehnicki pregledi se izvode kako bi se utvrdilo stvarno stanje ispravnosti vatrenog
oruZja i njegova pouzdanost, otklonile utvrdene neispravnosti te vatreno oruzje
pripremilo za sljedeci propisani period eksploatacije, odnosno kako bi se uputilo na visi
stupanj odrzavanja, reviziju ili remont, ukoliko za to postoji potreba.

NanoSenje zastitnog premaza predstavlja temeljnu fazu konzervacije, s tim da
primijenjeni zaStitni premazi moraju zadovoljavati zahtijevane tehnicke uvjete ili
utvrdene standarde propisane odobrenim tehnoloSkim postupkom konzervacije. Osim
tehnickih uvjeta i standarda koji se odnose na zaStitne premaze, tehnoloSkim
postupkom konzervacije propisuju su i ostala sredstva koja se koriste za pripremu i
zaStitu od korozije vatrenog oruZzja, a podijeljena su na: sredstva za ¢iS¢enje, sredstva za
zaStitu te sredstva za hermetizaciju i pakiranje.

Hermetizacija vatrenog oruzja tijekom konzervacije izvodi se u cilju zaStite vatrenog
oruZja od vanjskih utjecaja (izolacija od vlage i drugih kemijskih agenasa, zaStita od
mikroorganizama i dr.).

Pakiranjem vatrenog oruZja u propisanu ambalazu osigurava se njegova zastita od
mehanickih ili drugih neZeljenih djelovanja i oStetenja, koja mogu nastati tijekom
transporta, prenoSenja ili skladistenja.

Vrijeme trajanja konzervacije ovisi o:

= kvaliteti izvedene konzervacije,

* primijenjenim materijalima za konzervaciju,

= Kklimatskim uvjetima i mjestu Cuvanja,

= kvaliteti primijenjenih konstrukcijskih materijala u izradi vatrenog oruzja,

» Kkvaliteti temeljne zastite,

» primijenjenoj metodi konzervacije.
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Ovisno o vremenu trajanja zaStite, konzervacija moZe biti kratkorocna i dugorocna
(Slika 2.) [5].
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Slika 2: Vrsta i vrijeme trajanja konzervacije [6]

Kratkoro¢na konzervacija izvodi se na tehnicki ispravnom vatrenom oruZzju koje ¢e biti
izvan uporabe do 12 mjeseci, a koje se isporucuje korisniku iz proizvodnje ili sa remonta
te neispravnom vatrenom oruZju koje je kod korisnika, a planirano je i ¢eka na popravak
ili remont. Pri kratkoro¢noj konzervaciji primjenjuju se zastitni premazi koji se koriste
za podmazivanje i zastitu naoruzanja tijekom redovne eksploatacije. RaspoloZivost
ovako konzerviranog oruZja je gotovo trenutna, jer je dekonzervacija i priprema za
uporabu brza i jednostavna, a izvode je neposredni korisnici.

Dugorocna konzervacija izvodi se na tehnicki ispravnom vatrenom oruZju koje ¢e biti
izvan uporabe duZe od jedne godine, na vatrenom oruZju koje je planirano za
prekomorski transport ili koje ¢e se skladistiti i cuvati kraci vremenski period, ali pod
izuzetno nepovoljnim uvjetima. Za dugoro¢nu konzervaciju primjenjuju se posebna
zaStitna sredstva koja su propisana tehnoloskim postupkom dugorocne konzervacije
vatrenog oruZja, a izvodi je strucno osoblje koje je osposobljeno za preventivne i
korektivne radove odrzavanja.

3.1. Uvjeti rada i mjere zastite tijekom konzervacije isparavaju¢im inhibitorima
korozije

Vatreno oruzje konzervira se primjenom kontaktne metode nanoSenja zaStitnog
premaza na metalne dijelove oruZja, premazivanjem ili uranjanjem, zastitom koznih i
gumenih dijelova masS¢u te stavljanjem oruZja u prozirne polietilenske vrecice, uz
hermetizaciju i pakiranje u pripadaju¢u ambalazu.

Tijekom konzervacije posebnu pozornost treba posvetiti uredajima, alatu i priboru, kao i
uvjetima rada i mjerama zasStite (zastita osoblja koje izvodi konzervaciju, protupoZarna
zaStita i zastita okolisa).

Uredaji, alat i pribor koji se koriste moraju biti tehnicki ispravni te zadovoljavati uvjete
koji su neophodni za kvalitetnu i sigurnu provedbu konzervacije.

Osnovni uredaji, oprema, alati i pribori koji se primjenjuju tijekom konzervacije
vatrenog oruzja su:
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» komplet standardnog alata za odrZavanje vatrenog oruzja,

» komplet specijalnog alata za tehnicki pregled konkretnih vrsta i modela vatrenog
oruzja (kontrolnici kalibra i ravnosti cijevi, kontrolnici ceone zracnosti,
kontrolnici izlaza vrha darne igle i dr.),

» (Cetke za pranje i odmascivanje,

* mesingane Cetkice za CiSCenje cijevi vatrenog oruzja,

* posude za smjestaj odmasc¢ivaca, konvertera korozije i zastitnog premaza,

* aparat za zavarivanje plasticnih polietilenskih vrecica,

* pamucne i platnene krpe,

» vjeSalice i reSetke za cijedenje i suSenje oruzja,

» uredaji za mjerenje temperature i vlazZnosti zraka u prostoru namijenjenom za
konzervaciju,

* radna i zaStitna oprema (platnene rukavice, gumene rukavice otporne na naftu i
naftne derivate, zasStitne naocale, pregace, respiratori i dr.).

Radi Sto bolje kvalitete konzervacije, istu se izvodi po suhom i toplom vremenu
(relativna vlaZnost manja od 60 %, temperatura zraka iznad 15 °C). Prostori u kojima se
izvodi konzervacija moraju biti Cisti, bez praSine, ne smiju biti izloZeni djelovanju
agresivnih korozivnih agenasa. Konzervacija se izvodi u zatvorenom, dobro ventiliranom
prostoru, u pravilu u tehnickim radionicama, ali se u iznimnim okolnostima moze
izvoditi i na mjestima Cuvanja i skladistenja.

lako su isparljivi inhibitori korozije tvari Cije su osobine slicne eksploatacijskim
teku¢inama koje se koriste u naoruZanju i vojnoj opremi, sa donekle slicnim stupnjem
opasnosti po zdravlje ljudi i okoliS, mjere zastite tijekom konzervacije se posebno
reguliraju ovisno o:

* dnevnoj koli¢ini vatrenog oruZzja koje se konzervira,

» Kkoli¢ini i raznolikosti sredstava za konzervaciju koja se nalaze na mjestu
izvodenja radova,

* brojnosti i osposobljenosti osoblja koje izvodi konzervaciju,

* mjestuivremenu konzervacije.

Zbog navedenih razloga, potrebno je dobro poznavati karakteristike svih materijala koji
se koriste tijekom pripreme vatrenog oruzja za konzervaciju i neposrednu konzervaciju,
a prije svega one koje se odnose na opasnost po zdravlje ljudi, zapaljivost i reaktivnost.

3.2. Priprema materijala i priprema vatrenog oruZja za konzervaciju

Na mjestu gdje se izvodi konzervacija vatrenog oruZja doprema se samo dnevna koli¢ina
materijala za konzervaciju koja ¢e se planirano utroSiti. Priprema materijala
podrazumijeva odabir odgovaraju¢ih dimenzija antikorozivnih polietilenskih vrecica
temeljem vrste i dimenzija vatrenog oruZja koje ¢e se konzervirati, vizualni pregled
vreCica kako bi se utvrdilo ima li na istima mehanickih oStecenja i jesu li svi spojevi
vrecica nepropusni. Takoder, potrebno je pregledati i zastitni premaz koji ¢e se
primjenjivati, dobro ga promijeSati te se uvjeriti da istome nije istekao rok uporabe.
OsSteCene i neispravne vrecCice, kao i premaz kojem je istekao rok uporabe, se ne
upotrebljavaju za provedbu konzervacije.
Priprema vatrenog oruzja za konzervaciju provodi se kroz sljedecih pet faza:

» (iS¢enje oruZja od produkata izgaranja,

= vizualni pregled i uklanjanje produkata korozije,

= tehnicki pregled oruzja,

» odmaséivanje i

= pregled i priprema ambalaZze za pakiranje.
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3.2.1. Ciséenje oruzja od produkata izgaranja

Postupku c¢is¢enja oruzja od produkata izgaranja podlijezu svi dijelovi i povrSine oruZzja
koje tijekom opaljenja dolaze u kontakt sa produktima izgaranja baruta i inicijalnih
kapsula (cijev, klip, cilindar, plinska komora, zatvarac, dijelovi mehanizma za okidanje i
opaljenje, tromblonski nastavak, pojacivac trzaja i dr.) [3].

Cis¢enje dijelova oruZja izvodi se sredstvima za ¢i$¢enje i rastvaranje garezi, kao $to su
INA ASOL-S, VpCI-340 CLP, Bull Frog Rust Hunter i dr. Ciééenje se izvodi na nacin da se
oruzje rastavi na sastavne dijelove te se odvoje metalni dijelovi od drvenih i plasticnih
dijelova. Pamucna se krpa ili ¢etka za CiS¢enje natopi u sredstvo za CiS¢enje oruzja te se
provuce nekoliko puta kroz cijev kako bi se uklonio ostatak produkata izgaranja. Ukoliko
su oneciS¢enja izraZena, kanal cijevi oruzja potrebno je ostaviti premazan da odstoji do
15 minuta, nakon Cega je unutraS$njost cijevi nuzno dobro obrisati Cistim i suhim
krpama. Mehanizam za opaljenje i okidanje, zatvarac, plinski cilindar, klip, pojacivac
trzaja i drugi metalni dijelovi izloZeni djelovanju produkata izgaranja takoder se Ciste
Cetkama ili brisanjem krpama natopljenim u sredstvo za Cis¢enje.

Slika 3. prikazuje primjere nastanka korozije uslijed nepravovremenog ili neadekvatnog
CiS¢enja vatrenog oruzja na korisnickoj razini.

Slika 3: Pojava korozije na klipu plinskog cilindra uslijed neadekvatnog ¢iS¢enja oruzja

Poput cijevi oruZzja, i drugi dijelovi se mogu ostaviti premazani (natopljeni) sredstvom za
CiS¢enje u trajanju do 15 minuta, kako bi se nakon toga sa njih lakSe odstranili svi
produkti izgaranja. Ako se poslije brisanja i dalje primijete tragovi produkata izgaranja u
kanalu cijevi ili na drugim dijelovima i sklopovima oruZzja, postupak c¢iS¢enja je potrebno
ponoviti.

Pri radu sa sredstvima za CiS¢enje, u posude za rad se ulijevaju minimalne koli¢ine koje
su neophodne za nesmetano CiS¢enje jedne serije oruzja (2 do 3 litre), iz razloga brzog
oneciSCenja i isparavanja sredstva. Nakon utroSka sredstva za ciS¢enje, unutrasnjost
posude je potrebno obrisati krpom, a tek nakon toga uliti svjeZe koliCine sredstva za

CiS¢enje [3].

3.2.2. Vizualni pregled i uklanjanje produkata korozije

Nakon ciS¢enja od produkata izgaranja, na vatrenom oruZju se izvodi vizualni pregled,
kako bi se utvrdilo je li na metalnim dijelovima oruZja doslo do pojave korozije. Ako se
uoCi pojava korozije, ona se uklanja mehanickim ili kemijskim putem. Slika 4. prikazuje
primjere korozije cijevi vatrenog oruZzja kalibra 9 mm.
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Slika 4: Korozija cijevi vatrenog oruZzja kalibra 9 mm

Mehanicko uklanjanje korozijskih produkata izvodi se mesinganim cetkama, brusnim
platnom, papirom i slicnim abrazivnim materijalima.

Kemijsko uklanjanje korozije izvodi se na povrSinama koje imaju visoke tolerancije
izrade, pri ¢emu se koriste razlicite tekucine za transformaciju produkata korozije. U ovu
svrhu primjenjuju se biokemijske formulacije bez kiselina i helata, kao sto su VpCI-422,
VpCI-423 i dr. Ove tekucine omogucuju uklanjanje produkata korozije sa metala bez
stvaranja Stetnih naslaga. Na povrsinu oruZja nanose se prskanjem, premazivanjem ili
uranjanjem metalnih dijelova. Ovisno o stupnju razvoja korozije, ovako tretirane
povrsine dijelova oruZja potrebno je ostaviti da odstoje 15 minuta, a po potrebi i duze (i
do 5 sati), nakon cega se dijelovi oruzja ispiru vodom [7].

3.2.3. Tehnicki pregled vatrenog oruzja

Tehnicki pregledi vatrenog oruZja izvode se prema tehnickim uputama koje su
propisane za svaku vrstu i model sredstava posebno. Ovi pregledi spadaju u preventivno
odrzavanje, jer predstavljaju planski i unaprijed odreden skup aktivnosti koji se provode
s ciljem utvrdivanja ispravnosti i uporabljivosti oruzja, pravilnosti uporabe i korisnickog
odrzavanja oruzja te kompletnosti oruzja.
U okviru tehni¢kog pregleda izvode se vizualni pregledi, provjere i podeSavanja svih
znacajki oruZja propisanih tehnickim uputama za odrZavanje, pri ¢emu se primjenjuju
sljedec¢e osnovne metode i sredstva [5]:

= provjera kalibra (Slika 5.) i savijenosti cijevi,

» odredivanje stupnja nagriZenosti cijevi,

» provjera Ceone zracnosti (Slika 6.),

* provjera veliine izlaza vrha udarne igle.

¥

Slika 5: Provjera kalibra cijevi Slika 6: Provjera ¢eone zracnosti
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Neispravno vatreno oruzje, pricuvni alat i pribor se dugoro¢no ne konzervira, nego se
popravlja ili se neispravni dijelovi oruzja, alata i pribora zamjenjuju ispravnim, nakon
Cega se izvodi dugorocna konzervacija.

3.2.4. Odmascivanje, pregled i priprema ambalaze

Metalne povrSine vatrenog oruzja odmascuju se premazivanjem ili uranjanjem dijelova i
sklopova oruZja u posudu sa sredstvom za odmas¢ivanje (Slika 7.). Sa ovako uronjenog
oruzja se pomocu Cetki za ciS¢enje i pranje uklanjaju zaostali talozi konzervansa, stare
zaStitne masti i druge necistoce koje su prisutne. Tijekom odmas¢ivanja, posebnu paznju
nuzno je posvetiti teSko pristupa¢nim mjestima na oruzju, kako u istima nebi ostalo
zaostalih oneciS¢enja koja naknadno mogu izazvati pojavu korozije. Nakon
odmas¢ivanja, metalne povrsine se ne smiju dodirivati golim rukama, nego iskljucivo uz
primjenu zastitnih platnenih rukavica.

Kao sredstva za odmascivanje koriste se biorazgradiva sredstva na bazi vode, poput
VpCI-414, 415, 416 ili 419, koja imaju sposobnost uklanjanja naslaga teskih
ugljikovodika, masti i drugih spojeva koji stvaraju slojevite naslage, a ujedno pruZaju i
privremenu zastitu od korozije u vremenu izmedu odmasc¢ivanja i provedbe postupka
konzervacije [8].

Slika 7: Odmas¢ivanje uranjanjem u posudu

Paralelno sa odmasé¢ivanjem oruZja izvodi se pregled i priprema ambalaZe za smjestaj
vatrenog oruzja nakon konzervacije. Ovisno o vrstama i modelima oruzja, ono se pakira
u drvene sanduke pojedinacno (teSke strojnice) ili u ve¢im koli¢inama, najcesce 5 ili 10
komada u jednom sanduku (juriSne puske, poluautomatske puske, kratke strojnice). U
sklopu pripreme ambalaZe, sanduci se Ciste brisanjem suhim krpama ili Cetkama
natopljenim u sredstvo za odmasc¢ivanje te se na taj nacin odstranjuju zaostali
konzervansi, staro ulje, prasina i druge necistoce. Provodi se vizualni pregled sanduka i
unutarnjih pregrada, na kojima se nalaze leziSta za smjestaj oruzja (obloZena filcom ili
gumom), da bi se utvrdilo ima li na istima oStecenja koja bi mogla narusiti hermeti¢nost
oruzja nakon njegovog pakiranja u sanduke.

3.2.5. NanosSenje zastitnog premaza, hermetizacija i pakiranje

Odmasceni i oCiS¢eni dijelovi vatrenog oruZja, koji nisu zaSti¢eni postupcima bruniranja,
kromiranja i bojenja, premazuju se zastitnim premazom pomocu cetke (Slika 8.) ili krpe
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natopljene u zaStitno sredstvo. U izuzetnim slucajevima, kod vatrenog oruZja vecih
gabarita i sloZene konstrukcije, gdje se sve povrSine ne mogu premazati pomocu cetki ili
krpom, primjenjuje se postupak uranjanja oruZja u posude sa zastitnim premazom (Slika

9. [3].

Slika 8: NanoSenje zastitnog Slika 9: NanoSenje zastitnog premaza
premaza cetkom uranjanjem u posudu

Ukoliko se primjenjuje postupak uranjanja oruZja u zaStitno sredstvo, nakon uranjanja
oruZje je potrebno ocijediti stavljanjem na za to pripremljene vjesalice (Slika 10.) u
trajanju 10 do 15 minuta, kako bi se uklonio viSak zaStitnog premaza sa metalnih
povrsSina.

Slika 10: Cijedenje i susSenje oruzja

Kao zastitni premazi za konzervaciju primjenjuju se tekuc¢ine na bazi biljnih biolosko
razgradivih ulja (VpCI-325 ili VpCI-369D) koje djeluju na dva nacina. Prvo, ulje stvara
tanki zastitni sloj koji ¢vrsto prianja uz metalne povrsine i sprjecava pristup vlazi. Drugo,
pored ove uljne barijere, isparavajuci inhibitori korozije ulaze u prostor iznad ulja, te se
formira monomolekularni film na povrsini metala, stvarajuci zaStitnu prepreku za ostale
agresivne komponente prisutne u zraku [9].

Nakon premazivanja zaStitnim premazom, cijedenja i suSenja, oruZje se stavlja u
polietilenske vrecice, koje se zatvaraju pomocu aparata za zavarivanje plasti¢nih vrecica
(Slika 11.). Isti postupak se provodi na pricuvnom alatu i priboru, dok se dijelovi od
gume i koZe premazuju odgovaraju¢im zastitnim mastima. Ovako hermetizirano oruzje i

61



pripadajucdi pricuvni alat i pribor se pakira u za to pripremljenu ambalaZu za ¢uvanje i
skladistenje (Slika 12.).
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Slika 11: Umetanje oruZja u polietilenske vrecice i hermetizacija

Podaci o izvedenim radovima konzervacije upisuju se u tehnicku dokumentaciju
(tehnicki knjiZicu) oruZja, a na sanduke, odnosno pakiranja, postavljaju se liste
pakiranja, kontrolni kartoni konzervacije i naputci za dekonzervaciju. U tehnicku
dokumentaciju se upisuju podaci o metodi izvedene konzervacije, nadnevku izvodenja
radova, roku valjanosti zaStite te osoblju i ustanovi koja je izvrSila konzervaciju.
Navedeni podaci se upisuju i u kontrolni karton konzervacije, koji se postavlja na
vidnom mjestu sa vanjske strane pakiranja. Na kontrolnom kartonu konzervacije se
nalaze i dodatni podaci koji govore o sadrzaju pakiranja, bez potrebe za njegovim
otvaranjem (naziv i vrsta oruzja, broj komada u pakiranju, tvornic¢ki brojevi oruzja,
kalibar, nagriZenost cijevi).

Slika 12: Pakiranje oruZja u sanduk

Ovako konzervirano vatreno oruzje skladiSti se u zatvorenim objektima, sa rokom
trajanja konzervacije do 6 godina.

Stanje konzerviranog vatrenog oruzja tijekom cuvanja i skladiStenja kontrolira se
redovnim (dnevnim, tjednim, tehnickim i zapovjednim), izvanrednim (komisijski,
tehnicka kontrola) i specijalnim pregledima (revizija). Za svaki pregled propisuje se
opseg radova, nadleZnost, postupak i periodi¢nost. Pregledi se izvode na propisanom
broju slucajno odabranih uzoraka, ovisno o vrsti i cilju pregleda.

Po isteku roka valjanosti konzervacije ili uslijed naruSavanja konzervacije, provodi se
rekonzervacija. Rekonzervacija obuhvaca postupke dekonzervacije, ponovnog tehnickog
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pregleda, eventualnog popravka ukoliko se utvrde neispravnosti te (ponovne)
konzervacije.

Dekonzervacija je postupak kojim se vatreno oruZje priprema za upotrebu
odstranjivanjem zaStitnih sredstava, a izvodi se u slu¢ajevima isteka roka konzervacije,
pri izvodenju tehni¢kog pregleda, pri kontroli stanja i pri izvanrednoj upotrebi [5].

4. ZAKLJUCAK

Konzervacija kao sastavni dio strategije preventivnog odrZavanja ima izuzetan znacaj za
osiguranje zahtijevanog stupnja pouzdanosti i raspoloZivosti vatrenog oruZzja koje se
privremeno nalazi izvan uporabe. Primjenom razli¢itih metoda i postupaka
konzervacije, osigurava se tehnicka ispravnost vatrenog oruzja u propisanom periodu
trajanja zastite, uz niZe troSkove odrZavanja nego da se ono nalazi nekonzervirano kod
korisnika ili na skladistu. Bez obzira koja se metoda konzervacije primijeni, izuzetnu
vaznost za njenu ucinkovitost ima pravilna priprema materijala i oruzja za konzervaciju
te provedba svih faza konzervacije, sukladno propisanim tehnologijama. Postupci
konzervacije i dekonzervacije isparavaju¢im inhibitorima korozije su jednostavni i
zahtijevaju znatno krace vrijeme za njihovu provedbu, u odnosu na ranije primjenjivane
metode i postupke. Ovako propisani postupci smanjuju troskove odrzavanja sa aspekta
uporabe radne snage i racionalizacije kapaciteta za njihovu realizaciju, ali i osiguravaju
gotovo trenutnu spremnost vatrenog oruZja za uporabu. Osim zadrZavanja zahtijevanog
stupnja ispravnosti i pouzdanosti vatrenog oruZja u propisanom roku trajanja
konzervacije, primjena isparavajuc¢ih inhibitora korozije na odgovaraju¢i nac¢in dovodi
do smanjenja opasnosti od zagadenja okoliSa i ukupnog smanjenja opasnog otpada, iz
Cega se moZe zakljuciti da ona predstavlja znatan tehnoloSki i ekonomski napredak i
odrzivost. Daljnje smanjenje troSkova konzervacije moguce je posti¢i pracenjem stanja
konzerviranog vatrenog oruzja na odabranom uzorku i nakon isteka roka valjanosti
konzervacije te eventualnim revidiranjem postojecih tehnoloskih postupaka u segmentu
koji se odnosi na kontrolu i produljenje vijeka trajanja zastite.
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Abstract

Spur gears are often shot peened in addition to carburizing to increase the surface’s hardness and
improve their bending fatigue properties. However, even though shot peening increases bending
fatigue lives, it may have an undesirable effect regarding the fatigue crack initiation location. In
this paper, an experimentally validated computational model based on the finite element and
fatigue analyses is employed to compare bending fatigue lives and crack initiation locations
between carburized and carburized and shot peened spur gears. The multilayer method is utilized
to find the most critical surface and subsurface layers at the gear’s tooth root. Their respective
bending fatigue lives are calculated based on the hardness and strain-life method, and the layer
with the lowest fatigue life is denoted as critical, obtaining the crack initiation location. The results
demonstrate that, even though shot peening increases the fatigue life of a spur gear, the crack
initiation location shifts below the surface, making it harder to detect. Hence, some guidelines are
provided to lower the probability of subsurface fatigue crack initiation.

Keywords: Finite element method, spur gears, shot peening, carburizing, bending fatigue
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1. INTRODUCTION

Shot peening is one of the most commonly used surface-hardening methods for metal
components. In addition to carburizing, components such as metal gears are often shot
peened to increase the surface hardness while inducing compressive residual stresses,
prolonging the fatigue life in the gear’s tooth root, i.e., bending fatigue life [1-4]. However,
even though the induced compressive residual stresses benefit the fatigue life of a surface
layer, the fatigue crack may initiate below the surface, as demonstrated in [5-7], lowering
the probability of its timely detection.

In this paper, an already established and experimentally validated computational model
[8] is employed to demonstrate the effect of shot peening and differentiate between the
location (surface vs. subsurface initiation) of bending fatigue failure in surface-hardened
spur gears. Two cases of surface-hardened spur gears are considered: only carburized and
carburized with the addition of shot peening. Their hardness, residual stress profiles, and
crack initiation locations are compared. Lastly, some guidelines are provided for lowering
the probability of subsurface fatigue crack initiation.

2. MATERIALS AND METHODS

2.1. Geometric and material parameters

A computational model of a single-tooth bending fatigue (STBF) test is employed in this
paper to demonstrate the effect of shot peening on bending fatigue in surface-hardened
spur gears. A schematic representation of an STBF test with the corresponding numerical
model of 18CrNiMo7-6 spur gear established via the finite element method (FEM) is
shown in Fig. 1. The numerical model of an STBF test is modelled based on [1], where the
pulsating load F; is applied in a sinusoidal manner to induce bending fatigue. It should be
noted that a detailed description of the computational model can be found in [6]. Only the
most important aspects of the computational model are shown here due to simplicity.
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Fig. 1: STBF test: a) schematic representation, and b) the numerical model with a close-up of the

observed tooth root region [6]

The finite element software Abaqus [10] was employed for the simulation. According to
Pehan et al. [11], plane stress can be assumed if the gear’s width is equal to or lower than
six times its module, which is the case in this paper according to Tab. 1. Hence, a 2D
numerical analysis was carried out to reduce computational costs. Plane stress
quadrilateral elements (CPS4 in Abaqus) are applied to the entire model.
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Material and geometric parameters of the specimen gear are taken from [2] and [3],
respectively, and shown in Table 1.

Tab. 1: Parameters of the specimen gear [2, 3]

Parameter Value
Number of teeth 24
Module 5 mm
Profile shift coefficient 0.11
Face width 30 mm
Normal pressure angle 20°
Tip diameter 134 mm
Base material 18CrNiMo7-6
Modulus of elasticity 210 GPa
Poisson’s ratio 0.3

Lastly, hardness and residual stress profiles for only carburized and carburized and shot
peened gears are taken from [9], where the effect of shot peening was investigated on
steel discs made of the same material as the gear used for an STBF test, i.e., 18CrNiMo7-6.
Hardness and residual stress profiles are shown in Fig. 2.
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Fig. 2: Hardness and residual stress profiles applied to the tooth root of the specimen gear for: a)

carburized gear, and b) carburized and shot peened gear [9]

The depth of the tooth root region is taken as 0.7 mm (Fig. 1) to ensure that the regions
where hardness and residual stresses change the most are covered (Fig. 2). The observed
tooth root region is meshed with equally sized rectangular elements to facilitate the
employment of the multilayer method (Section 2.2.), as shown in Fig. 3. A total of 56
elements are assigned to the observed tooth root region in the depth direction. Hence, the
width of each element is 0.7 mm/56 = 0.0125 mm. To increase the accuracy of the results,
each of the three layers shown in Fig. 3 is equally partitioned two more times, obtaining
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12 layers. Hence, for 12 layers, the first four layers are each two elements wide, the second
four are four elements wide, and the last four layers are eight elements wide.
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Fig. 3: Assigning layers to the observed tooth root region: a) surface layer, b) first subsurface layer,

and c) second subsurface layer

Lastly, previous investigations [6, 7] have already demonstrated that the critical location
for subsurface failure is near the region where compressive residual stresses are the
lowest. However, the load-induced stress is still relatively high, i.e., the region closest to
the surface with the lowest compressive residual stresses (or, absolutely speaking,
highest residual stresses). According to Fig. 2, these regions are located at 0.1 mm (for
carburized gears) and 0.2 mm (for carburized and shot-peened gears) from the surface.

Therefore, only the first surface layer represented by the first two rows of elements
(almost always the critical region for fatigue failure) is modelled for simplicity. In addition
to the first surface layer, two subsurface layers located at the aforementioned critical
regions are modelled for each case. Specifically, for a carburized gear, layers 4 and 5 are
chosen, representing depths between 0.075-0.1 mm and 0.1-0.125 mm, respectively. For
a carburized and shot peened gear, layers 6 and 7 are chosen, which represent depths
between 0.15-0.2 mm and 0.2-0.25 mm.

2.2. Methods

A detailed explanation of the employed method can be found in [6]. Here, only a brief
description is provided.

Firstly, constant hardness and residual stress values are assigned to each of the 12 layers
(or in this case, only layers 1, 4, 5, 6, and 7, as previously mentioned) by averaging the
values from Fig. 2 based on the multilayer method [12], which assumes homogenous
material behaviour within each layer. It should be mentioned that, for the carburized gear
(without shot peening), it is assumed that all investigated layers (1, 4, and 5) have the
same hardness of 700 HV due to the negligible change in hardness shown in Fig. 2. For the
carburized and shot peened gear, the hardness values are averaged for each layer due to
an obvious change in hardness shown in Fig. 2.

The hardness method [13] is then employed to obtain strain-life fatigue properties for
each layer according to the following equations:

of = 4.25-HB + 225 (1)
. 0.32-HB? — 487 - HB + 191 000 2)
Ef ==
E
b =—-0.09 (3)
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c=-0.56 (4)

where o, is the fatigue strength coefficient, HB is the averaged Brinell hardness for each
layer (Vickers hardness is converted to Brinell hardness according to the hardness
conversion tables in [14]), b is the fatigue strength exponent, g, is the fatigue ductility

coefficient, c is the fatigue ductility exponent, and E is the modulus of elasticity.

The bending fatigue life of each layer is calculated according to the strain-life (&-N)
method. Specifically, for the surface layer, the Basquin-Coffin-Manson relation with
Morrow’s mean stress correction is employed via Eq. (5), while Smith-Watson-Topper’s
mean stress correction is employed for subsurface layers via Eq. (6):

Aed  (0F — 08 — Ores)?

21 _ ( f mE res) (sz)b + 81."(2Nf)c (5)
Aef (07)? '

21 (Ua + 0-1?1 + Ures) = E (ZNf) + Gfgf(ZNf)b+C (6)

a

A . . . . . .
where 281 is the actual strain amplitude corrected for elastoplastic behaviour via

Neuber'srule, o’ isthe actual load-induced mean stress also corrected via Neuber’s rule,
o, is the averaged residual stress for each layer, and 2Nris the number of reversals until
fatigue failure.

Finally, the number of cycles required for bending fatigue crack initiation, i.e., bending
fatigue life, is obtained for each of the three layers in a carburized spur gear (layers 1, 4,
and 5), as well as layers 1, 6, and 7 in carburized and shot peened spur gear. Due to the
relative complexity of the analysis, the fatigue calculation software FE-Safe [15] is
employed. Lastly, according to [9], the steel discs had a surface finish of Ra = 0.8 um after
carburizing. Hence, a predefined range of 0.6 pm < Ra < 1.6 um is chosen in FE-Safe and
applied only to the surface layer (layer 1) in both cases.

3. RESULTS AND DISCUSSION

Predicted bending fatigue lives with corresponding failure locations for a carburized gear
and carburized and shot peened gear are shown in Fig. 4. Layers 1, 4, and 5 are shown in
Fig. 4a), while layers 1, 6, and 7 are shown in Fig. 4b).

\ |/
LOGLife-Repeats \ LOGLife-Repeats
(Avg: 0%) ~ (Avg: 0%)

5.060 ; Min: 4.497 , 5.915

Min: 5.340
Elem: GEAR-1.9043
Node: 9578

Min: 4.497
Elem: GEAR-1.9941
Node: 6174

Fig. 4: Predicted bending fatigue lives and locations for a pulsating load of 90 kN: a) carburized

gear, and b) carburized and shot peened gear
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The predicted fatigue lives are shown in logarithmic measurement. In other words, the
estimated bending fatigue life for a carburized gear (Fig. 4a) is 104497 = 31 405 cycles,
with the critical location being the surface layer (layer 1). The estimated bending fatigue
life for a carburized and shot peened gear is 105340 = 218 776 cycles (Fig. 4b), with a
critical location being layer 6 (0.15-0.2 mm below the surface).

The results in Fig. 4 demonstrate that bending fatigue lives of gears can be significantly
increased by shot peening (an increase in the number of cycles by almost 10 times)—
however, the location of bending fatigue crack initiation shifts from the surface to the
subsurface region. Consequently, detecting the fatigue crack is more difficult, especially
since non-visible subsurface fatigue crack may rapidly propagate through the brittle,
carburized layer and reach the critical length required for sudden fracture.

A possible solution to the abovementioned problem may be a longer carburization time
or decreasing the gear’s module [8]. Longer carburization time will increase the presence
of compressive residual stresses at the critical subsurface location (0.2 mm in this paper
according to Fig. 2b). As a result, the critical subsurface location will be additionally
“protected” with beneficial compressive residual stresses. However, one should be careful
not to exceed the recommended carburizing depth according to ISO 6336-5 [16].

On the other hand, decreasing the gear’s module increases the gradient at which load-
induced stresses decrease from the surface in a depth direction [17, 18]. Consequently,
the critical subsurface location will be subjected to lower load-induced stresses,
increasing the fatigue life.

The abovementioned two possible solutions are schematically depicted in Fig. 5.
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Fig. 5: Schematic representation of the critical region for subsurface bending fatigue failure in
carburized and shot peened gears for two identical sets of load-induced stress curves: a) lower

carburization time/depth, and b) higher carburization time/depth
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4. CONCLUSION

In this paper, an experimentally validated computational model was employed to
investigate the bending fatigue behaviour of only carburized and carburized and
shot-peened spur gears. The computational model comprises a finite element model used
to obtain stresses and strains of the observed gear’s tooth root. Then, the multilayer
method was employed to separate the observed tooth root region into 12 layers (starting
from the surface in the depth direction) and assign constant hardness and residual stress
values to each layer. The hardness method was employed to obtain the fatigue parameters
of each layer, and the strain-life method with Morrow’s and Smith-Watson-Topper’s mean
stress correction was used to estimate the bending fatigue lives of each layer. The layer
with the lowest fatigue life was denoted as critical. The following conclusions can be
drawn:

1) Additional shot peening of carburized spur gears increases their bending fatigue
lives. For a pulsating load of 90 kN on a single tooth bending fatigue (STBF) device
simulated in this paper, an increase in bending fatigue lives of nearly 10 times was
observed.

2) Even though shot peening increases the bending fatigue lives, the failure location
shifts from surface to below the surface, making it harder to detect timely. This may
result in misdiagnosing a faulty gear as healthy since the subsurface crack is not
visible. As a result, through further exploitation, the crack may rapidly propagate
through the brittle carbonized layer, causing tooth fracture and gear failure. Hence,
special care should be taken during service intervals of carburized and shot-peened
gears to account for possible subsurface fatigue crack initiations.

3) Longer carburization time or lower gear’s module may alleviate the problem of
subsurface bending fatigue crack initiation. Longer carburization time will increase
the presence of beneficial compressive stresses while lowering the gear’s module
will decrease load-induced stresses at the critical subsurface region.

In future work, longer carburization times and lower gear modules will be investigated in
more detail via computational models to explore their effect on decreasing the probability
of subsurface bending fatigue cracks.
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Sazetak

PVD prevlake tvrdih spojeva smanjuju adhezijsko i abrazijsko troSenje, a pojedine vrste prevlaka
takoder smanjuju faktor trenja. Temperatura PVD postupka je niZa od temperature popustanja
Celika za poboljSavanje, nema deformacija dijelova i unoSenja novih naprezanja. Tijekom
toplinske obrade PVD postupak se izvodi na kraju. U radu je ispitan utjecaj nanoSenja PVD
prevlaka (cVIc i nACVIc) na otpornost adhezijskom troSenju celika za poboljSavanje C45E. Uzorci
su prije postupka prevlacenja toplinski obradeni normalizacijom, poboljSavanjem i kaljenjem.
Rezultati mjerenja su obradeni statisticki. Na temelju provedenih eksperimentalnih ispitivanja
utvrdeno je da otpornost adhezijskom troSenju PVD prevlaka ovisi o vrsti prevlake, a manje o
prethodnoj toplinskoj obradi celika.

Kljuéne rijeci: PVD (Physical Vapour Deposition) prevlake, adhezijsko trosenje
Abstract

PVD coatings of hard compounds reduce adhesion and abrasion wear, and some types of coatings
also reduce the friction factor. The temperature of the PVD process is lower than the tempering
temperature of hardening and tempering steels, there is no deformation of the parts and no
additional stresses. In the case of heat treatment, the PVD process is carried out at the end. In this
work, the influence of PVD coatings (cVIc and nACVIc) on the adhesive wear resistance of hardening
and tempering steel C45E was studied. Before coating, the specimens were heat treated by
normalizing, hardening and tempering and hardening. The measurement results were statistically
evaluated. Based on the experimental tests performed, it was found that the adhesive wear resistance
of PVD coatings depends on the type of coating and less on the previous heat treatment of the steel.

Keywords: PVD (Physical Vapour Deposition) coatings, Adhesion Wear
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1. INTRODUCTION

The desired properties of machine parts and tools are achieved by selecting the
appropriate material and applying various methods of classical heat treatment and heat
treatment of surface layers.

One of the methods of heat treatment of surface layers is physical vapor deposition or PVD
(Physical Vapor Deposition). In vapor deposition, a surface layer is created that has a
different composition than the substrate material, and there is no diffusion into the
surface layers of the substrate. The coatings are created by transporting particles, i.e.
atoms, molecules and ions, in a vacuum. In PVD processes, the metal component of the
coating is physically converted from a solid to a vapor phase. PVD processes can be used
to produce very thin hard or protective coatings of various chemical compounds. PVD
coatings made of hard compounds reduce abrasive wear, and the reduction of the friction
factor leads to a reduction in adhesive wear [1, 2]. The coatings produced by PVD process
generally adhere well to the base material and reduce its surface roughness. The PVD
process is carried out as a final treatment, since the PVD coating does not require any
subsequent heat treatment. This process is carried out at temperatures below 500 °C,
which is why steels tempered at high temperatures (high-speed steels, tool steels for hot
work, hardening and tempering steels) are also suitable for it [3].

PVD processes are used in the manufacture of parts in numerous industries: Automotive,
military, textile, food, wood, chemical and paper industries, as protective and decorative
coatings for medical devices and various products made of metal, glass, ceramics, etc. For
environmental protection reasons, PVD process is also introduced as a substitute for
electroplating with cadmium, zinc, hard chrome, nickel, etc. [4].

2. EXPERIMENTAL WORK

As part of research into the applicability of PVD coatings to structural steels, the effect of
applying PVD coatings on the resistance to adhesive wear of C45E structural steel was
investigated experimentally. The test was performed on 18 test specimens fabricated
according to the drawing shown in Figure 1.

T
i
20

e |

Fig. 1: Test specimen for wear resistance measurement

Before the coating process, three groups of six specimens each were heat treated by
normalizing, hardening and tempering, and hardening. After heat treatment of each
group, two specimens were coated with cVIc type coating, two specimens were coated
with nACVIc type coating, and two specimens were left without coating.

C45E steel is an unalloyed carbon structural steel for hardening and tempering. Due to its
low through-hardenability, it is used up to a diameter of 40 mm, and in exceptional cases
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up to 100 mm for less heavily loaded parts. It is often used in the normalized condition. It
is used for the production of medium strength machine parts, such as screws, shafts,
spindles, larger gears in pairs, connecting rods, etc. [5].

The selected parameters of heat treatments normalizing, hardening and tempering and
hardening for the above three groups of test specimens are listed in Table 1.

Tab. 1: Heat treatment parameters for C45 steel [6]

Normalizing Hardening and tempering Hardening
9n =840 °C Ja =840 °C 9r =560 °C Ja =840 °C
tn=1h ta=1h tr=2h ta=1h
Cooling in air Water quenching Cooling in air Water quenching

The coatings of type cVIc and nACVIc were selected due to the requirements for high
hardness of the surface layer and low friction factor, which are important in the selection
of steel for the production of machine parts. The application temperature is in the
temperature range in which hardened and tempered structural steels are used.

The cVIc type coating is a double coating with a nanostructure formed by the combination
of TiCN + CBC coating. TiCN coating is a conventional coating and CBC (Carbon Based
Coating) is a basic carbon coating. The CBC component is used as a dry lubricant to reduce
the friction factor.

The nACVIc type coating is a double coating with a nanostructure formed by the
combination of nACRo + CBC coating. nACRo (nc AlCrN/a-Si3N4) is a nanocomposite
coating and the CBC component is used as a dry lubricant to reduce the friction factor. For
the nACVIc coating, a titanium layer is applied to improve the bond with the base material.

The basic properties of the selected coatings are listed in Table 2.

Tab. 2: Properties of the selected PVD coatings [7]

. Nanohardness, C.oatlng Friction factor Service
Coating Color thickness, temperature
GPa (on steel) o
pum C
cVic grey 25 1-2 0.15 400
nACVIc blue-grey 40-25 1-10 0.15 450

2.1. Coating of the specimens

Coating of the specimens with PVD coatings was carried out in the Gazela-Platit company
(Krsko, Slovenia). The coating parameters were chosen according to the type of individual
coatings. For the cVIc type coating, the process temperature was 450 °C, and for the
nACVIc type coating, the process temperature was 460 °C. The duration of the two
processes was the same. In the first phase of the process, the object is heated to the coating
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temperature for 1 hour. In the second phase, electronic cleaning was performed for 15
minutes. The third phase of the process is a coating for 3 hours. The transformation of the
metal (metal component of the coating) from a solid to a gaseous state was carried out
using an electric arc. Before removal, the specimens were cooled in the oven to a
temperature of 100 °C for 1 hour.

2.2. Testing of adhesive wear resistance

Tribological tests were performed using the pin-on-disk method on the Taber-Abrazer
device (model 503) in the Materials Testing Laboratory of the Mechanical Engineering
Faculty in Slavonski Brod.

The test specimen was in a friction coupling with a plate of ductile cast iron EN-GJ]S-400-
12S. Ductile cast iron was chosen because it has been shown to be an optimal tribological
mating material for the manufacture of parts exposed to adhesive wear [8]. The test was
performed with two test specimens for each heat treatment condition. A digital optical
microscope was used to measure the diameter of the wear surface on the test specimens,
after which the volume losses and wear indices were calculated.

Before each test, the plate was sanded with 320 grit sandpaper, which corresponds to
roughness class N4, i.e. Ra is between 0.1 pym and 0.2 pm, and cleaned with alcohol to
remove the influence of the previous test. The examination of the specimens and the
measurement of the diameter of the wear surface were carried out after 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 revolutions. At each
revolution, the specimen travels a distance of 257.6 mm, and after 1000 revolutions, the
distance traveled was 257.6 m.

In accordance with ASTM G99 standard, the specimen was loaded with a force of 9.81 N
[8]. The volume loss was calculated based on the average of two measurements of the
diameter of the wear surface of a single specimen according to equation (1):

_ mad*

AV =
64-R

(1)

where: AV - volume loss, mm3
d - diameter of the wear surface, mm

R - radius of the calotte of the specimen, mm (R = 3 mm) [9].

Examples of the measurement of the diameter of the wear surface and the appearance of
the specimens after 1000 revolutions of the plate are shown in Figures 2 to 10.
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Fig. 2: Wear marks on Fig. 3: Wear marks on Fig. 4: Wear marks on
normalized C45E steel after normalized C45E steel with normalized C45E steel with
1000 revolutions cVIc coating after 1000 nACVIc coating after 1000
revolutions revolutions

Fig. 5: Wear marks on Fig. 6: Wear marks on Fig. 7: Wear marks on
hardened and tempered hardened and tempered hardened and tempered
C45E steel after 1000 C45E steel with cVIc C45E steel with nACVIc
revolutions coating after 1000 coating after 1000

revolutions revolutions

Fig. 8: Wear marks on Fig. 9: Wear marks on Fig. 10: Wear marks on
hardened C45E steel after hardened C45E steel with hardened C45E steel with
1000 revolutions cVIc coating after 1000 nACVIc coating after 1000
revolutions revolutions

A diagrammatic representation of the calculated volume loss values of C45E steel for the
normalized, hardened and tempered and hardened condition, without coating, with cVIc
type coating and with nACVIc type coating can be found in Figures 11, 12 and 13.
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Fig. 11: Diagrammatic representation of the calculated volume losses on normalized C 45E steel
without coating, with cVIc coating and with nACVIc coating
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Fig. 12: Diagrammatic representation of the calculated volume losses on hardened and tempered C
45E steel without coating, with cVIc coating and with nACVIc coating

Steel C45E - K

=4=C45E,K =#=C45E, K+ cVIc == C45E, K+nACVIc
0,020

oo /__‘_M_/.M—d
0,010 /
0,005

0,000 < < < < g 4

0 100 200 300 400 500 600 700 800 900 1000
number of disk revolutions

volume losses A4V mm?®

Fig. 13: Diagrammatic representation of the calculated volume losses on hardened C 45E steel
without coating, with cVIc coating and with nACVIc coating
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2.3. Wear index

The effect of PVD coating application on the wear resistance of normalized, hardened and
tempered and hardened C45E structural steel was investigated by comparing the wear
index. Wear indices are used to quantify the wear resistance of different materials.
Materials with a lower wear index have better wear resistance. Wear indices are
calculated using the volume loss method after 1000 revolutions of the disc. The volume
loss wear indices are calculated according to equation (2):

. AV-1000
iy = 2Y1000 2)

n

where: iav = wear index of volume loss
AV = volume loss, mm3

n = number of disk revolutions [10].

Table 3 shows the calculated wear indices of volume loss of the test specimens after 1000
revolutions of the disk.

Tab. 3: Wear indices of volume loss of test specimens after 1000 revolutions of the disc

Steel Heat treatment Coating type Sp;(;;l;(en sz?:gedﬁ)xs :f
1.1.1 0.004907
Without coating
1.1.2 0.006438
1.2.1 0.001064
Normalized cVic
1.2.2 0.000275
1.3.1 0.005317
nACVIc
1.3.2 0.007398
2.1.1 0.009288
Without coating
2.1.2 0.014605
C45E Hardened and Ve 2.2.1 0.002529
tempered 222 0.005095
2.3.1 0.018995
nACVIc
2.3.2 0.011122
3.1.1 0.000099
Without coating
3.1.2 0.000109
3.2.1 0.002236
Hardened cVic
3.2.2 0.003086
3.3.1 0.009160
nACVIc
3.3.2 0.023956
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2.4. Analysis of the results

In order to determine the influence of the heat treatment and the type of coating on the
adhesive wear of the structural steel C45E, a statistical analysis of the wear index of the
volume loss after 1000 revolutions of the disk was performed, according to the data
shown in Table 3.

Table 4 shows the results of statistical data processing of the wear index of volume loss
of test specimens for structural steel C45E which were heat treated by normalizing,
hardening and tempering and hardening before coating with cVIc and nACVIc PVD

coatings.

Tab. 4: Analysis of variance of the wear index of the volume loss of the test specimens for the

probability of the first defect of type 5%

Sum of Degrfees Mean | F critical
o -ratio,
Source of squares, | o eedom,| Sduare Pvalue | vAluefora | o entar
variation ) F significance
SS df MS level of 0.05
A - Heat 5,6025 - No
0,0001121 2 T 3,1146 | 0,093765 | 4,256495 significant
treatment 105 factor
B - Coatin A
tvpe 8 0,00032725 2 0,0001636 | 9,0965 | 0,006903 | 4,256495 significant
yp factor
Interaction 3,9952 - No
AB 0,00015981 4 ’10_5 2,2210 | 0,1472 3,633089 significant
interaction
1,7988 -
Error 0,0001619 9 10
Total 0,000761 17

By analyzing the data variance of the wear index of volume loss of specimens of structural
steel C45E, which is shown in Table 4, it can be claimed with a confidence level of 95%

that:

» the heat treatment of the steel has no significant effect on the resistance to
adhesive wear (F < F critical value for a significance level of 0.05)
» the type of coating has a significant influence on the resistance to adhesive wear
(F > F critical value for a significance level of 0.05)
» there is no significant interaction between the heat treatment of the steel and the
type of coating
(F < F critical value for a significance level of 0.05).
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3. CONCLUSION

Increasing wear resistance is one of the reasons for using PVD coatings. When analyzing
the results of the adhesive wear resistance test, a significant difference in wear depending
on the type of coating was found for structural steel C45E.

For C45E steel in normalized and hardened and tempered condition, the lowest wear was
observed after coating with cVIc coating. Although both coatings have the same friction
factor, the adhesive wear resistance of C45E steel with the cVIc coating is higher than with
the nACVIc coating. The reason for this is probably to be due to the adhesive properties of
cVIc and nACVIc coatings.

C45E steel in the hardened condition had the lowest wear without a coating and the
highest with nACVIc type coating. The reason for the lowest wear achieved in the
hardened condition of C45E steel without coating is that the hard PVD coating can peel off
during adhesive wear, which would then also lead to abrasive wear as individual particles
act as abrasives.

The resistance of PVD coatings to adhesive wear depends primarily on the type of coating
and less on the steel grade and prior heat treatment.
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Abstract

The appearance of modern agromechanization drastically simplifies and makes the job of processing and storage of
hay easier, but the use of machinery entails certain maintenance conditions of machine parts and equipment. If
machine parts, which are necessary to transmit power from the drive unit to the working machine, are improperly
designed or maintained, difficult working conditions and failure may occur. This paper describes failure analysis of
a bevel gear form a hay tedder. The tests carried out on the sample involved studying the microstructure on the
border and in the core of the bevel gear, chemical composition analysis and hardness measuring.

Keywords: hay tedder, gear, bevel gear, failure analysis

Sazetak

Pojavom moderne agromehanizacije znatno je olaksan i pojednostavljen posao obrade i skladistenja sijena, ali je
prilikom koristenja mehanizacije nuzno redovito odrZavanje koristenih strojnih dijelova i opreme. Ukoliko strojni
dijelovi koji sudjeluju u prijenosu snage sadrze konstrukcijske greske ili su nepravilno odrZavani, nastupaju oteZani
uvjeti rada i dolazi do pojave kvara. U radu je provedena analiza uzroka kvara pogonskog stoZnika okretaca sijena.
Proucavana je mikrostruktura jezgre stoZnika i ruba zuba, analiziran je kemijski sastav materijala stoZnika, te je
izmjerena tvrdoca.

Kljucne rijeci: okretac sijena, zupcanik, stoZnik, analiza uzroka kvara
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1. UVOD

KoSnjom trave i suSenjem na suncu se dobiva sijeno koje ima veliku ulogu u prehrani Zivotinja. Do
kvalitetne hrane za stoku i ostale prezivaCe u zimskom dobu dolazi se pravovremenim provodenjem
postupaka koSnje trave, ispravnim suSenjem i manipulacijom pokoSene trave, te odgovaraju¢im
postupcima kompaktiranja i skladiStenja suhog sijena. Razvojem tehnologije i agrotehnicke
mehanizacije prijedeno je s manualnog rada na rad s mehanizacijom. Takav nacin rada znatno olakSava
manipulaciju sijena i omogucuje kvalitetnu nutritivnu prehranu Zivotinja u ruralnim dijelovima, ¢ak i u
zimskim razdobljima uz pravilno izveden proces baliranja sijena. Kod procesa kosnje trave razlikuju se
oscilirajuce kose koje mogu biti s ,prstima“ ili u izvedbi s dva noza, te rotacijske kose koje mogu biti s
bubnjevima ili tanjurima. Mehanizaciju koja omogucuje preSanje sijena nakon njegovog pravilnog
suSenja Cine preSe za sijeno kojima se smanjuje volumen rasutog sijena i olakSava njegova manipulacija.
Razlikuju se preSe za male kockaste bale, koje na veéim gospodarstvima postaju preSe za velike
kockaste bale, te preSe za valjkaste bale koje mogu biti prese s elasticnom tlacnom komorom, te prese
s tlatnom komorom stalnog oblika.[1]

U ovom radu opisana je mehanizacija za preokretanje i skupljanje sijena. Cilj koriStenja navedenog tipa
mehanizacije je brZe prosuSivanje pokoSene krme koja se tako moze uskladistiti prije pojave kiSe, s
minimalnim gubicima hranjivih tvari. Strojevi koji se koriste za rastresanje, natresanje i okretanje sijena
zovu se natresaci i okretaci sijena. Stariji okretaci sijena nisu bili pogonjeni pogonskim vratilom nego
su se pokretali samim kretanjem agregata (traktora). Primjer takvog stroja su noSene zvjezdaste grablje
prikazane na slici 1.[1]

Slika 1. NoSene zvjezdaste grablje [2]

Stroj koji sluzi za manipulaciju sijena je rotacijski okretac-rastresaC sastavljen od konstrukcije s
pricvrséenim rotorima i pripadaju¢im vilama koje u paru rotiraju u suprotnim smjerovima. Najcesci
kvarovi na ovakvom tipu stroja su lom zubaca na vilama, te oSte¢enja unutarnjih dijelova prijenosa
uslijed ulaska necCisto¢a izmedu dvaju zupcanika u zahvatu ili zbog nedostatka maziva. Primjer
rotacijskog okretacCa-rastresaca prikazan je na slici 2.[1]
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Slika 2. Rotacijski okretac¢-rastresac proizvodaca SIP [1]

Rotacijski okretac-prigrtac (slika 3) slican je rotacijskom okretacu-rastresacu, te uz sve operacije koje
obavlja rotacijski okretac-rastresac, moZe obavljati i operaciju prikupljanja krme u zbojeve (redove).

[1]

Slika 3. Rotacijski okretac-prigrtac proizvodaca Deutz [1]

Primjeri strojeva koji sluZe za manipulaciju sijena su rotacijske grablje i okretac sijena s beskrajnom
trakom i elasti¢nim zupcima. Rotacijske grablje obavljaju samo operaciju prikupljanja osuSenog sijena
u redove (slika 4). Okretac sijena s beskrajnom trakom i elasti¢cnim zupcima prikljucuje se, kao i ostali
okretaci sijena, na straznji dio traktora, na trozglobnu hidrauli¢nu poteznicu, povezivanjem u tri tocke
(slika 5). Rad stroja ostvaruje se povezivanjem traktora i radnog stroja priklju¢nim kardanskim
vratilom. [1]
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Slika 5. OKkretac sijena s beskrajnom trakom i elasti¢cnim zupcima

2. MATERIJALI I METODE

U radu je analiziran uzrok kvara stoZznika rotacijskog okretaca-rastresaca sijena, tj. oSteceni pogonski
stoznik jednog od cetiri rotora okretaca sijena koji se pogoni priklju¢ivanjem na kardansko vratilo
radnog stroja (traktora). Spomenuti okretac sijena KRONE KW 5.50 / 4 x 7 T prikazan je na slici 6.

Slika 6. Okretac sijena KRONE KW 5.50 / 4x 7 T [4]

2.1.Vizualni pregled uzroka

Vizualnim pregledom uzorka utvrdeno je da je doslo do djelomi¢nog odvajanja zuba stoznika. Po cijelom
obodu stozZnika vidljivi su tragovi troSenja (pitting). Takoder je uocena i pukotina s unutrasnje strane
utora za pero koja je uslijed troSenja propagirala duZ cijele visine stoZnika. Opisana ostecenja stoZnika
i pukotina prikazani su na slikama 7 i 8.
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Slika 8. Osteceni stoZznik

Daljnim vizualnim pregledom stoZnika uocena je i pukotina nasuprot utora za pero koja je takoder
propagirala cijelom visinom stozZnika. Takoder je uoceno kako je vlasnik pokuSao popraviti pukotine
koje su izbile na povrSinu stoZnika postupkom zavarivanja. Pukotina nasuprot utora za pero i zavari na
donjoj strani stoZnika prikazani su na slikama 91 10.

Djelomi¢no

Slika 9. OSteceni stoZnik - odozgo Slika 10. Zavari na donjoj strani stoZnika

85



Nakon Sto je zabiljeZeno pocetno stanje stoZnika, primjenjene su razorne metode kako bi se stoZnik
prerezao na tri dijela i potom izvadio dio u kojem je bilo oSte¢enje. Rezanje stoZnika provedeno je uz
vodeno hladenje i podmazivanje u Laboratoriju za metalografiju na Fakultetu strojarstva i
brodogradnje. Za daljnje izdvajanje uzoraka za ispitivanje koriSten je dio s pukotinom i utorom za pero.
Na slici 11 prikazani su dijelovi stoZnika dobiveni rezanjem stoZnika, a na slici 12 preostali dijelovi
stoZnika na svojim originalnim pozicijama.

Slika 12. Preostali dijelovi stoznika na

Slika 11. Izrezani dijelovi oSte¢enog stoznika originalnim pozicijama

[z izdvojenog komada stoZnika s utorom za pero izrezani su reprezentantni dijelovi za daljnju analizu.
Nakon izdvajanja reprezentativnih dijelova uzorak je stavljen u kalup i zaliven polimernom masom
(slika 13). Uzorak je potom bruSen papirima razli¢ite granulacije (P120, P32, P600, P1200, P2400 i
P4000), te poliran dijamantnim pastama granulacije 3 um i 0,03 um. Nakon brusenja i poliranja uzorak
je nagriZen u 3% otopini nitala.

Detalj A

Slika 13. Ispitni uzorci
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3. REZULTATIISPITIVANJA

3.1. Analiza mikrostrukture svjetlosnim mikroskopom

Mikrostruktura jezgre i ruba zuba uzorka analizirana je svjetlosnim mikroskopom Olympus GX51.
Na slici 13 detalj A predstavlja pukotinu na suprotnoj strani utora za pero. Na slikama 14 i 15
prikazane su mikrostrukture jezgre i ruba zuba uzorka koriste¢i povecanje 500x, te je vidljivo kako
je iujezgriina rubu zuba prisutna martenzitna mikrostruktura.

Slika 14. Mikrostruktura u jezgri stoZnika Slika 15.Mikrostruktura na rubu zuba

Pukotina, oznacena kao detalj A na slici 13, prodire u unutrasnjost materijala ali ne propagira po cijelom
poprec¢nom presjeku vec¢ se zaustavlja na odredenoj dubinu unutar stoznika (slika 16).

Slika 16. Pukotina na uzorku

Pretpostavlja se da je uzrok pojave pukotine premali radijus u korijenu utora za pero. Radijus u korijenu
utora za pero izmjeren je koriste¢i programski paket Image/ upisivajuéi kruZznicu u zaobljeni rub utora
(slika 17). Mjerenjem je dobivena vrijednost radijusa zaobljenja 0,185 mm.
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Slika 17. Mjerenje radijusa pomocu programskog paketa ImageJ

Prema normi BS 42135-1:1972 (ISO/R773) izmjereni bi radijus trebao biti minimalno 0,25 mm.
Vrijednost izmjerenog radijusa u ovom radu (na slici 17) je premala i kao takva predstavlja
koncentrator naprezanja. Prema [5] potrebno je zaobliti rubove korijena utora za pero u glavini i u
vratilu kako bi se smanjilo zarezno djelovanje, Sto u ovom slucaju nije napravljeno.

Pukotina nasuprot utora za pero nastala je zbog nastanka dodira u dvije toc¢ke spajanjem vratila i
glavine. Na jednoj strani dolazi do dodira preko pera, dok na drugoj strani dolazi do neposrednog
dodira. Slika 18 prikazuje dodir u dvije toCke vratila i glavine.

Slika 18. Dodir u dvije toc¢ke vratila i glavine [5]

3.2. Analiza kemijskog sastava

Analizom kemijskog sastava u Laboratoriju za analizu metala Fakulteta strojarstva i brodogradnje
postupkom opticke emisijske spektrometrije utvrdeno je da je stoZnik izraden od cCelika za
cementiranje EN 20MnCr5. U tablici 1 prikazani su rezultati kvantitativne kemijske analize.
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Tablica 1. Kemijski sastav uzorka

Uzorak %

C Si Mn P S Cr Mo Ni Cu Fe

Stoznik | 0,25 0,26 1,13 | 0,015 | 0,025 1,06 0,06 0,17 0,19 | ostatak

3.3. Mjerenje tvrdoce

U radu je provedena metoda ispitivanja tvrdoce prema Vickersu. Tvrdoc¢a je mjerena u dva niza od ruba
prema sredini zuba stoZnika koristeci opterecenje od 9,8 N (HV1). U prvom nizu je bilo 12 mjerenja, a
u drugom nizu 10. U tablicama 2 i 3 prikazani su rezultati mjerenja tvrdoce, dok je na slici 19 prikazan
graf koji prikazuje iznose tvrdoce na razli¢itim dubinama od povrsSine gdje je vidljivo da efektivna
dubina cementiranja (definirana prema DIN EN ISO 2639) iznosi 1,31 mm.

Tablica 2. Rezultati prvog niza mjerenja tvrdoce

Udaljenost od povrSine [mm] | Tvrdoéa [HV1]
0,055 826
0,210 826
0,302 781
0,420 810
0,595 826
0,810 694
1,010 592
1,190 602
1,455 547
1,705 500
1,995 523
2,330 500
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Tablica 3. Rezultati drugog niza mjerenja tvrdoce

Udaljenost od povrsine [mm] | Tvrdoé¢a [HV1]
0,125 858
0,300 875
0,500 842
0,730 701
0,960 643
1,190 583
1,540 531
1,855 531
2,185 523
2,405 539
Tvrdoca
1000
900
800
700
E 600
L. 550 oe
{500
=
= 400
'—
300
200
100
0 3

0 0,5 1 1,31 15 2 2,5
Udaljenost od povrSine [mm]

Slika 19. Dijagram tijeka tvrdoce po presjeku stoZnika i oznacena efektivna dubina cementiranja



4. ZAKLJUCAK

Na temelju provedenih analiza promatranog osSte¢enog dijela, analize mikrostrukture svjetlosnim

mikroskopom, analize kemijskog sastava uzorka i ispitivanja tvrdo¢e uzorka dolazi se do sljedecih
zakljucaka:

- materijal uzorka stoznika po kemijskom sastavu i mikrostrukturi odgovara ¢eliku za cementiranje EN
20MnCr5,

- izmjerena tvrdoca stoZnika je 875 HV1 u rubnom sloju, te 500 HV1 u jezgri uzorka,

- efektivna dubina cementiranja iznosi 1,31 mm,

- vizualnim pregledom je utvrdena prisutnost pukotine koja se pruzala cijelom visinom stoZnika i
pritom izazvala djelomi¢no odvajanje komada zuba istog,

- vidljivi su i tragovi troSenja (pittinga) po cijelom obodu stoznika koji su najvjerojatnije nastali
zbog manjka podmazivanja, te se mogao izbjeci nastanak istih ¢eS¢om primjenom maziva,

- uzrok djelomi¢nog loma zuba je nastanak pukotine u korijenu utora za pero i njena propagacija
kroz cijeli stoZnik zbog premalog radijusa korijena utora za pero,

- nastanak pukotine koja prodire duz cijele visine stoznika uzrokujuc¢i odvajanje dijela zuba je bilo
moguce sprijeciti kvalitetnijom obradom unutarnjeg ruba utora za pero izbjegavajuc¢i premale
radijuse kao moguce uzroke koncentracije naprezanja.
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Sazetak

Kamini na drva naSiroko se koriste za grijanje u stambenim i poslovnim okruZenjima, ali njihove
su vanjske povrsine izloZene visokim temperaturama i korozivnim tvarima, poput cade, pepela i
vlage. Premazi mogu zastititi pe¢ od ovih teSkih uvjeta, ali tradicionalni premazi na bazi otapala
imaju znacajne ekoloSke i zdravstvene nedostatke. Vodorazrjedivi premazi obecavaju¢a su
alternativa, ali njihova svojstva za zastitu Stednjaka jo$ nisu u potpunosti definirana. Ovaj rad
predstavlja jasan pregled nekih od klju¢nih svojstava premaza na bazi vode za zastitu kamina i
peci na drva kao Sto su prionjivost i otpornost na toplinski zamor i usporeduje ih s premazima na
bazi otapala. Na temelju provedenih ispitivanja dani su rezultati koji isticu neke od prednosti i
nedostataka premaza na bazi vode i pruzaju uvid proizvodacima pedci, dobavlja¢ima premaza i
regulatorima kako bi mogli donositi kvalitetnije odluke o odabiru i regulaciji premaza za peci na
drva.

Kljucne rijeci: Vodorazrjedivi premazi, prionjivost, otpornost na toplinu, premazi na bazi otapala.
Abstract

Wood burning stoves are widely used for heating in residential and commercial settings, but their
exterior surfaces are exposed to high temperatures and corrosive substances, such as soot, ash,
and moisture. Coatings can protect the stove from these harsh conditions, but traditional solvent-
based coatings have significant environmental and health drawbacks. Water-based coatings are a
promising alternative, but their properties for stove protection are not yet fully understood. This
article presents a comprehensive review of some of the key properties of water-based coatings
for wood burning stove protection and compares them with solvent-based coatings, such as
adhesion and cyclic heat resistance based on conducted tests. The review highlights some of the
advantages and disadvantages of water-based coatings and provides insights for stove
manufacturers, coating suppliers, and regulators to make informed decisions on the selection and
regulation of coatings for wood burning stoves.

Keywords: Water-based coatings, adhesion, heat resistance, solvent-based coatings.

92
Corresponding author: Borna Skrlec, borna.skrlec@fsb.hr



1. UVOD

Zastita od korozije viSestruko utjeCe na funkcionalnost konstrukcije, njenu trajnost i
sigurnost u radu, a samim time ¢ini i veliki udio u gradnji i odrzavanju. Zastita premazima
je najraSirenija metoda zaStite od korozije razli€itih celicnih konstrukcija. Kod tehnologije
zaStite premazima vrlo je vazno korektno izvodenje svih tehnoloskih operacijai pripreme
povrSine i nanoSenja premaza. Uz kvalitetu, postupci zaStite sve viSe moraju udovoljiti i
zahtjevu ne-Stetnosti na okolis i covjeka.

Visoka temperatura vrlo je bitan faktor koji utjeCe na pojavu i razvoj korozije te uvelike
smanjuje vijek trajanja proizvoda ili dijelova stroja. Visokotemperaturna korozija je tip
korozije koji se pojavljuje tamo gdje su temperature daleko iznad 100 °C kao na primjer u
dimovodima, ispuSnim sustavima automobila, dizelskim motorima, termoelektranama,
plinskim turbinama te ostalim strojevima koji dolaze u kontakt s vru¢im plinom koji
sadrZi odredena onecis¢enja [1, 2].

Medu metodama zastite od korozije istiCe se metoda zastite prevlakama zbog svoje
ucinkovitosti koja ovisi o brojnim ¢imbenicima kao $to su korozivnost okoliSa, vrsta
povrSine koja se zaStiCuje, trajnost sustava premaza, priprema povrSine te sama
tehnologija nanoSenja prevlake. Granica toplinske stabilnosti uobicajeno dostupnih
sustava premaza je unutar 60 °C [3], a na temperaturama u rasponu izmedu 200 °C do
300 °C vecina premaza na organskoj bazi postaje karbonizirana, au nekim slu¢ajevima ta
karbonizacija je popracena razvojem agresivnih plinova kao sto je klorovodik iz PVC-a [4]
pa se za zastitu od visokotemperaturne korozije koriste posebne vrste premaza. Svrha tih
visokotemperaturnih zastitnih premaza je odrZanje vanjskog izgleda i otpornosti na
toplinu tijekom duljeg razdoblja pri visokim temperaturama [5]. Visokotemperaturnim
prevlakama stvara se oksidni zastitni sloj izmedu okoline i samog materijala. Kako bi taj
oksidni sloj ispunio svoju zadadu zaStite materijala potrebno je da bude postojan na
visokim temperaturama, da dobro prianja uz podlogu materijala, da ima odredenu
gustocu te da je otporan na temperaturni Sok koji se javlja zbog naglih promjena
temperature. Najc¢eSce se koriste aluminijev oksid, kromov (III) oksid koji se koristi na
temperaturama do 900 °C, te silicijev dioksid koji moZe podnijeti i temperature do 1800
°C, ali je zbog velike potrebne koli¢ine silicija uporaba ovakvih vrsta premaza ogranicena
[6]. Dakle, materijali koji se koriste u visokotemperaturnoj okolini moraju ispunjavati
odredene kriterije kao Sto su ¢vrstoca i otpornost na mehanicki ili termodinamicki zamor,
a premaz kao takav mora pruziti odgovarajucu otpornost na okolis, biti kemijski i
mehanicki kompatibilan s podlogom, odnosno biti primjenjiv [7]. Premazi na bazi
silikonskih smola Siroko se primjenjuju kao materijali za nanoSenje zbog svojih
jedinstvenih svojstava, posebno onih vezanih uz vrlo dobru otpornost na visoke
temperature [6].

S druge strane, tu su vodorazrjedivi, takoder poznati kao premazi na bazi vode. Radi se o
premazima u kojima se voda koristi kao glavno otapalo ili nosa¢ umjesto tradicionalnih
organskih otapala. Ti premazi se sastoje od mjeSavine vode, smola, pigmenata, dodataka
i drugih sastojaka.

Vodeni premazi pruZaju nekoliko prednosti u odnosu na premaze na bazi otapala.
Ekoloski su prihvatljivi jer imaju niZe razine hlapljivih organskih spojeva, koji su Stetni za
okoli$ i ljudsko zdravlje. Takoder imaju smanjenu zapaljivost i manji miris. Vodeni
premazi se Cesto koriste u razli¢itim industrijama, ukljucuju¢i automobilsku, gradevinsku,
namjesStajnu i op€enito industrijske primjene [8].
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Ovi premazi se mogu nanositi na razlic¢ite podloge kao Sto su drvo, metal, beton i plastika.
U nacelu, pruzaju izvrsnu adheziju, trajnost i otpornost na abraziju, zahvaljuju¢i aditivima
koji su vazne komponente vodorazrjedivih premaza. Medutim, prisustvo tih aditiva
dovodi do faktora koji utjeCu na odgovaraju¢u adhezivnu snagu vodenih polimernih
premaza, tako da postaje sloZenija nego adhezivna snaga premaza na bazi otapala [9].

Vodorazrjedivi premazi su dostupni u razli¢itim formulacijama, ukljucuju¢i akrilne,
epoksidne, poliuretanske i alkidne premaze, pri cemu svaki ima specificna svojstva i
primjene, a vazno je napomenuti kako ti premazi nisu bez mana. Voda, naizgled
obecCavajuca zamjena za otapala u nekim situacijama, takoder je i klju¢na komponenta
korozije. Ako voda dode u dodir s podlogom prije nanoSenja premaza, moZe se poceti
pojavljivati tockasta hrda. Kako bi se osiguralo da se to ne dogodi, vodorazrjedivi premazi
moraju biti formulirani tako da se sva voda izvlaci kroz povrsinski sloj prije nego sto moZe
do¢i do korozije, Sto nije slucaj kod premaza na bazi otapala [8, 9].

U ovom radu ispituju se svojstva Cetiriju premaza: Solvalitt Black (SO), Senotherm UHT
2K-Hydro 3590 (SE), Thermodur 600 Aqua (TH) i Resist 78 (RE).

2. MATERIJALI I METODE

Provedeno je ispitivanje na cetiri vrste visokotemperaturnih premaza spomenutih u
uvodu, od kojih su dva na bazi otapala (plavo obojani u Tab. 1), a druga dva premaza su
nove formulacije visokotemperaturnih premaza na bazi vode. Uzorci su naneseni na
ploCice od ugljicnog celika koji se koristi za proizvodnju peci. PovrSina uzoraka je
pripremljena na dva nacina, dio uzoraka je pjeskaren, a drugi dio satmaren u toj
kompaniji. Koristeno je ukupno 24 uzorka, po Sest od svakog navedenog premaza, uz
uvjet da su tri uzorka istog premaza prethodno obradena pjeskarenjem (slovo P u oznaci
uzorka), a tehnika obrade povrsine koriStena kod druga tri uzorka bila je satmarenje
(slovo S u oznaci uzorka). Dakle, ispitano je 12 pjeskarenih i 12 sa¢marenih uzoraka.

Tab. 1: Svojstva ispitanih premaza

Otpornost Deblji-na Der?;u- Volumni Teore-
Premaz | Komp. Baza na Gustoéa | mokrog suhog sadrzaj tska
tempera- kg/1 filma, fil suhe tvari, izda-
turu, °C pm ima, % Snost
pum
. Silikonski
Soalitt | g akrilni 600 1,3 50-70 | 20-30 . 21-14
ack m2/1
premaz
Modifici-

Ther- rana 11
modur 1 silikonska 600 - - 15-30 44 m2/k
600 Aqua smola na &

bazi vode
Seno-
@i Na bazi
UHT 2K- 2 600 - - 0d 25 53 9 m?/kg
Hydro vode
3590
Anorgan-ski
cink etil 144-8
Resist 78 2 silikat koji 540 2,5 70-125 | 50-90 - H’lz/l
otvrdnja-va
vlagom
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Nakon premazivanja Celi¢nih plocica, izmjerena je i odredena debljina premaza. Od tri
seta uzoraka, jedan je ispitan u slanoj, drugi u vlaznoj komori, a tre¢i set bio je podvrgnut
visokotemperaturnom ciklickom ispitivanju, tj. ta je grupa uzoraka ispitana na
postojanost na ciklicku promjenu temperature, s maksimalnom postignutom
temperaturom od 450 °C. Potom je na uzorcima ispitana prionjivost , Cross-cut”“ metodom
nakon izlaganja u komorama, odnosno u visokotemperaturnoj peci.

e

3. REZULTATI I RASPRAVA
3.1. Ispitivanje debljine uzoraka

Nakon premazivanja Celi¢nih plocica, mjerena je debljina premaza. Debljina je izmjerena
na deset razli¢itih mjesta na svakom uzorku i zabiljeZena je srednja vrijednost te
minimalna i maksimalna vrijednost takoder.

Tab. 2: Debljina pjeskarenih uzoraka

Pjeskareni uzorci
Uzorak Lo (um) Hi (um) X (um) Ispitivanje
SO-P1 68,9 89,8 76,02 slana
SO-P2 16,4 22 18,6 vlazna
SO-P3 10 159 12,74 pec
SE-P1 65,1 126 90,54 slana
SE-P2 10,1 15,3 11,86 vlazna
SE-P3 12,4 17,1 14,92 pec
TH-P1 41,8 53,2 46,32 slana
TH-P2 7,3 11,1 10,44 vlazna
TH-P3 7,3 11 8,92 pec
RE-P1 32,7 38,7 35,92 slana
RE-P2 29,2 33,3 31,48 vlazna
RE-P3 29 35,3 31,24 pec

95



Tab. 3: Debljina sacmarenih uzoraka

Sa¢mareni uzorci
Uzorak Lo (um) Hi (um) x (um) Ispitivanje
SO-S1 60,8 69,6 65,05 slana
SO-S2 19,4 24 22,28 vlazna
SO-S3 16,2 20,3 17,54 pe¢
SE-S1 34,3 45,4 40,05 slana
SE-S2 9,3 12 10,68 vlazna
SE-S3 9,8 13,3 11,68 pec
TH-S1 42,5 52,3 46,86 slana
TH-S2 4,5 9,2 5,98 vlazna
TH-S3 4,7 7,3 592 pec
RE-S1 26,5 28,5 27,64 slana
RE-S2 32,3 36,3 33,86 vlazna
RE-S3 25,8 30,1 27,86 pe¢
3.2. Ispitivanje prionjivosti premaza - slana i vlazna komora

U narednim tablicama prikazani su rezultati
zarezivanjem mreZice, tj. ,Cross-cut“ metodom prema normi HRN EN ISO 2409. Na
uzorcima je skalpelom povuceno i urezano Sest linija na udaljenosti 1 mm (iznimke su
navedene kasnije) u vodoravnom i okomitom smjeru tvore¢i tako mrezicu. Prema
klasifikaciji rezultata testa po normi HRN EN ISO 2409, uzorci su ocijenjeni ocjenom od 0
do 5, gdje ocjena 0 oznacava najbolju prionjivost.

ispitivanja prionjivosti

premaza

U Tab. 4 i Tab. 5 prikazani su rezultati ispitivanja prionjivosti premaza nakon izlaganja
ubrzanim ispitivanjima u slanoj te vlaznoj komori. Vezano uz slanu komoru, uzorci su
ispitivani u slanoj komori Ascott S450 prema normi HRN EN ISO 9227, a trajanje
ispitivanja trajalo je 48 sati, odnosno dva dana.
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Tab. 4: Rezultati prionjivosti na premazima nakon 48 sati ispitivanja u slanoj komori

(RE-S1, RE-P1)

Priprema povrsine Sa¢mareno Pjeskareno
Premaz Izgled uzorka/ vilkom. | Ocjena zgled uzorka/ Ocjena
vl.kom.
Solvalit ATM )
(SO-S1, SO-P1)
Senoterm UHT 2K Hydro
ATM 3
(SE-S1, SE-P1)
Thermodor 600 Aqua
ATM 3
(TH-S1, TH-P1)
Resist 78
0

Valja napomenuti kako je za uzorak SO-S1 kod , Cross-cut” testa koriSten razmak izmedu
linija mreZice od 2 mm (buducdi da se radi o debljini iznad 60 um), a za uzorke SE-S1i TH-
S1 koriSten je razmak od 1 mm (debljina ispod 60 um). Analogno tome, za uzorke SO-P1 i

SE-P1 koristen je razmak 2 mm, a za uzorak TH-P1 koriSten je razmak od 1 mm.

Sto se ti¢e vlazne komore, ona oponasa uvjete tople i vlazne atmosfere uz vodeni
kondenzat. Ispitivanja u vlaznoj komori provedena su u uredaju Humidity Cabinet Model
AB6, proizvodaca C&W, sukladno normi HRN EN ISO 6270-2:2018, a trajanje ispitvanja je
bilo 96 sati, tj. Cetiri dana. Temperatura u komori bila je 40 °C, a relativna vlaznost zraka
je oko 100 %, s oroSavanjem uzoraka.
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Tab. 5: Rezultati prionjivosti na premazima nakon 96 sati ispitivanja u vlaznoj komori

Priprema povrsine Sa¢mareno Pjeskareno

Izgled uzorka/
vl.kom.

Izgled uzorka/

vL.kom. Ocjena

Premaz Ocjena

Solvalit ATM
(SO-S2, S0-P2)

Senoterm UHT 2K Hydro
ATM

(SE-S2, SE-P2)

|
r

|
-4
&
I

Thermodor 600 Aqua
ATM

(TH-S2, TH-P2)

Resist 78
(RE-S2, RE-P2)

Kad se sagledaju rezultati jasno je kako su pjeskareni uzorci pokazali znatno bolju
prionjivost premaza nakon ispitivanja u komorama nego uzorci koji su bili sa¢mareni.
Ispitivanjima je dokazan utjecaj pripreme povrsine i profila hrapavosti na prionjivost
premaza. Uzevsi u obzir ispitivanja obje komore i obje vrste pripreme povrsine, najbolju
prionjivost je pokazao premaz Resist 78. Takoder se vrlo lako da primjetiti kako je
Senoterm UHT 2K Hydro pokazao najlosiju prionjivost nakon ispitivanja u vlaznoj komori
i u slanoj komori na satmarenim uzorcima. Generalno, uzorci koji su ispitani u slanoj
komori polucili su gore rezultate od onih ispitanih u vlaZnoj ne samo po pitanju
prionjivosti nego i u estetskom smislu buduéi da je na uzorcima bila prisutna hrda u
znacajnoj kolicini, vidljivo na Fig. 2.
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Fig. 2: Hrda na uzorcima Senotherma (a), Solvalitta (b) i Thermodura (c) nakon ispitivanja u slanoj
komori (gore - pjeskareno, dolje - sacmareno)

3.3. Ispitivanje prionjivosti premaza - poviSena temperatura

Kako bi se Sto bolje simuliralo okruZenje kamina ili pe¢i na drva, treci set uzoraka bio je
podvrgnut temperaturnom ispitivanju na nacdin da su uzorci prvo zagrijavani na
temperaturu od 450 °C u trajanju od sat vremena, zatim su drzani na toj temperaturi u
trajanju od 5 h, a nakon toga su hladeni na sobnu temperaturu u trajanju od 2 h. Za potrebe
tog ispitivanja korisStena je posebna pe¢, prikazana sasvim desno na Fig. 1. Dijagram
opisanog visokotemperaturnog ciklusa kojem su uzorci bili podvrgnuti ukupno pet puta
u pet dana zaredom prikazan je na Fig. 3.

Fig. 3: Kretanje temperature u jednom ciklusu visokotemperaturnog ispitivanja
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Nakon odradenog ispitivanja i simulacije visokotemperaturnih ciklusa, testirana je
prionjivost premaza prethodno opisanom ,Cross-cut“ metodom, a dobiveni rezultati

prikazani su u Tab. 6.

Tab. 11: Rezultati prionjivosti na premazima nakon visokotemperaturnog testiranja

(RE-S3, RE-P3)

Priprema povrsine Sac¢mareno Pjeskareno
Premaz Izgled uzorka Ocjena Izgled uzorka Ocjena
[ ] RN
11
Solvalit ATM 0
(SO-S3, SO-P3)
Senoterm UHT 2K Hydro
ATM 0
(SE-S3, SE-P3)
Thermodor 600 Aqua
ATM 0
(TH-S3, TH-P3)
Resist 78
1 0

Kao $to je i vidljivo, prakticki svi uzorci su pokazali odli¢nu prionjivost nakon izlaganja
visokim temperaturama S$to je iznimno vazno jer je okruZenje ovog ispitivanja bilo
najbliZe realnoj situaciji u kaminu ili pe¢i na drva, a pjeskarenje se opet pokazalo kao
superiornija metoda pripreme povrsine od sa¢marenja u aspektu prionjivosti. To je zbog
toga Sto povrsina Celicne plocice na koju se nanosio premaz, iako ima vecu vrijednost
srednje hrapavosti, ima i ujednaceniju visinu neravnina $to omogucava premazima da se
bolje prime za povrSinu. Vezano uz spomenutu hrapavost, srednja vrijednost hrapavosti
na pjeskarenim uzorcima iznosila je 23,58 pum, a na saCmarenim 18,65 um.
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4. ZAKLJUCAK

Zastita od korozije izuzetno je vazna u odrZavanju i produZenju trajnosti konstrukcija, a
proizvodnja kamina i pe¢i tu nije iznimka. Metode zaStite premazima, posebice
visokotemperaturnim premazima, pokazuju se kao ucinkovite na tom podrudju.
Visokotemperaturni premazi Siroko se koriste za premazivanje metalnih predmeta koji
su redovito izloZeni visokim temperaturama (350 do 600°C) kao Sto su loZiSta, pedi,
rostilji, automobilski ispusni sustavi itd. Takvi premazi u slu¢aju primjene kod kamina na
drva, uz to $to moraju imati dobra korozijska svojstva, moraju imati i dekorativno dobar
izgled povrsSine koji ¢e teSko biti odrZzan ako ¢e premazi biti izloZeni slanoj atmosferi Sto
je istraZivanje jasno pokazalo. Takoder, priprema povrsine i profil hrapavosti imaju velik
utjecaj na prionjivost premaza, a na temelju provedenih ispitivanja preporuka je da se
povrsina priprema pjeskarenjem.

[spitivanja prionjivosti premaza nakon izlaganja u slanoj i vlaznoj komori pokazala su
bolje rezultate za pjeskarene uzorke u usporedbi sa sacmarenom povrsinom, a Resist 78,
premaz na bazi otapala, pokazao je najbolja svojstva. Uzorci ispitani u slanoj komori imali
su loSije rezultate u pogledu prionjivosti i prisutnosti hrde u usporedbi s uzorcima
ispitanim u vlaznoj komori.

[spitivanje na ciklicku promjenu temperature pokazalo je da su i premazi na bazi otapala,
ali i vodorazrjedivi premazi zadrZali odlicnu prionjivost ¢ak i nakon izlaganja visokim
temperaturama. U Konacnici, iako su premazi na bazi otapala u provedenim ispitivanjima
generalno pokazali bolje rezultate, u okruZenju visoke temperature koje najbolje simulira
stvarnu situaciju kamina ili pe¢i i vodorazrjedivi premazi su polucili zadovoljavajuce
rezultate.

U svakom slucaju, zaStita premazima i odgovarajuca priprema povrsine kljucni su faktori
za uspjeSnu zaStitu od korozije i odrZavanje trajnosti konstrukcija u razli¢itim
okruzZenjima i uvjetima, a daljnja istrazivanja trebala bi se usredotociti na utjecaj debljine
premaza na postojanost i prionjivost pri sobnoj i poviSenoj temperaturi te
eksperimentiranju s formulacijom vodorazrjedivih premaza kako bi se unaprijedila
ucinkovitost postojecih.
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Istrazivanje je provedeno u sklopu projekta ,Razvoj energetski visokoucinkovitog sustava za zagrijavanje
na kruta goriva iz obnovljivih izvora energije koriStenjem inovativnih tehnoloskih postupaka“ (Referentna
oznaka: KK.01.2.1.02.0226.) kojeg je sufinancirala Europska unija iz Europskog fonda za regionalni razvoj.
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EKSPERIMENTALNO ODREDIVANJE ZAOSTALIH NAPREZANJA
SUCELJENOG SPOJA AL-MG LEGURA DOBIVENOG MIG ZAVARIVANJEM

EXPERIMENTAL DETERMINATION OF RESIDUAL STRESSES ON BUTT
WELDS OF AL-MG ALLOYS OBTAINED WITH MIG WELDING

Mislav Stefok!, Ivica Garasiél, Maja Jurica?l, Vedran Jurlina
1University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Luci¢a 5, Zagreb

Sazetak

Zaostala naprezanja znacajno utjecu na stabilnost i trajnost zavarenih konstrukcija, te je vrlo
vaZno paZljivo kontrolirati parametre zavarivanja kao i brzinu hladenja kako bi se reducirala
pojava zaostalih naprezanj. U ovom eksperimentalnom radu zavarena su dva para ploca od
aluminijske legure 5083 u obliku suceljenog spoja, primjenom AC i DC MIG postupka zavarivanja.
Zaostala naprezanja mjerena su metodom rendgenske difrakcije temeljene na cosa metodi. Prije
provodenja postupka mjerenja rendgenskom difrakcijom, mjerne tocke su elektropolirane kako
bi se uklonio povrsinski sloj metala. Raspodjela zaostalih naprezanja postignuta je na nacin da se
vla¢na zaostala naprezanja javljaju u blizini zavara u zoni utjecaja topline, dok tlacna naprezanja
prevladavaju u zoni osnovnog materijala na ve¢im udaljenosti od zavara. Analiza rezultata
pokazuje da se kod izmjenicne struje postiZu povoljniji rezultati zaostalih naprezanja nego kod DC
struje, s obzirom da su postignuta manja vlacna naprezanja u zoni utjecaja topline, koja su u
kontekstu zavarivanja puno problematicnija od tlacnih naprezanja u osnovnom metalu.

Kljucne rijeci: AC MIG, suceljeni spoj, rendgenska difrakcija, zaostala naprezanja, cosa metoda.
Abstract

Residual stresses have a significant effect on the durability and fracture behavior of welded
structures, as well as on their dimensional stability and durability, and it is very important to
carefully control the welding parameters and cooling rate to reduce the generation of residual
stresses during welding. In this paper, two pairs of aluminum alloy 5083 plates were butt welded
using the AC and DC MIG welding process. Residual stresses were measured using the non-
destructive X-ray diffraction method based on the cosa method. The measurement points were
electropolished before measurement to remove the surface layer of the metal. The stress
distribution was achieved in such a way that tensile residual stresses occur near the weld in the
heat-affected zone, while compressive stresses prevail in the zone of the base material at some
distance from the weld. Analysis of the results shows that more favorable residual stress results
are obtained with alternating current because it achieves lower tensile stresses values then direct
current in the heat-affected zone, which are much more problematic in the context of welding than
compressive stresses in the base material.

Keywords: AC MIG, Butt joint, X-ray diffraction, XRD, Residual stresses, cosa method
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1. INTRODUCTION

Residual stress is a type of stress that remains in a material after the load that caused it
has been removed. During the welding, residual stresses can occur due to thermal
expansion and contraction of the welded material. Over time, these residual stresses can
cause deformation, cracking, and even failure of the welded structure [1]. Residual
stresses in welding are an important factor to consider in the design and welding of
structures because they significantly affect the fatigue life and fracture behavior of
machines and welded structures, as well as their dimensional stability and durability [2].
Therefore, it is important to carefully control welding parameters and cooling rates to
minimize the generation of residual stresses during welding [3]. The measurement of heat
transfer helps predict the thermal stresses (TS) that will affect the amount of residual
stresses formed in the weld [4].

Several methods are available to measure and quantify residual stresses in welded
structures. These include destructive and non-destructive testing methods, such as X-ray
diffraction, neutron diffraction, and hole-drilling methods [5]. By accurately measuring
and analyzing residual stress distributions, engineers can better understand the behavior
of welded structures and develop strategies to reduce the negative effects of residual
stress on its performance [6].

X-ray stress measurement is a commonly used non-destructive method for measuring
residual stresses in polycrystalline solids. The advantage of the method is that the
required equipment is relatively cheap compared to other diffraction techniques, the
lateral resolution is relatively high and radiation protection can be achieved very easily
due to the low energy level (usually 30 - 40 keV) [7]. The sin®y method is the conventional
approach for determining stress values in X-ray stress measurement. However, in recent
years, the cosa method has attracted the attention of engineers as a new approach to
stress measurement. In this method, two-dimensional detectors, such as imaging plates,
are used to obtain stress measurements [8].

The fundamental principle of X-ray stress measurement is based on the diffraction of X-
rays by crystals. When X-rays interact with a crystalline structure, they diffract in a
specific pattern that depends on the crystal lattice spacing. Residual stresses in the
material cause deformation of the crystal lattice, resulting in a change in the X-ray
diffraction pattern. The lattice strain caused by the residual stress can then be measured
using X-ray diffraction techniques and the stress can be determined using the theory of
elasticity [9].

There are many factors that affect residual stress distribution in welded components,
such as the presence of residual stresses prior to welding that were created during the
manufacturing process, material properties (weld and base metal), geometry of the joined
parts, applied stress, restraint, welding procedure, post-weld operation, etc. Residual
stresses can be beneficial or detrimental to some components, depending on their nature.
In general, tensile residual stresses can be detrimental to components, while compressive
residual stresses can improve component quality [10]. In addition, tensile residual
stresses significantly accelerate crack propagation, while compressive residual stresses
retard crack propagation [11], [2].

The distribution of residual stresses in a butt joint can be affected by several factors,
including the welding procedure, welding parameters, and material properties of the
joint. During welding, the material in the weld bead is heated and then rapidly cooled,
which can result in significant thermal stresses that lead to residual stresses [12]. These
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residual stresses are usually highest near the center of the weld bead and decrease toward
the edges of the bead. Another area where residual stresses can occur in a butt weld is the
heat-affected zone (HAZ) adjacent to the weld. The HAZ is an area of the material that is
exposed to elevated temperatures during welding, but the temperatures are not as high
as in the weld bead. Thermal cycling in the HAZ can cause metallurgical changes and the
development of residual stresses that extend beyond the weld bead into the base metal.
During welding, the material in the weld bead is heated and then rapidly cooled, which
can result in significant thermal stresses that lead to residual stresses. These residual
stresses are usually highest near the center of the weld bead and decrease toward the
edges of the bead. The curve of the distribution of longitudinal residual stress in the butt
weld resembles a Gaussian distribution, the tensile stress is high in the center of the weld
and gradually decreases toward the outside, the tensile stress decreases rapidly and
changes to a compressive stress toward the base material [13].

2. MATERIALS AND METHOD

Two pairs of plates with a thickness of 8 mm were butt welded using MIG welding
technology with different set of parameters. The dimensions of the plates were 300x100
mm. Aluminum alloy 5083 (Group 22.4 according to HRI CEN ISO / TR 15608:2018) was
used as the base material. A 1.2 mm thick wire of aluminum alloy 5356 (group 22.4
according to HRI CEN ISO / TR 15608:2018) was used as filler metal, and argon 5.0 (group
I1 according to EN ISO 14175:2008) was used as shielding gas. The mechanical and
chemical properties of the base and filler materials are shown in Table 1. The plates were
welded in one pass without any joint preparation before welding. The first sample was
welded using the DC pulse MIG welding method, and the second sample was welded using
the AC MIG WAVE PULSE welding method. The welding power source used in the
experiment was Daihen Varstroj WB -W400. The welding parameters of sample 1 and 2
are shown in Table 2.

Table 1. Chemical and mehanical properties of filler and base material [14]

Chemical

‘s %Si | %Fe | %Cu %Mn %Mg %Cr %Zn %Ti
composition

Aluminum alloy

5356 0.05 0.09 | 0.03 0.12 4.9 0.08 <0.01 | 0.15

Aluminumalloy |, | 040 | 010 | 04-1.0 | 40-49 | 005-025 | <025 | 0.15

5083
Mehanical Rpo2,MPa Rm, MPa
properties
Aluminum alloy
5356 110 240
Aluminum alloy 115 270 - 345

5083
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Table 2. Welding parametars of sample 1 and 2

Welding | Welding | Frequency | Welding ‘;Zl:g Gas | Heat
Sample | Tehnology | current, | voltage, of wave speed, speed flow, | Input,
A \% pulse, Hz | cm/min cm/min 1/min kJ/cm
1 DC pulse 230 24.9 / 60 15 22.5 4.58
AC
2 246 24.5 3 46 16.1 22.5 6.29
wavepulse

Residual stresses were measured using the non-destructive X-ray diffraction method
based on the cosa method. For this purpose, a portable Pulstec p-X360 instrument (from
Pulstec Industrial Co. Ltd., Fig. 1) was used. Before starting the measurement, the
measurement locations were electropolished for 60 seconds. The measurement was
performed after removing the surface layer of the metal at a depth of 30 um below the
surface. Electropolishing was performed to remove aluminum oxides that could affect the
residual stress measurement results. The device EP -3 (from Pulstec Industrial Co. Ltd.)
was used to perform electropolishing. Residual stresses were measured on the top of the
plates, on three transverse lines for plate 2, and on one transverse line for plate 1. On each
transverse line, 8 locations (4 on each side) were measured at distances of 5, 15, 30 and
45 mm from the weld (Fig. 2). No measurements were made on the weld itself because
the surface of the weld is too rough. On plate 1, residual stresses were measured at the
same location as in line 1 of plate 2 to compare the effects of the current AC on the residual
stress values. The residual stresses were measured in the longitudinal direction, and
results were obtained for normal and tangential residual stress values.

Figure 1. X-ray measurement of residual stress with the portable Pulstec p-X360 device on sample
2
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Figure 2. Transverse lines with marked locations of residual stress measurements on the plate
obtained with the AC MIG welding process

3. RESULTS

In the reports on the measurement results, the amounts of normal and tangential residual
stresses for the measurement locations and their standard deviations are given. Figure 3.
shows the measurement report of the XRD measurement; the left image shows an
inaccurate measurement, while the right image shows a good measurement. The most
important factor for the quality of the measurement is the indication of the Debye-
Scherrer ring, and even inaccurate measurements can be confirmed by the value of the
standard deviation. Negative stress values indicate that they are compressive stresses,
positive values that they are tensile stresses. The results compared and studied in this
experiment are normal and tangential residual stresses and their independence from the
measurement location, and the effect of the alternating current on them.

5 ‘
X (K-AERY) 225059A(CF) \ X WG (KAGR) 22505A(CT)
e e / o B
SEoCl Dl

B | " . ) | e (et
Sigma(x)_______ 48MPa FWHM_____ 168deg XRay. Sigma(x)____ -44MPa FWHM 1.73deg
(52 Dev. 12MP3) @ (146-191deg) |, X (5% Dev, 5MPa) @ (1.66-1.78deg)
Tau(xy) sMPa — Alpha(Max)_316,08deg Teupy)_________-20MPa — Alpha(Max)___62.64deg
(S Dev______13MPa) — Alpha(Min)__ 235,92 deg (5. Dev. 2% — Alpha(Min)__157.68deg
Figure 3. Report on the measurement of residual stresses with XRD; the left side of image shows an

inaccurate the display of the Debye-Scherrer ring, the right side of image shows a good display of
the Debye-Scherrer ring

As can be seen from the diagram in Figure 4., a uniform distribution of residual stresses
was obtained for each of the transverse measurement lines. It can also be observed that
the normal longitudinal stresses have the expected “bell shape”. The stress distribution
was achieved in such a way that tensile residual stresses occur near the weld in the heat-
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affected zone, while compressive stresses prevail in the zone of the base material at some
distance of weld. The absolute value of residual stresses does not exceed 150 MPa, which
is the expected value for an aluminium-magnesium alloy. The tangential stresses have
significantly lower values compared to the normal stresses and their values do not exceed
40 MPa. They are mainly tensile stresses (Fig. 5.)

NORMAL RESIDUAL STRESSES FOR SAMPLE 2

150
100
50
& —@—Line 1
-60 60 —e@—Line2
Line 3
-200
X
Figure 4. Distribution of normal residual stresses for sample 2
TANGENTIAL RESIDUAL STRESSES FOR SAMPLE 2
45
40
(/‘\ 35
30
25
—@—LINE 2
= —e—LINE 1
15
LINE 3
1
5
0
-60 -40 -20 5 0 20 40 60

X

Figure 5. Distribution of tangential residual stresses for sample 2

Figure 6. shows a comparison of residual stresses for AC and DC MIG welding. The
measurements for DC MIG weld sample were taken at the transverse line at the same
location as line 1 of the sample obtained AC MIG welding. From the comparison of the
results, it can be concluded that the tensile stresses near the weld are significantly higher
for DC MIG weld sample, while the compressive stresses in the base material are slightly
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lower for the DC MIG weld sample. When analyzing the tangential stresses, a different
trend of the tangential stresses can be observed, and it can be found that the magnitudes
of the tangential stresses are slightly higher for the sample fabricated with DC MIG
welding (Fig. 7). The analysis of the results shows that more favorable residual stress
results are achieved with alternating current because it achieves lower tensile stresses in
the heat-affected zone, which are much more problematic in the context of welding than
compressive stresses in the base metal.

-60

NORMAL RESIDUAL STRESSES

150

-200

Figure 6. Comparison of normal residual stresses for sample 1 and 2
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Figure 7. Comparison of normal residual stresses for sample 1 and 2
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4. CONCLUSION

Two plates were butt welded using the welding methods AC and DC MIG with their own
sets of parameters, and the residual stresses were determined by X-ray diffraction. From
the obtained results it can be concluded:

e XRD is a non-destructive method suitable for examining residual stresses in welds.

e Tensile residual stresses occur in the area in the immediate near of the weld in the
heat-affected zone, while away from the weld they transform into compressive
stresses.

e Longitudinal normal residual stresses on three different cross-sections show the
same tendency of distribution of residual stresses for sample made with AC MIG.

e From the comparison of the results, it can be concluded that the tensile stresses
near the weld are significantly higher for the sample with DC MIG, while the
compressive stresses in the base metal are slightly lower for the sample with DC
MIG.

e The analysis of the results shows that more favorable residual stress results are
achieved with alternating current because it achieves lower tensile stresses in the
heat-affected zone, which are much more problematic in the context of welding
than compressive stresses in the base metal.
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OVISNOST GEOMETRIJE TOCKASTO ZAVARENOG SPOJA O
ANTIKOROZIVNIM SVOJSTVIMA KONVERZIJSKE PREVLAKE I
PREVLAKE NA BAZI EPOKSID-POLIESTERA

DEPENDENCE OF SPOT-WELDED JOINT GEOMETRY ON ANTI-CORROSIVE
PROPERTIES OF CONVERSION COATING AND EPOXY-POLYESTER
POWDER COATING

Anna Poropat!, Ivan Stojanovic!
1 SveuciliSte u Zagrebu, Fakultet stojarstva i brodogradnje, Ul Ivana Luci¢a 5, 10000, Zagreb
Sazetak

Korozija metalnih povrsSina je neizbjezna pa ju je potrebno sprijeciti odgovaraju¢im nacinom
zastite. Antikorozivna zastita uglavnom ukljucuje nanosenje praskastih prevlaka elektrostatskim
nac¢inom nanoS$enja u kombinaciji s prethodnom konverzijom kao kemijskom predtretmanom.
Posebnu pozornost treba posvetiti tockasto zavarenim ZziCanim elementima. Zbog razlicite
geometrije zavara i deformacija, toCkasto zavareni spojevi mogu negativno utjecati na trajnost
premaza, ¢inedi ih kriticnim podrucjem za pojavu korozije. Manja je vjerojatnost da ¢e praskasti
premaz osigurati potpunu pokrivenost, $to su deformacije zavarenih spojeva izrazenije. Cilj ovog
rada bio je ispitati otpornost na koroziju nekoliko vrsta elektrootpornih zavara premazanih s
dvije vrste praskaste prevlake. Svi su uzorci obradeni pod istim parametrima s razlikom u
kemijskoj predobradi (fosfat i cirkonij) i geometriji (deformacija) zavara. Naime, u ispitivanju su
sudjelovala tri tipa zavara: 1. zavari s minimalnom ili bez deformacije, 2. zavari s malim
stupnjem izbacivanja materijala, a zavari tipa 3 su imali znacajne i vrlo znacajne (igle, izbocine i
pjenaste deformacije). Rezultati ovog rada pokazali su da fosfatna konverzijaska prevlaka u
kombinaciji s epoksid-poliesterskom prevlakom osigurava duzu antikorozivnu postojanost
proizvoda od zavarene Zice sa znacajnim deformacijama zavara.

Kljuéne rijeci: Korozija, elektrootporni zavari, geometrija zavara, praskaste prevlake, konverzija
Abstract

Corrosion of metal surfaces is inevitable, so it is necessary to prevent it with an appropriate
protection method. Anti-corrosion protection mainly involves applying powder coatings by the
electrostatic method combined with previously formed conversion coating as chemical
pretreatment. Special attention should be given to spot-welded wire elements. Due to different weld
geometry and deformations, spot welded joints can negatively impact the coating's durability,
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making them a critical area for corrosion occurrence. The powder coating is less likely to provide
complete coverage, the more the deformations of the welded joints are pronounced. The aim of this
work was to investigate the corrosion resistance of several types of electric resistance welds coated
with two types of powder coating. All samples were treated under the same parameters with the
difference in chemical pretreatment (phosphate and zirconium) and geometry (deformation) of the
weld. Namely, three types of welds participated in the investigation: 1. welds with minimal or no
deformation, 2. welds with a slight degree of ejection material, and type 3 welds had significant and
very significant (pins, protrusions, and foamy deformations). The results of this work showed that
the phosphate conversion coating combined with an epoxy-polyester coating provides longer anti-
corrosive durability of the welded wire product with significant weld deformations.

Keywords: Corrosion, electric resistance welds, weld geometry, powder coatings, conversion
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MATHEMATICAL MODELLING OF TEMPERED HARDNESS OF
QUENCHED STEEL
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1 University of Rijeka, Faculty of Engineering, Vukovarska 58, Rijeka, Croatia, EU
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Sazetak

Tvrdoca celika obicno je osnova za predvidanje ostalih mehanickih svojstava poboljsanog celika.
Matematicki model tvrdoée celika nakon popustanja moZe se temeljiti na tvrdo¢i nakon kaljenja.
Jedan posebno koristan izraz tvrdoce poboljSanog Celika daje njemacka norma DIN 17021. Osim
toga, postoji stariji odnos koji je dao E. Just. Predvidanje tvrdoce poboljSanog ¢elika moglo bi biti
preciznije ako se uzmu u obzir svojstva prokaljivosti celika. U skladu s njim, specifi¢na Jominyjeva
udaljenost (Eq) i ekvivalent ugljika (CE) ¢elika ukljuceni su u izraz kako bi se postiglo preciznije
predvidanje tvrdoée poboljSanog celika. Implementacijom svojstava prokaljivosti celika u odnos
za predvidanje tvrdoce poboljSanog Celika, uzet ¢e se u obzir utjecaj difuzije ugljika i drugih
elemenata na kinetiku procesa popustanja Celika. Utvrdeni matematicki izraz primijenjen je u
racunalnoj simulaciji popustanja kaljenog ¢eli¢nog obratka. Predvidanje kaljene tvrdoée Celicnog
obratka temelji se na odnosu izmedu kaljene tvrdoce i karakteristicnog vremena hladenja od 800
do 500 °C.

Kljuéne rijeci: Matematicko modeliranje, popustena tvrdoca, celici za poboljSavanje
Abstract

Steel hardness is usually the basis for prediction of other mechanical properties of quenched and
tempered steel. The mathematical model of the steel’s hardness after tempering can be based on
the as-quenched hardness. One particularly useful expression of hardness of quenched and
tempered steel is provided by German standard DIN 17021. In addition, there is an older
relationship given by E. Just. The prediction of quenched and tempered steel’s hardness could be
more precise if, hardenability properties of steels will be taken into account. In accordance with
it, the specific Jominy distance (Eq) and carbon equivalent (CE) of steel are included in the
expression to achieve a more precise prediction of quenched and tempered steel hardness. By
implementation of the hardenability properties of steel in relation for prediction of tempered
steel’s hardness, the influence of diffusivity of carbon and other elements on the kinetics of the
tempering processes of steel will be taken into account. Established mathematical expression
were applied in computer simulation of tempering of as-quenched steel workpiece. Prediction of
the as-quenched hardness of steel workpiece is based on the relationship between as-quenched
hardness and the characteristic cooling time from 800 to 500 °C.

Keywords: Mathematical modelling, tempered hardness, quenched and tempered steels
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1. INTRODUCTION

Steel hardness is usually the basis for prediction of other mechanical properties of
quenched and tempered steel. Mathematical modeling of the hardness of quenched and
tempered steel usually begins with mathematical modeling of the as-quenched hardness
[1].

The mathematical model of the as-quenched hardness of steel can be based on the cooling
time from 800 to 500 °C (ts/s) during quenching [2,3]. The cooling time from 800 to 500 °C
at different specimen points during quenching of steel can be predicted by numerical
simulation of cooling using the finite volume method [4]. The hardness at different
specimen points can be predicted by converting the cooling time ts/s to hardness using
both, the relationship between the cooling time and the distance from the quenched end
of the Jominy specimen and the Jominy hardenability curve [5].

The mathematical model of the steel’s hardness after quenching and tempering can be
based on the as-quenched hardness. For this purpose, numerous mathematical models
have been developed for the relationship between the as-quenched hardness of steel and
the hardness of steel after quenching and tempering [1,6]. Very useful expressions for the
hardness of steel after quenching and tempering are the relations according to the
German standard DIN 17021 and the relation established by E. Just [7]. These expressions
assume a tempering time of one hour. These expressions do not take into account the rate
of diffusion processes during tempering.

The distribution of other mechanical properties of quenched and tempered steel can be
predicted based on the hardness distribution. All mechanical properties of the quenched
steel are directly dependent on the degree of quenched steel hardening [8].

The aim of this research is to contribute to the methods of prediction of quenched and
tempered hardness based on the as-quenched hardness. For this purpose, experimental
work has been carried out on numerous carbon and low-alloy steels. It is supposed that
the prediction of quenched and tempered steel hardness could be more accurate if the
hardenability properties of steels are taken into account. The hardenability properties of
steels for quenching and tempering were considered by the specific Jominy distance (Eq)
and the carbon equivalent (CE).

2. PREDICTION OF QUENCHED AND TEMPERED HARDNESS

The relationship between the as-quenched hardness, HRCq, and the hardness after
quenching and tempering, HRC: can be defined by standard DIN 17021 [6]. According to
DIN 17021, the hardness HRC: of the quenched steel after one-hour tempering is taken as
a reference. According to DIN 17021, the hardness after quenching and tempering can be
expressed by:

HRC,=—9; T,=167K (1)

where:

Tt - tempering temperature (K)
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Tref - referent temperature (K)

According to E. Just hardness of steel decreases during tempering when the as-quenched
hardness is higher. It was shown that the hardness prediction of quenched and tempered
steel is more accurate if the degree of hardening, S, is taken into account. According to E.
Just, the relationship between the as-quenched hardness, HRCq and the hardness after
quenching and tempering, HRCt is equal to [7]:

HRC, =8+ (HRC, —8)exp[-S(7,/917)° ] (2)

where:
Tt - tempering temperature (K)
S - degree of hardening

The degree of hardening is equal to:

HRC,
S = HRe )
where:

HRCq - as-quenched hardness
HRCmax - the maximum hardness that can be achieved by quenching

In purpose to investigate the possibilities of contributing to the methods of prediction of
quenched and tempered hardness based on the as-quenched hardness, experimental
work has been carried out on numerous carbon and low-alloy steels. In addition to
tempering temperature and degree of hardening, hardness after tempering could depend
on other steel properties. It is known that the kinetics of the tempering process depends
on the diffusivity of carbon and other elements in the steel. At the same time, steels with
lower diffusivity of carbon and other elements have higher hardenability. It can be
assumed that the prediction of quenched and tempered steel hardness could be more
accurate if the hardenability properties of steels are considered in the mathematical
modeling of the kinetics of tempering processes. In this way, the influence of diffusivity
on tempering kinetics is indirectly taken into account by including hardenability
properties.

To establish a relationship between the as-quenched hardness and the quenched and
tempered hardness of steel, an experimental work was carried out. This relationship
includes the hardenability properties for mathematical modeling of the tempered
hardness of steel. The chemical composition of the studied steels is given in Table 1. The
relevant data and experimental results of quenching and tempering of the studied steel
are listed in Table 2. In order to improve the accuracy of prediction of hardness of steel
after quenching and tempering, the hardness HRCmin, a material constant corresponding
to the hardness of steel after annealing, is included in the mathematical expressions of
hardness [7]. For this reason, the factor K can be defined and included in the regression
analysis of the hardness of quenched and tempered steel:
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HRC_ - HRC .
K = : = (4)
HRC, —-HRC ;.
Tab. 1: Chemical composition of the studied steels
Steel Chemical composition (wt%)
EN C Si Mn P S Cr Cu | Mo Ni \% Al Ti
Ck45 044 | 0.22 | 0.66 | 0.022 | 0.029 | 0.15 - - - 0.02 -
42MnV7 | 0.43 0.28 | 1.67 | 0.021 | 0.008 | 0.32 | 0.06 | 0.03 | 0.11 | 0.10 -
41Cr4 0.44 | 0.22 | 0.80 | 0.030 | 0.023 | 1.04 | 0.17 | 0.04 | 0.26 | <0.01 -
25CrMo4 | 0.22 0.25 | 0.64 | 0.010 | 0.011 | 0.97 | 0.16 | 0.23 | 0.33 | <0.01 -
16MnCr5 | 0.16 | 0.22 | 1.12 | 0.030 | 0.008 | 0.99 - 0.02 | 0.12 | 0.01 | 0.015
71Si7 0.73 1.62 | 0.73 | 0.019 | 0.012 | 0.10 | 0.19 - 0.12 | 0.01
15CrNi6 0.13 0.31 | 0.51 | 0.023 | 0.009 | 1.50 - 0.06 | 1.55 | <0.01 | 0.010
28NiCrM <0.01
o074 0.30 0.32 | 0.51 | 0.011 | 0.007 | 0.07 - - 3.03 - 0.032
34Cr4 0.35 0.23 | 0.65 | 0.026 | 0.013 | 1.11 | 0.18 | 0.05 | 0.23 | <0.01 - -
34CrMo4 | 0.30 0.22 | 0.64 | 0.011 | 0.012 | 1.01 | 0.19 | 0.24 | 0.11 | <0.01 - -
36Cr6 0.36 | 0.25 | 0.49 | 0.021 | 0.020 | 1.54 | 0.16 | 0.03 | 0.21 | <0.01 - -
37MnSi5 | 0.38 1.05 | 1.14 | 0.035 | 0.019 | 0.23 - - - 0.02 - -

Tab. 2: Experimental results of as-quenched and quenched and tempered properties of steels

. Reference | Specific As- Hardness after
Maximum .. i Carbon .
Steel minimum | Jominy . quenched quenching and
hardness, . equivalent, .

EN HRC hardness, | distance, CE hardness, tempering, HRC:
max HRCnmin Ea HRCq 600°C | 500°C | 400 °C
51.62 24.18 | 33.30 | 37.66
Ck45 57.15 3.49 4,72 0.58 2763 2037 | 24.66 | 25.79
52.28 32.42 | 38.87 | 44.68
42MnV7 57.01 3.39 13.93 0.81 36.52 2706 | 3048 | 3427
51.59 27.68 | 37.63 | 46.77
41Cr4 56.51 3.05 21.13 0.82 36.56 2272 | 2897 | 33.62
44.20 24.19 | 34.49 | 39.25
25CrMo4 46.99 0.15 0.15 0.6 20.62 1971 | 2529 | 28.00
39.71 20.00 | 27.49 | 35.34
16MnCr5 41.52 0.10 12.77 0.56 2136 1249 | 18.05 | 20.18
. 63.49 35.02 | 45.47 | 54.97
71Si7 65.01 13.07 8.53 0.89 48.35 3296 | 3938 | 4744
. 38.81 22.84 | 32.15 | 35.77
15CrNi6 41.14 0.10 38.61 0.63 2701 1717 | 22.62 | 24.70
. 49.22 2091 | 26.57 | 33.22
28NiCrMo74 51.00 0.74 5.06 0.6 19.06 1421 | 1647 | 17.99
46.37 28.95 | 36.07 | 43.47
34Cr4 51.35 0.82 17.70 0.72 36.28 2545 | 29.61 | 34.75
42.78 26.03 | 35.19 | 39.77
34CrMo4 51.53 0.87 13.83 0.68 3351 2345 | 2976 | 31.69
48.41 33.10 | 39.46 | 47.23
36Cr6 52.52 1.16 23.00 0.78 36.19 2797 | 31.91 | 34.62
. 53.41 24.69 | 35.68 | 46.71
37MnSi5 56.88 3.30 7.35 0.62 33.04 2143 | 2613 | 31.19
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There is a multiple regression between the factor K on one side and the reference
tempering temperature Ttr, the degree of hardening S, specific Jominy distance, Eqd and the
carbon equivalent CE on the other side [9,10]:

K= exp{(ﬂj S™E™CE™ } (5)

a

The value of the reference tempering temperature Ti for one-hour duration of the
tempering process is equal to the applied tempering temperature, while a, n1, nz, n3 and
n4 are constants determined by regression analysis.

Hardenability properties of steel can be represented by the Jominy distance E4, which
corresponds to the distance with 50 % of martensite in the microstructure of quenched
steel (Figure 1). In Figure 1 hardness HRCq is achieved hardness at some specimen
distance from quenched end of Jominy specimen. It is known that quenched and tempered
hardness depends on the degree of hardening, S (Figure 1). Correlation between hardness
of quenched steel with 50 % of martensite in the microstructure, HRCso%m, and maximum
hardness, HRCmax exists [6]:

HRC,,,, =0.73HRC, (6)

HRCsooam —

Hardness HRC

Jominy distance/mm

Eq

Fig. 1: Characteristic values of Jominy-curve

A formula suitable for predicting the hardenability properties of steels for quenching and
tempering is the Dearden and O'Neill carbon equivalent formula, CE, adopted by the
International Institute of Welding (IIW) in 1967:

%Mn  %Cr + %Mo +%V  %Cu + %Ni
+ 5 + 5 (7)
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Using the established values for a, ni, nz, n3 and ns4, the factor K can be expressed as
follows:

T 6913
K =e tr Sl.294E—0.3713CE—0.4536 8
Xp{(sl 1.63) ¢ (8)

Since the hardness after quenching and tempering of steel can be expressed based on the
as-quenched hardness, HRCq, by [8, 11]:

HRC, —HRC,,,
HRC, =——— +HRC,,. (9)

t

the hardness after quenching and tempering of steel can be expressed by:

HRC, —HRC,
HRC, = !

+HRC (10)

6913
exp T, 1294 03T 04536
811.63

The comparison of hardness values after quenching and tempering of steel, given by the
established relationship (equation (10)), with experimental results was carried out for
numerous carbon and low-alloy steels (Figure 2). The R-square was equal to 0.9417.

60

y=1.0294x - 0.6814
R*=0.9417

50

Y
(=]

20

Simulated hardness after
quenching and tempering, HRC,
s

=]

0 10 20 30 40 50 60

Experimental hardness after
quenching and tempering, HRC,

Fig. 2: The comparison of hardness values after quenching and tempering, given by the established
algorithm (equation (10)), with experimental results
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3. CONCLUSION

Some of the most useful mathematical expressions for hardness after quenching and
tempering is the relation to as-quenched hardness according to the German standard DIN
17021 and the relation of E. Just. Both expressions assume one hour of tempering.

A new mathematical expression for prediction of hardness of quenched and tempered
steel was presented. In addition to the tempering temperature and the degree of
hardening, this expression includes the hardenability properties.

Since the steel hardenability is proportional to the diffusivity of the carbon and alloying
elements in the steel, it was useful to establish expressions between the hardness of the
steel after quenching and tempering on one side and the degree of hardening, the carbon
equivalent and the tempering temperature on the other side. The influence of diffusivity
on the kinetics of tempering processes is taken into account by using the carbon
equivalent CE.

The established relationships were applied in mathematical modeling and computer
simulation of quenching and tempering of low-alloy steel specimens. Comparison of the
hardness after quenching and tempering predicted by a mathematical model with
experimental results leads to the conclusion that the hardness of the steels considered
could be successfully predicted by the proposed model.

Acknowledgement(s):
This research was funded in part by Croatian Science Foundation under the project IP-2020-02-
5764 and by the University of Rijeka under the project number uniri-tehnic-18-116.

REFERENCES

[1] ASM International Handbook Committee ASM Handbook, Volume 4: Heat Treatment
Process and Quality Control Considerations. Material Park, OH: ASM International, 2006.

[2] SMOLJAN, B. The calibration of the heat conductivity coefficient in mathematical model of
steel quenching. In: Proceedings of MicroCAD99. Miskolc: University of Miskolc, 1999, pp.
24-25.

[3] SMOLJAN, B. Numerical simulation of as-quenched hardness in a steel specimen of
complex form. Communications in Numerical Methods in Engineering. 1998, vol. 14, pp.
277-285.

[4] PATANKAR, S. Numerical Heat Transfer and Fluid Flow, New York: McGraw Hill Book
Company, 1980.

[5] ROSE, A.,, WEVER, F. Atlas zur Widrmebehandlung der Stéhle I, Diisseldorf: Verlag
Stahleisen, 1954.

[6] LISCIC, B. Steel Heat Treatment, Steel Heat Treatment Handbook. Boca Raton: CRC Press
Taylor & Francis Group, 2007.

[7] JUST, E. Vergliten-Werkstoffbeeinflussung durch Harten und Anlassen, VDI-Ber. 1976, vol.
256, pp. 125-140. (in German)

120



SMOLJAN, B,, IL]KIC, D., SMOKVINA HANZA, S. Computer simulation of working stress of
heat treated steel specimen, Journal of Achievements in Materials and Manufacturing
Engineering. 2009, vol. 34/2, pp. 152-158.

ILJKIC, D. A contribution to the development of the mechanical properties prediction of

quenched and tempered steel and cast steel. Rijeka, 2010. Dissertation, University of Rijeka.

SMOLJAN, B, IL]KIC, D., TOTTEN, G.E. Mathematical Modeling and Simulation of Hardness
of Quenched and Tempered Steel, Metallurgical and Materials Transactions B, 2015, vol.
46/6, pp. 2666-2673. DOI: 10.1007/s11663-015-0451-6

RETI, T., FELDE, I, GUERRERO, M., SARMIENTO, S. Using Generalized Time-Temperature
Parameters for Predicting the Hardness Change Occurring during Tempering. In:
International Conference on New Challenges in Heat Treatment and Surface Engineering

.....

Treatment and Surface Engineering (CSHTSE), pp. 333-342.

121



INTERNATIONAL CONFERENCE ON MATERIALS

corrosion, heat treatment, testing and tribology, 2023

Tech

VERIFICATION OF PAUT SYSTEM FOR AT RAIL WELD TESTING

Morana Mihaljevic?, Tomislav Kezele?, Jure Burnac?

L2 University of Zagrebu, Faculty of Mechanical Engineering and Naval Architecture, Ivana Luci¢a
5, Zagreb, Croatia
3 PONDT d.o.o, 4. Barutanski ogranak 5/1, Zagreb, Croatia

Sazetak

Aluminotermijsko zavarivanje Cesto je koriSten postupak zavarivanja tracnica za vrijeme
eksploatacije. S obzirom na sloZenu geometriju tra¢nica i same prirode aluminotermijskog
postupka zavarivanja, moguce je nastajanje pukotina u zavarenom spoju. Medutim, europska
norma i standardi ne propisuju zahtjeve za ultrazvucno ispitivanje i principe ocjenjivanja pri
detekciji nepravilnosti primjenom viSepretvornickok ultrazvucnog ispitivanja (PAUT- Phased
Array Ultrasonic Testing). PAUT pripada naprednoj ultrazvu¢noj tehnici nerazornog ispitivanja
koja omogucuje ispitivanje volumena materijala. Naj¢eS¢a primjena je ispitivanje zavarenih
spojeva s ciljem detekcije pukotina, korozije i drugih vrsta nehomogenosti. Opéenito, prije pocetka
provodenja ultrazvucnog ispitivanja zahtjev je da se potvrdi ispravnost odabranog ultrazvucnog
sustava.

U ovom se radu usporeduju dobiveni rezultati ispitivanja aluminotermijski zavarenih spojeva
tracnica primjenom PAUT i konvencionalne UT tehnike. Glavna svrha usporedbe je validacija
PAUT tehnike za otkrivanje svih ocCekivanih nehomogenosti. Kako bi se osigurala sljedivost i
valjanost dobivenih rezultata izraden je radni etalon za validaciju PAUT tehnike ispitivanja.

Kljuéne rijeci: PAUT, Visepretvornicko ultrazvucno ispitivanje, aluminotermijsko zavarivanje
Abstract

The aluminothermic welding method is usually used for welding the rails in service. Due to the
complex geometry of the rails and the nature of aluminothermic welding, it is possible to occur flaws
in welded joints. European standards and codes do not prescribe the requirements for ultrasonic
inspection and evaluation principles to detect flaws when Phased Array Ultrasonic Testing (PAUT)
is used. PAUT is an advanced non-destructive inspection ultrasonic technique that provides defect
detection of the material’s volume. One of the most common applications is weld inspection to detect
cracks, corrosion, and other types of inhomogeneity. In general, before starting any ultrasonic
inspection, the requirements are to verify the performance of the selected ultrasonic system.

This paper compares obtained testing results when aluminothermic weld inspection is made with the
PAUT testing technique and conventional UT technique. The main purpose of method comparison is
to validate of PAUT technique to detect all expected inhomogeneities. To ensure the traceability and
validity of the obtained result the standard for PAUT validation was made.

Keywords: PAUT, Phased Array Ultrasonic Testing, aluminothermic welding
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Sazetak

Metalne nanocestice imaju sposobnost produljenja Zivotnog vijeka epoksidne prevlake na nacin
da mogu fizicki zaustaviti prodiranje korozivnog elektrolita unutar epoksidne matrice. Osim,
barijerne i kemijske zastite, mogu posjedovati i antibakterijska svojstva. U ovom radu ispitivano
je djelovanje nanocestica aluminija i srebra unutar epoksidne prevlake. Procijenjena su
morfolo$ka, antikorozivna, antibakterijska i migracijska svojstva nemodificiranih i modificiranih
prevlaka. Prema SEM i EDS analizama nanokompozitna prevlaka nije sadrzavala aglomerate, Sto
potvrduje kvalitetu disperzije anorganskih nanocestica. Ispitivanje pomocu elektrokemijske
impedancijske spektroskopije (EIS) pokazuje da nanokopozitni uzorak sa srebrovim
nanocesticama pokazuje najbolju korozijsku otpornost nakon 24 sata izloZenosti u 3.5 % NaCl
otopini. Impedancijske vrijednosti izjednacavaju se za oba nanokompozitna uzorka nakon 10
dana izloZenosti u korozivhom mediju. Nanocestice aluminija i srebra pokazuju izvrsna
antibakterijska svojstva ¢ime nanokompozitna epoksidna prevlaka dobiva dodatno svojstvo u
odnosu na polazni nemodificirani materijal. Nanokompozit s aluminijevim nanocesticama
pokazao se kao dobar izbor u zastiti odvodnih cijevi od agresivnih okolisnih napadaja, te je na
njemu provedeno praéenje povrSinske degradacije pomoc¢u pretrazne elektrokemijske
mikroskopije (SECM).

Kljucne rijeci: korozija, bakterije, epoksidna prevlaka, nanocestice.
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Abstract

Metal nanoparticles have the ability to produce epoxy coating life in such a way that they can
physically stop the penetration of the corrosive electrolyte within the epoxy matrix. In addition to
barrier and chemical protection, they can also have antibacterial properties. In this work, the effect
of aluminium and silver nanoparticles inside the epoxy coating was examined. Morphological,
anticorrosive, antibacterial and migration properties of unmodified and modified coatings were
evaluated. According to SEM and EDS analyses, the nanocomposite coating did not contain
agglomerate, which confirms the quality of dispersion of inorganic nanoparticles. Electrochemical
impedance spectroscopy (EIS) testing shows that the nanocomposite sample with silver
nanoparticles exhibits the best corrosion resistance after 24 hours of exposure in a 3.5% NaCl
solution. Impedance values are equalized for both nanocomposite samples after 10 days of
exposure in a corrosive medium. Nanoparticles of aluminium and silver show excellent
antibacterial properties, which gives the nanocomposite epoxy coating an additional property
compared to the original unmodified material. The nanocomposite with aluminium nanoparticles
proved to be a good choice in protecting drainage pipes from aggressive environmental attacks,
and surface degradation was monitored using scanning electrochemical microscopy (SECM).

Keywords: corrosion, bacteria, epoxy coating, nanoparticles.
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Sazetak

Na Fakultetu strojarstva i brodogradnje (FSB) u tijeku je projekt,,Pametno postrojenje za suSenje
teku¢ih premaza“ (referentna oznaka: KK.01.2.1.02.) koji je sufinanciran iz Europskog fonda za
regionalni razvoj u sklopu Operativnog programa Konkurentnost i kohezija. Projekt se izvodi u
suradnji s tvrtkama Koncar - Metalne konstrukcije d.o.0. i Agenor automatika d.o.o. Voditelj
projekta na FSB-u je izv. prof. dr. sc. Ivan Stojanovi¢. Projekt je zapoceo 2020. godine i predvida se
zavrSetak projekta krajem 2023. godine.

Ovim projektom nastoji se unaprijediti proces zaStite metalnih konstrukcija od korozije,
prvenstveno u industriji transformatorskih kotlova. Pametno postrojenje koristit ¢e tehnologiju
infracrvenog (IC) zracCenja za ubrzanje procesa suSenja tekucih organskih premaza. Nadalje,
primjenom navedene tehnologije oCekuju se jednako dobra ili bolja zastitna svojstva, u odnosu na
konvencionalno atmosfersko suSenje, odnosno suSenje dijelova pri mikroklimi prostora lakirnice.

Kljuéne rijeci: korozija, infracrveno zracenje, EU projekt, organski premazi
Abstract

At the Faculty of Mechanical Engineering and Naval Architecture (FMENA), the project "Smart plant
for drying liquid coatings”, co-financed by the European Regional Development Fund within the
Operational Programme Competitiveness and Cohesion. The project is a cooperation between
FMENA and companies Koncar - Steel structures d.o.o. and Agenor automation d.o.o. The project
manager at FMENA is Assoc. Prof. Ivan Stojanovi¢, Ph. D. The project has started in 2020 and is
expected to be completed at the end of year 2023.

This project aims to improve the process of protecting metal structures from corrosion, primarily
with application in the power transformers industry. The smart plant will use infrared (IR) radiation
technology to accelerate the drying process of liquid organic coatings. Furthermore, by applying the
mentioned technology, equally good or better protective properties are expected, compared to
conventional atmospheric drying, i.e. drying of parts in the microclimate of the paint shop.

Keywords: corrosion, infrared radiation, EU project, organic coatings
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1. UVOD

Cilj projekta PAMPOS je razviti pametno postrojenje za ubrzano susenje organskih, tekuéih
premaza. Kabina za suSenje premaza sadrzi plinske IC emitere koji rade na principu kataliticke
infracrvene radijacije s valnim duljinama izmedu 2 i 10 pm. Emiteri su postavljeni na pomi¢ne
zidove koji se mogu priblizavati i udaljavati od predmeta koji se suse, a ostatak kabine prekriven
je reflektiraju¢im povrSinama koje odbijaju IC zracenje kako bi ono doslo i do teze dostupnih
dijelova predmeta komplicirane strukture. Svrha postrojenja je ubrzati proces susenja, a da se
pritom ne naruse zastitna svojstva premaza i zavrsni izgled proizvoda.

2. RASPRAVA

Tijek projekta podijeljen je na industrijsko istrazivanje te eksperimentalni razvoj. Tijekom
industrijskog istrazivanja razmatrani su razliciti koncepti i moguénosti infracrvenog susenja te
je izraden model kabine koji se u eksperimentalnoj fazi ispituje u praksi. U eksperimentalnoj
fazi ispituju se mogucénosti i traze se optimalne postavke uredaja kako bi potrosnja plina bila
Sto manja, a vrijeme susenja Sto krace. Koncar — Metalne konstrukcije d.o.o. koristi u svom
programu preko 50 razli€itih zaStitnih premaza na vodenoj i otapalnoj bazi te je potrebno za sve
premaze definirati parametre susenja.

Slika 1: Tijek razvoja pametne kabine za susenje tekucih premaza
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Slika 1. prikazuje tijek razvoja pametne kabine za suSenje tekucih premaza. Podslika a)
prikazuje inicijalno suSenje premaza pomocu jednog IC emitera u prvoj fazi projekta. Na
podslici b) prikazano je pilot postrojenje iz faze industrijskog istaZivanja, dok je na
podslici ¢) prikaz pogonskih ispitivanja u drugoj fazi projekta.

3. ZAKLJUCAK

Projekt PAMPOS primjer je uspjeSne i nuZne suradnje industrije i instrazivackih
organizacija. Koristenjem tehnologije infracrvenog zracenja znacajno je skraceno vrijeme
potrebno za zastitu elemenata iz programa Koncar — Metalne konstrukcije od korozije, a da
su pritom zastitna svojstva premaza ostala jednaka ili postala bolja u odnosu na premaze susene
pri atmosferskim uvjetima.

Zahvala:

Istrazivanje je provedeno u sklopu projekta ,Pametno postrojenje za suSenje tekuc¢ih premaza” (Referentna
oznaka: KK.01.2.1.02.) koji je sufinanciran u okviru Operativnog programa konkurentnost i kohezija, iz
Europskog fonda za regionalni razvoj (https://strukturnifondovi.hr/). Sadrzaj ove publikacije iskljuciva je
odgovornost Fakulteta strojarstva i brodogradnje Sveucilista u Zagrebu

(https://www.fsb.unizg.hr/index.php?pocetna&lang=hr).
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Abstract

Static tensile tests were performed during the application of different types of loading rates
during cold deformation on aluminum - magnesium alloy. The influence of different types of
loading rates and different testing machine control on the distribution of temperature changes
and deformations during cold deformation of aluminum - magnesium alloys were analyzed and
compared. The analysis of the distribution of temperature changes and deformations of the
performed tests was carried out using the methods of thermography and digital image
correlation. The tests showed that different control of testing machine during static tensile
testing affects the distribution of temperature changes and deformations during cold
deformation of aluminum magnesium alloy.

Keywords: cold deformation, aluminum - magnesium alloy, static tensile testing, thermography,
digital image correlation
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1. INTRODUCTION

Aluminum alloys are one of the best choices for the automotive industry as a lightweight
material for various automotive parts such as engine blocks, hoods, trunk lids, body
panels, outer panels (doors) etc. The properties of aluminum alloys, such as low density,
high strength and good corrosion resistance contribute significantly to their use in
various industries such as transportation and structural applications [1,2]. Therefore the
formability properties of aluminum alloys are very important. These characteristics can
be improved by adjusting various parameters such as temperature and strain rate [3,4].

Plastic deformation of aluminum alloys, especially Al-Mg alloys, is of great importance in
determining their formability properties. It is well known that inhomogeneous
deformations appear in Al-Mg alloys during plastic deformation in the form of the
Portevin - Le Chatelier effect (PLC effect), as well as Liiders bands [5]. The PLC effect
shows up as serrations in the stress-strain diagrams during the plastic deformation of Al-Mg
alloys. This effect is significant for the forming of AI-Mg alloys because it can leave
undesirable traces on the surface of the products.

Thermography and digital image correlation (DIC) methods are very useful for detecting
phenomena such as the PLC effect and Liiders bands. Therefore, these methods are highly
desirable for the determination of temperature and strain distribution because they
enable monitoring of temperature, which can be considered as stress changes, and strain
changes during the entire deformation process [6,7]. These methods are widely used to
monitor and determine the amounts and distribution of temperature and strain changes
in Al-Mg alloys [8], as well as in other metallic materials such as different type of steel
[9,10].

The study of stress and strain distribution is often carried out in the investigation of Al-
Mg alloys. In [5,11,12] the distribution and amounts of strain and strain rate during the
occurrence of PLC effect in Al-Mg alloy with DIC are studied. The research in [8] has
shown the stress and strain distribution in an Al-Mg alloy at different strain rates. The
stress and temperature distribution during a static tensile test was investigated on Al-
Mg alloy 5754 using thermography [13,14]. The strain rate amounts and distribution
during PLC evolution are studied in [15] using DIC at different strain rates. The effect of
different strain rates on the mechanical properties, i.e. the stress-strain relationship,
during a static tensile testing of AI-Mg—Si—Cu alloy is described in [16].

However, the literature review does not show the possible changes in temperature, i.e.
stress, and strain distribution in Al-Mg alloys with different control of tensile testing
machine during cold deformation. Therefore, the aim of this paper is to determine the
influence of various control of tensile testing machine (with constant control of strain
rate and stress rate) during cold deformation of Al-Mg alloy 5754. The distribution of
temperature, i.e. stress, and strain amounts, during the different controls of tensile
testing machine obtained by thermography and digital image correlation are compared
in this paper.

2. EXPERIMENTAL PROCEDURE

In this research the tensile testing was conducted on a commercial Al-Mg (5754) alloy.
The samples were taken in the form of flat test pieces with rectangular cross section cut
from the cold rolled steel strip and prepared according to the standard ISO 6892-1:2019.

The sample dimensions of measurement area were 55 mm of the original gauge length,
20 mm of the original width and 3 mm of the thickness.
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The experiments were performed simultaneously using three methods: static tensile
test, thermography and digital image correlation (DIC), Figure 1. The static tensile test
was conducted to determine stress-strain relationship during using different testing
machine control. The tensile testing machine Hegewald&Peschke Inspect table 100 was
used for the static tensile tests, Figure 1. The tests were performed using two different
testing machine controls. Loading at a strain rate (Cp) of 0,003 s'! (corresponding to a
crosshead separation rate of 10 mm/min) and a stress rate (Cr) of 10 MPa/s during the
static tensile test was used in this research.

Fig. 1: Installed equipment: tensile testing machine, infrared camera and digital camera

Thermography and digital image correlation were used to determine the amounts and
distribution of temperature and strain changes during cold deformation of an Al-Mg
alloy. Black matte coating of ColorMatic RAL 9005, LECHSYS 29141 was applied on the
samples for thermographic measurements. Thermographic camera JENOPTIK VarioCAM
M82910 with temperature sensitivity of 80 mK was used to measure the temperature
changes during cold deformation. The software package IRBIS3 professional was used
for the analysis of temperature changes.

2D DIC was used to determine strain amounts and distribution. Samples for 2D DIC were
prepared with the application of white markers on a black background, (Figure 2).
Bianco Opaco RAL 9010 spray was used to apply the white markers on the black
background. The camera used for 2D DIC was digital camera Basler acA2500 placed
perpendicular to the test sample. The GOM Correlate software package was used for DIC
analysis.
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Fig. 2: Sample prepared for DIC experiment

3. RESULTS AND ANALYSIS

The stress-position diagram with comparison of different control of tensile machine
during cold deformation of commercial 5754 Al-Mg alloy is shown in Figure 3.
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Fig. 3: Static tensile testing diagram during control with: a) strain rate (Cp) and b) stress rate (Cr)

The analysis of the stress-position diagram obtained by static tensile tests has shown
some differences between the results given by different controls of the tensile testing
machine with strain rate (Cp) of 0,003 s-1 and stress rate (Cr) of 10 MPa/s, Figure 3.

Qualitative and quantitative analysis of the distribution of temperature and strain
changes were conducted in four selected points: at the start of the tensile test (start),
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halfway between yield strength and tensile strength (point 2), at tensile strength (Rm)
and at the moment of test sample fracture (fracture).

A comparison of qualitative results, between different testing machine control of strain
rate (Cp) and stress rate (Cr), is carried out. The distribution of temperature and strain
changes, shown in the form of differently colored measurement areas on the tested
samples using deformation maps during the different testing machine controls, have
shown in Figure 4.

Start Point 2

Method

Thermography

DIC

Method

Thermography

DIC

Fig. 4: Qualitative results of temperature and strain changes during different testing machine
control
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Qualitative analysis has shown that during the deformation process exists different
distribution of temperature and strain changes during control of tensile testing machine
with control of strain rate (Cp) and stress rate (Cr). It is obvious that there are no
differences between results of the different testing machine controls at the start of
deformation process. However, it is clear that in other points (point 2, Rm and fracture)
are visible significant differences in distribution of temperature and strain changes,
Figure 4. It can be concluded that in all points (except the starting point) are higher
temperature changes during control of tensile testing machine with stress rate (Cr). On
the other hand, the strain amounts are higher in the control with strain rate (Cp) than in
the control of tensile testing machine with stress rate (Cr).

A more detailed investigation of these changes is given in the rest of the research.
Therefore, it was carried out a quantitative analysis of the amounts of maximum
temperature changes and strains. The results of the quantitative analysis of maximum
temperature and strain changes amounts are shown in Figures 5 and 6.
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Fig. 5: Quantitative results of temperature changes with different testing machine control
during deformation
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Fig. 6: Quantitative results of strain changes with different testing machine control
during deformation
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The quantitative results confirm the qualitative results of the deformation maps. It is
clear that in interested points (point 2, Rm and fracture) are higher temperature
changes, i.e. stress changes, and lower strain amounts during control with stress rate
(Cr) regard to control with strain rate (Cp). The difference in the amounts of
temperature and strain changes, between the different controls of the testing machine
(red triangles in Figures 5 and 6), is lower in point 2 than at points Rm and fracture,
Figures 5 and 6. Therefore, it can be concluded that the difference in the amounts of
temperature and strain changes during the different controls of the testing machine
increases with the deformation degree.

The quantitative results confirm that the distribution of temperature and strain changes
is different during the testing machine control with strain rate (Cp) and stress rate (Cr)
because of different serrations in diagrams, Figures 3, 5 and 6. Different serrations in
stress, temperature and strain changes are determined during both controls of testing
machine. These serrations characterize the appearance of the PLC effect in 5754 Al-Mg
alloys as the temperature and strain amounts changes randomly in measuring area of
the tested samples.

For a clear determination of the occurrence of the PLC effect during both controls of the
tensile testing machine the results of the measured and analysed strain rates, with DIC,
in interested points (point 2, Rm and fracture) are shown in Figure 7.

Method

DIC

Method

DIC

Fig. 7: Qualitative results of strain rate changes with different testing machine control
during deformation

The monitoring of strain rate changes clearly shows that for both controls of the testing
machine, the PLC effect occurs in the tested 5754 Al-Mg alloy during cold deformation. It
can be clearly seen how the strain rate amounts randomly move around the measuring
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area of the tested samples. It is found that there are differences in strain rate
distribution, during the PLC effect, for different controls of the tensile testing machine.

The serrations of both curves in the stress-position diagram confirmed that the PLC
effect occur during control of testing machine with strain rate (Cp) and stress rate (Cr),
Figure 3.

4. CONCLUSION

Research has shown that the different control of the testing machine between the strain
rate (Cp) and the stress rate (Cr) has influence on the distribution and amounts of
temperature and strain changes during the cold deformation of the commercial 5754 Al-
Mg alloy. A different distribution of temperature and strain changes during control of
tensile testing machine between strain rate (Cp) and stress rate (Cr) control is
determined.

Controlling the test machine with the stress rate (Cr) have shown higher temperature
changes, i.e. stress changes, and lower strain amounts compared to controlling with the
strain rate (Cp). The difference in the amounts of temperature and strain changes for the
different testing machine controls increases with the deformation degree.

The phenomenon of PLC effect is established during both testing machine control of
strain rate (Cp) and stress rate (Cr) during cold deformation of 5754 Al-Mg alloy. It is
found that there are differences in the distribution of strain rate during PLC effect with
different control of tensile testing machine.
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Abstract

Metal-based implant devices have become increasingly prevalent due to their ability to restore
the physical function of patients with disability. However, this growth has proportionally
resulted in an increase in implant failures due to wear and corrosion (tribocorrosion), with
recent data reporting infection as its primary cause. The clinical reports on the peri-implantitis
(dentistry) and peri-prosthetic infections (orthopedics) are very common. Despite recent studies
on implant failure, there is a lack of research regarding the cellular response to an
inflammatory/infectious environment when exposed to metal ions/particles released due to
tribocorrosion from implants. Additionally, our recent study demonstrated that the body’s
immune response to infection, specifically the release of macrophages, might accelerate implant
corrosion, called cell-accelerated corrosion (CAC). Therefore, this lecture will address, basics
of tribocorrosion aspects of implants (focusing on hip implant) and the effect of infectious and
inflammatory conditions on the cellular viability of osteoblast cells (MG-63), and corrosion
aspects of the implants under macrophages challenged by these conditions. The talk will also

include some future research directions to minimize the risk associated with implant failures.
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Sazetak

Postizanje martenzitne mikrostrukture kod celicnih obradaka nakon kaljenja nuzno je za
dobivanje odgovarajucih Zeljenih mehanickih svojstava. Opéenito, svojstva postignuta gaSenjem s
temperature austenitizacije ne ovise samo o svojstvima materijala koji se toplinski obraduje, vec¢
i o svojstvima medija za ohladivanje. Poznavanjem fizikalnih i kemijskih svojstava te
karakteristika ohladivanja koriStenog sredstva za gaSenje moZemo preciznije kontrolirati proces
gaSenja. Danas se od sredstava za gaSenje najces¢e koriste mineralna ulja, medutim, zbog ekoloske
prihvatljivosti i obnovljivosti sve se viSe istrazuje primjena biljih ulja. Ovaj rad istrazuje razlike
izmedu fizikalnih i kemijskih svojstava razlicitih konvencionalnih mineralnih ulja i biljnih ulja, ali
i razlike u tehni¢kim performansama ovih ulja dobivenih na temelju karakteristika ohladivanja
izmjerenih prema standardu ISO 9950.

Kljuéne rijeci: gasenje, medij za ohladivanje, mineralna ulja, biljna ulja.
Abstract

Achieving a martensitic microstructure in steel components after hardening process is necessary
to obtain the appropriate desired mechanical properties. In general, the properties achieved by
quenching from the austenitization temperature depend not only on the properties of the heat-
treated material, but also on the properties of the cooling medium. By knowing the physical and
chemical properties and the cooling characteristics of the quenching media used we can more
precisely control the quenching process. Today, mineral oils are the most used quenching fluids,
however, due to their ecological acceptability and renewable nature, the use of vegetable oils is
increasingly being researched. This paper investigates the differences between the physical and
chemical properties of various conventional mineral and vegetable oils, but also the differences in
the technical performance of these oils based on the cooling characteristics measured according
to the ISO 9950 standard.

Keywords: Quenching, Quenching Media, Mineral Oils, Vegetable Oils.
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1. INTRODUCTION

Different heat treatment processes are widely applied in the industry to enhance
mechanical properties of components made of steel [1]. Hardening is one of the most
common processes to improve final product in steel manufacturing by increasing
hardness which consists of heating an object to an austenitising temperature (J,), holding
it at that temperature for a set period followed by fast cooling to a room temperature
(quenching) in order to achieve a transformation into a martensitic microstructure [2],
[3]. Phases obtained after a heat treatment can be controlled by adjusting the process
parameters [1]. Therefore, immersion in the quenching medium is the most critical part
of the process of hardening [4]. Too slow cooling rates can lead to formation of an
undesirable microstructure constituents such as ferrite and pearlite, while too fast cooling
rates can distort some materials due to thermal shock [5], [6]. Thus, it is very important
to choose the appropriate quenchant for a specific purpose. Different types of oils, water
and polymer solutions are just some of quenching media designed for rapid and
controlled cooling of steel [6]. Mineral or petroleum based oils are the most widely used
quenchants as they provide appropriate cooling rates and therefore minimize risks of
residual stresses and distortion in the material [2], [7]. However, despite many
advantages and applications there are some disadvantages and limitations such as the
creation of vapour blanket that surrounds the object at the start of quenching and lowers
the cooling rate (one of three phases of Leidenfrost phenomena), but more importantly,
they are hazardous for environment and health, non-biodegradable and non-renewable
[2], [4], [8]. For the past decade, an increased environmental awareness and a need for
recognizing the importance of environmental issues regarding global warming encourage
innovations and sustainable development across the manufacturing industry [9]. Lower
impact evaluations in terms of global warming, water intact, pollution and human toxicity,
and a need to reduce the reliance on imported petroleum crude oils had led to the search
for possible environment-friendly alternatives to mineral, petroleum-derived quenching
oils [10]. Due to their biodegradability, renewability and non-toxic nature, vegetable oils
are being investigated as innovative alternative to such oils [11], [12]. Some studies show
that vegetable oils have displayed excellent lubrication properties and desirable
characteristics in laboratory investigations, making them very attractive lubricants for
many practical applications [10], [12]. In this paper, a comparative study between a
mineral, petroleum-derived and vegetable oils is performed. To obtain the overview of
the vegetable oil quenching performance in comparison to mineral oil quenching
performance, physical and chemical properties, cooling curves, and cooling
characteristics obtained according to ISO 9950 were determined. The oils that were
studied included two commercial mineral oils as well as two vegetable oils, olive oil and
canola oil.

2. EXPERIMENTAL

In this paper, different oils are compared based on their physical and chemical properties,
but also cooling curves and quenching characteristics obtained by conducting tests
according to ISO 9950. A total of 4 different oil samples were examined and compared, of
which 2 are commercial mineral-based oils, and the remaining 2 are vegetable oils (olive
oil and canola oil). Of the two commercial mineral-based oils, named Mineral oil 1 and
Mineral oil 2, respectively one is less additive (0.5 % by mass) while the other is more
strongly additive (3 % by mass). Useful characteristics for identifying a particular
quenching oil are its physical and chemical properties. Using standardized laboratory
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methods for determining physical and chemical properties, tests of the characteristic
properties of selected oil samples were conducted. Oils are described by appearance and
colour, density, kinematic viscosity at 40 °C, kinematic viscosity at 100 °C, viscosity index,
base number, acid number, flash point, pour point, copper corrosion and volatility. The
measurement unit and description of each property are shown in Table 1.

Tab. 1: Description of the physical and chemical properties of oils

Property Unit Description
Appearance and colour - Visual description of an oil sample
Density g/cm?3 Mass of the unit of volume
Kinematic viscosity mm?/s The ratio of dynamic viscosity to density
Viscosity index - Evaluates the dependence of viscosity on temperature

Amount of KOH in mg required for free organic acids

Base number mgKOH/g contained in 1 g of the examined oil to be neutralised
Acid number mgKOH/ Shows whether acid formation has occurred in the oil as a
& & result of oxidation combustion products

Flash point oC Temperature at which the oil educes such an amount of

p gasses that when are set to fire stay on fire for at least 5 s

Pour point oC Temperature at which thg oil changes from a liquid to a

solid state

Copper corrosion (Cu, 100 °C, 3 h) - Indicates the behavior of the oil in the presence of oxygen

The amount of fluid that evaporates in a prescribed time at

- o
Volatility (Naoack) % a prescribed place temperature

Appearance and color are physical properties of quenching oils that are determined
visually. Oil density was measured according to ASTM D4052. Kinematic viscosity was
tested at temperatures of 40 °C and 100 °C according to ISO 3104 using a capillary
viscometer. The capillary is filled with a certain amount of liquid, a then heated to a certain
temperature. When the capillary heats up, the valves open, and a liquid begins to flow
through the capillary. The time it took for the liquid to pass through capillary was
measured. By measuring the required time for the oil to leak through the capillary and
multiplying by a capillary constant, kinematic viscosity is obtained. Viscosity index was
determined from the kinematic viscosities at 40 °C and 100 °C according to ISO 2909. The
flash point was determined according to ISO 2592. The pour point was measured
according to ISO 3016. The procedure for determining copper corrosion was done
according to ISO 2160 by putting both a sample of examined oil and a copper plate into a
glass test tube. The test tube with oil and a plate is then placed into a device that imitates
the conditions of exploitation. The device heats a test tube at a temperature of 120 °C.
After 3 hours, the test tube is taken out and the changes on the copper plate are observed.
The copper plate changes color and is compared with the spectrum color on the ASTM
scale, thus determining the class of resistance to oxidation. The volatility of the oil was
tested using the Noack test, which is a standardized laboratory method for evaluation of
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oil volatility at high temperatures. The oil sample is poured into the automatic device to
determine evaporation. In the device, the tested oil sample is heated up to a temperature
of 250 °C for a period of 1 hour, while the amount of volatile components of the oil is
measured. The amount of volatile components is expressed as mass loss in percentage,
and the smaller the mass loss is, the greater is the oil's resistance to evaporation at high
temperatures. To predict the behavior of quenchants, an accelerated oxidation test
(Baader ageing test) was also performed according to DIN 51554. The following
characteristics of quenchants are presented: kinematic viscosity at 40 °C after the test,
increase of viscosity at 40 °C, acid number after the test, increase of acid number, IR
spectrum before the test and IR spectrum after the test. To monitor the cooling process
for the purpose of testing the cooling characteristics of the quenching oils, a measuring
probe with dimensions ®12,5 x 60 mm made of Inconel 600 alloy was used with an
insulated K-type thermocouple (diameter 1,5 mm) installed in the centre of the probe
with polished or finely ground surface. The measuring probe is an integral part of the IVF
Smart Quench measuring and analytical system. The IVF Smart Quench measuring system
consists of a measuring probe, a furnace, a measuring vessel, an electronic data
acquisition system and the IVF SQ Integra computer program. The performance of the
cooling curves test consisted of the phase of heating the measuring probe to a
temperature of 855 °C and the phase of cooling the probe in examined stationary
quenching oils. During cooling, the electronic measuring system recorded and stored the
temperature values in the centre of the test probe with the selected sampling frequency.
The temperature of the measuring probe at the beginning of cooling was 855 °C. Start
temperature was set to 850 °C and the reason for selecting a heating temperature of 855
°C is that the probe must be moved from the furnace to the quenching media to be tested.
The time of heating the measuring probe was 5 minutes. The temperature of the tested
quenching oils at the beginning of the recording of the cooling curves was 80 °C and the
oil sample volume was two litres. The time of collecting records on the cooling of the
centre of the sample was 60 s. The sampling frequency was 100 records/second. Using
the IVF SQ Integra computer program and the recorded cooling data of the centre of the
probe, the appearance and values of the temperature and cooling rate curves and the
following calculated data shown in Table 2 were determined.

Tab. 2: Characteristic data calculated automatically for each quenchant

Quenching
characteristic Unit Description
CRmax °C/s Maximum cooling rate
T(CRmax) °C Temperature at maximum cooling rate
t(CRmax) S Time to reach the maximum cooling rate
CR300 °C/s Cooling rate at 300 °C
CR550 °C/s Cooling rate at 550 °C
Time to 600 °C s Time to reach 600 °C
Time to 400 °C S Time to reach 400 °C
Time to 200 °C S Time to reach 200 °C
Tvp °C Temperature for transition from vapour phase to boiling phase
Tep °C Temperature for transition from boiling phase to convection phase
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3.

RESULTS AND DISCUSSION

Physical and chemical properties of Mineral oil 1, Mineral Oil 2, Olive oil and Canola oil
obtained by standardized laboratory methods are shown in Table 3.

Tab. 3: Physico-chemical properties of examined oils

Quenchant sample
Property Unit
Mineral oil 1 | Mineral 0il 2| Olive oil Canola oil
Appearance and color - Clear, brown | Clear, brown |Clear, yellow| Clear, yellow
Density g/cm?3 0,8540 0,8579 0,9151 0,9204
Kinematic viscosity at 40 °C | mm?/s 22,10 24,05 39,88 35,46
Kinematic viscosity at 100 °C| mm?/s 4,38 4,69 8,70 8,16
Viscosity index - 107 113 204 215
Base number mgKOH/g 0,35 1,89 0,03 0,02
Acid number mgKOH/g 0,02 0 0,23 0,06
Flash point °C 195 205 288 320
Pour point °C -18 -15 -18 -30
Copper corrosion - 1b la la la
Volatility (Noack) % 23,0 23,8 0,5 0,5
Baader ageing test, 110°C / 72 h
Ki“emagfct;’rist;‘(’iz a 40°C 1 nme/s 22,39 24,20 48,85 51,87
Incr.‘ease-of kinematic % 131 0,21 22,49 46,28
viscosity at 40 °C
Acid number after the test |mgKOH/g 0,04 0,00 0,70 0,28
Increase of acid number % 100,00 0,00 204,35 366,68
IR spectrum before the test - typical typical typical typical
IR spectrum after the test - No o;(eijlzition No oseiglzition [?e);lcl(%naliéOSr; S;zgﬁﬁg’gg aczloln

The experiment showed that the viscosity values for vegetable oils are considerable
higher than those of commercial mineral-based oils, which would reduce the cooling rate
during quenching process. Also, the viscosity index values of vegetable oils are higher than
those of mineral-based oils, which means that their viscosity is more dependant on
temperature. Flash point temperature values are higher for vegetable oils, which results
in lower risk of ignition at elevated temperatures. Pour point temperature values for all
quenchant samples meet the needs for tempering process. Base and acidic number of
mineral-based oils showed more favourable results than those of vegetable oil, which may
result in a lower risk of corrosion. Noack test showed that for both olive and canola oil the
values obtained are less than 1 %, while those obtained for mineral oils are much higher.
Furthermore, after carrying out the Baader test, a large oxidation of canola and olive oil is
visible due to the increase in acid number and kinematic viscosity. Mineral oil 1 has less
additives (0.5 % by mass), so the acid number has changed, while Mineral oil 2 has more
additives (3.0% by mass) and no oxidation of the oil occurs at all.
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Cooling characteristics of Mineral oil 1, Mineral oil 2, Olive oil and Canola oil measured
according to the ISO 9950 standard are shown in Table 4.

Tab. 4: Quenching characteristics of each examined oil

Quenching Unit Quenchant sample
characteristic Mineral oil 1 | Mineral oil 2 | Olive oil | Canola oil
CRmax °C/s 77,98 105,07 98,96 109,49
T(CRmax), °C °C 543,43 603,28 626,73 652,05
t(CRmax) S 10,78 7,06 5,08 3,09
CR300 °C/s 5,77 4,89 11,27 11,45
CR550 °C/s 77,90 90,15 71,72 70,15
Time to 600 °C S 9,97 7,09 5,35 3,59
Time to 400 °C s 14,09 11,08 9,58 7,68
Time to 200 °C s 53,02 53,80 36,96 35,58
Tvp °C 632,17 716,98 761,95 849,57
Tep °C 370,21 378,07 329,16 268,10

Temperature vs. time and cooling rate vs. temperature curves of Mineral oil 1 examined
at the temperature of 80 °C are shown in Figure 1.
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Fig. 1: Temperature vs. time and cooling rate vs. temperature curves of Mineral o0il 1 at 80 °C
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Temperature vs. time and cooling rate vs. temperature curves of Mineral oil 2 examined
at the temperature of 80 °C are shown in Figure 2.
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Fig. 2: Temperature vs. time and cooling rate vs. temperature curves of Mineral oil 2 at 80 °C

Temperature vs. time and cooling rate vs. temperature curves of Olive oil examined at the
temperature of 80 °C are shown in Figure 3.
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Fig. 3: Temperature vs. time and cooling rate vs. temperature curves of Olive oil at 80 °C

Temperature vs. time and cooling rate vs. temperature curves of Canola oil examined at
the temperature of 80 °C are shown in Figure 4.
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Fig. 4: Temperature vs. time and cooling rate vs. temperature curves of Canola oil at 80 °C

The cooling curves of all 4 examined oils are shown in Figure 5.
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Fig. 5: Cooling curves of all examined oils
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4. CONCLUSION

The cooling characteristics of the quenching oil that affect the quality and cooling rate of
the workpiece during the quenching process are the result of the physical and chemical
properties of these oils. Investigation of physical and chemical properties and cooling
characteristics of two commercial mineral-based oils and two vegetable oils was obtained,
and it can be concluded that, considering the similarity of the results, vegetable oils could
be suitable for quenching processes. However, by performing the Baader test in order to
evaluate the long-term behaviour of quenchants, a large oxidation of canola and olive oil
is evident from the increase in acid number and kinematic viscosity.

Regarding the importance of sustainable development, vegetable oils are an interesting
substitute for existing industrial oils used in the quenching process. However, when
choosing a suitable quenchant, longevity is one important aspect. Therefore, the oxidative
and ageing stability of vegetable oils must be further investigated.

REFERENCES

[1] B.Laxmi, S. Sharma, J. Pk, and A. Hegde, ‘Quenchant oil viscosity and tempering temperature
effect on mechanical properties of 42CrMo4 steel’, J. Mater. Res. Technol., vol. 16, pp. 581-587,
Jan. 2022, doi: 10.1016/j.jmrt.2021.11.152.

[2] M.P.Prathviraj, A. Samuel, and K. Narayan Prabhu, ‘Reprocessed waste sunflower cooking oil
as quenchant for heat treatment’, J. Clean. Prod., vol. 269, p. 122276, Oct. 2020, doi:
10.1016/j.jclepro.2020.122276.

[3] B. Matijevic and L. Pedisic, ‘Influence of Additive Chemistry on the Physical, Chemical and
Cooling Properties of Quenching Oils’, Mater. Perform. Charact., vol. 3, pp. 283-292, Dec. 2014,
doi: 10.1520/MPC20130105.

[4] G. Kerekes, M. Baan, and I. Felde, ‘Possibility of Use Bio Oils as Quenchant’, Jan. 2016. doi:
10.26649/musci.2016.082.

[5] P.Brito, P. A. Ramos, L. P. Resende, D. A. de Faria, and O. K. Ribas, ‘Experimental investigation
of cooling behavior and residual stresses for quenching with vegetable oils at different bath
temperatures’, J. Clean. Prod, vol. 216, pp. 230-238, Apr. 2019, doi:
10.1016/j.jclepro.2019.01.194.

[6] S.G.Lee, M. Kaviany, and ]. Lee, ‘Role of quenching method on cooling rate and microstructure
of steels: Variations in coolant and its flow arrangement’, Int. J. Heat Mass Transf., vol. 189, p.
122702, Jun. 2022, doi: 10.1016/j.ijheatmasstransfer.2022.122702.

[7] D. Scott MacKenzie, ‘Selection of oil quenchants for heat treating processes’, Int. Heat Treat.
Surf. Eng., vol. 8, no. 1, pp. 8-14, Mar. 2014, doi: 10.1179/1749514813Z.00000000089.

[8] V. Venkitesh and S. Dash, ‘Role of extended surfaces on the enhancement of quenching
performance’, Int. J. Therm. Sci, vol. 171, p. 107235, Jan. 2022, doi:
10.1016/j.ijthermalsci.2021.107235.

[9] H.I. Akbar, E. Surojo, D. Ariawan, and A. R. Prabowo, ‘Experimental study of quenching agents
on Al6061-A1203 composite: Effects of quenching treatment to microstructure and hardness
characteristics’, Results Eng., vol. 6, p. 100105, Jun. 2020, doi: 10.1016/j.rineng.2020.100105.

[10] F.Lenzi, G. Campana, A. Lopatriello, M. Mele, and A. Zanotti, ‘About the Use of mineral and
vegetable Oils to improve the Sustainability of Steel Quenching’, Procedia Manuf., vol. 33, pp.
701-708, Jan. 2019, doi: 10.1016/j.promfg.2019.04.088.

[11] Bhagyalaxmi, S. Sharma, P. K. Jayashree, and A. Hegde, ‘Vegetable o0il quench effect on impact
toughness and hardness of 42CrMo4 steel’, Mater. Today Proc.,vol. 63, pp. 113-116, Jan. 2022,
doi: 10.1016/j.matpr.2022.02.349.

146



[12] N.]J. Fox and G. W. Stachowiak, ‘Vegetable oil-based lubricants—A review of oxidation’,
Tribol. Int., vol. 40, no. 7, pp. 1035-1046, Jul. 2007, doi: 10.1016/j.triboint.2006.10.001.

147



INTERNATIONAL CONFERENCE ON MATERIALS

corrosion, heat treatment, testing and tribology, 2023

Tech

UTJECAJ TOPLINSKE OBRADE NA MEHANICKA I KOROZIJSKA
SVOJSTVA ALUMINIJSKE LEGURE ALSI1MGMN

EFFECT OF HEAT TREATMENT ON MECHANICAL AND CORROSION
PROPERTIES OF ALSI1IMGMN ALUMINUM ALLOY
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Sazetak

Aluminijske legure iz skupina EN-AW 20XX, EN-AW 60XX i EN-AW 70XX svoja uporabna
svojstva postizu nakon precipitacijskog oc¢vrs¢ivanja. Parametri toplinske obrade znacajno
utjecu na mikrostrukturu, mehanicka i korozijska svojstva obradene legure. U radu je provedno
precipitacijsko ocvrsnucée legure AlSi1MgMn homogenizacijskim Zarenjem na 560 °C/6h i
umjetnim starenjem na temperaturi 150 °C i 175 °C u trajanju 5 h i 10 h. Na ispitnim uzorcima
provedeno je ispitivanje tvrdo¢e metodom Vickers i odredena je otpornost na elektrokemijsku
koroziju u vodenoj otopini 3,5 % NaCl metodom Tafel. Prema kriteriju najvece tvrdoce i
najmanje brzine korozije optimalna temperatura i trajanje umjetnog starenja iznose 175 °C/5h.

Kljuéne rijeci: precipitacijsko ocvrsnuce, umjetno starenje, elektrokemijska korozija, AlSi1MgMn
Abstract

Aluminum alloys from the groups EN-AW 20XX, EN-AW 60XX and EN-AW 70XX achieve their
useful properties after precipitation hardening. Heat treatment parameters significantly affect
the microstructure, mechanical and corrosion properties of the treated alloy. In this paper,
precipitation hardening of AlISi1MgMn alloy was carried out by homogenization annealing at 560
°C/6h with artificial aging at temperature of 150 °C and 175 °C for 5 h and 10 h. he test samples
were tested for hardness using the Vickers method. Resistance to electrochemical corrosion in a
3.5% NaCl aqueous solution was determined by the Tafel method. According to the criterion of
the highest hardness and the lowest corrosion rate, the optimal temperature and duration of
artificial aging are 175 °C/5h.

Keywords: precipitation hardening, artificial aging, electrochemical corrosion, AlSi1MgMn
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1. INTRODUCTION

Aluminum alloys are the most commonly used materials for the fabrication of metal
structures after iron and steel. They find wide applications and continual development
in the fields of shipbuilding, aerospace, electrical engineering, automotive industry, and
weapon manufacturing due to their favorable properties such as low density, high
specific strength, ease of processing, good corrosion resistance, and excellent electrical
and thermal conductivity. Based on composition, microstructure, and processing
properties, aluminum alloys can be divided into cast and wrought alloys. Generally, the
alloying element content in cast alloys ranges from 10-12%, while in wrought alloys, it is
around 1-2%, although in some cases, it can be up to 6-8%. Based on their capability for
precipitation hardening, aluminum alloys can further be categorized into heat-treatable
and non-heat-treatable [1, 2]. The thermal treatment of aluminum alloys consists of
three stages: (1) solution annealing at a temperature below the eutectic temperature
where substitutional alloying elements dissolve in aluminum, (2) quenching at a critical
rate to room temperature, where the alloying elements remain dissolved in the unstable
solid solution of aluminum crystal lattice, and (3) artificial aging by heating at a
temperature below 200 °C for a specified time. During aging, the alloying elements
precipitate from the unstable solution of aluminum crystal lattice in the form of
nanometer-sized intermetallic compounds, thereby strengthening the aluminum alloy.
Aging of solution-annealed aluminum alloys can also be performed at room temperature
over a considerably longer period than artificial aging. The mechanical and corrosion
properties of precipitation-hardened aluminum alloys are significantly influenced by the
heat treatment parameters: solution annealing temperature and time, quenching rate,
and aging temperature and time.

Depending on the type of aluminum alloy, the solution annealing temperature typically
ranges from 441 °C to 527 °C. If the temperature is too low, the maximum strength of the
alloy will not be achieved. If the temperature is too high, there is a risk of melting the
low-solubility constituents (eutectic melting), significantly deteriorating properties in
certain alloys. To achieve optimal properties, it is recommended to maintain the solution
annealing temperature within a very narrow allowable deviation range (¥10 °C) [1, 3].
The objective of the solution annealing process for the AlSi1MgMn alloy (EN-AW 6082)
is to achieve the maximum concentration of dissolved alloying elements within the solid
solution, including copper, zinc, magnesium, and/or silicon. The concentration and
dissolution rate of these elements increase with the temperature. The holding time
depends on the alloy type and the thickness of the object, ranging from 10 minutes for
thin sheets to 12 hours for heavy forged materials. For heavy parts, the recommended
holding time at the solution annealing temperature is approximately 1 hour for every
2.5 cm thickness of the cross-section. It is advisable to select the minimum required
holding time to achieve optimal properties. If the holding time is too short, the
constituents will not completely dissolve in the solid solution; on the other hand,
excessively long holding time increases the risk of high-temperature surface oxidation
[3, 4].

Quenching of solution-annealed aluminum alloy is typically carried out in water with a
quenching intensity sufficient to retain the dissolved alloying elements in the forced
solution of the aluminum crystal lattice. The highest quenching rate will provide the best
combination of strength, toughness, general corrosion resistance, and stress corrosion
resistance. However, it should be noted that increasing the quenching rate leads to
higher residual stresses and distortion, so the optimal quenching rate that achieves the
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desired properties needs to be determined. The influence of quenching rate on the
occurrence of precipitation reaction is described by continuous Time Temperature
Precipitation (TTP) cooling diagrams. The shape of the continuous TTP diagram and the
incubation time until the start of precipitation of unwanted coarse precipitates depend
on the chemical composition of the aluminum alloy, solution annealing temperature, and
cooling curve shape [1, 6, 7, 8]. Despite their importance in understanding precipitation
reactions, TTP diagrams for aluminum alloys are rarely constructed due to the
complexity of dilatometric, mechanical, and microstructural tests. Figure 1 shows a
schematic phase diagram and TTP diagram with curves for the onset of primary
precipitate precipitation in aluminum alloy EN-AW 6082. It is observed that each
solution annealing temperature results in a characteristic curve of the onset of
precipitation of coarse beta phase precipitates that need to be avoided by sufficiently
fast cooling [7, 9, 10].
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Fig. 1: Schematic representation of the phase diagram and TTP precipitation curves for aluminum
alloy EN-AW 6082 [9]

The solution-annealed and quenched alloy is easily workable by particle separation and
deformation in the cold state. Some manufacturers retain the structure in such a state by
storing alloys at temperatures below zero until further shaping. However, most solution-
annealed alloys are not stable after quenching at room or elevated temperatures, and
precipitation of intermetallic compounds from supersaturated solution begins, known as
natural aging [1, 5].

The temperatures of precipitation hardening for aluminum alloys depend on the
chemical composition of the alloy and the desired properties, and typically range from
107 °C to 191 °C. The artificial aging temperature must be precisely and reliably
maintained within a few degrees of the specified temperature (+3 °C) to achieve optimal
mechanical and corrosion properties. The holding time of aluminum alloys at a specific
aging temperature ranges from 4 to 24 hours [1, 4, 6, 10]. With the increase in
precipitation hardening temperature, excessive aging reduces tensile strength, yield
strength, elongation, and corrosion resistance of overaged alloys.

Aluminum alloys from the EN-AW 6xxx group contain silicon and magnesium in
proportions sufficient to form magnesium silicide (Mg2Si), making them heat-treatable.
Although they do not have high strength like most aluminum alloys from the EN-AW
2xxx and EN-AW 7xxx groups, they have excellent formability, weldability,
machinability, and moderate strength with excellent corrosion resistance. In alloys from
the EN-AW 6xxx group, Mg2Si precipitates occur in three basic forms: (a) coherent (3”
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precipitates, emitted in the form of very fine rods densely dispersed in the
microstructure, (b) partially coherent 3’ precipitates, of slightly larger rod-like shape,
and (c) incoherent (3 precipitates, precipitated in the form of large, cube-like particles.
The improvement in the mechanical properties of aluminum alloys EN-AW 6xxx is
significantly contributed by only coherent B” precipitates, while the contribution of
other precipitates is negligible. During artificial aging between 150 °C to 200 °C, the
alloying elements start forming ordered arrays of atoms in the aluminum matrix, called
Guinier-Preston (GP) zones, which significantly strengthen the alloy while maintaining
good corrosion resistance [4].

Due to the influence of the chemical composition of a specific aluminum alloy and the
action of heat treatment parameters on mechanical and corrosion properties, the
boundary values within which the parameters of the artificial aging process can be
selected to achieve the best combination of mechanical hardening and resistance to
electrochemical corrosion are not sufficiently researched. For future optimizations of
heat treatment parameters, this study investigates the influence of temperature and
time of artificial aging of the AISi1MgMn alloy (EN-AW 6082) on the increase in
hardness and resistance to electrochemical corrosion in a 3.5% NaCl aqueous solution.

2. MATERIALS AND METHODS

From a hot extruded rod of aluminum alloy AlSi1MgMn (EN-AW 6082), 12 samples with
a diameter of 30 mm and a thickness of 9 mm were cut. The chemical composition of the
samples was analyzed using a portable Olympus XRF spectrometer and is listed in Table
1. The measured proportions of metallic elements comply with the chemical
composition of this alloy as stipulated by DIN EN 573-3:2019 standard.

Tab. 1: Chemical composition of aluminum alloy EN-AW 6082

% wt of metal element

Si Fe Cu Mn Mg Cr Zn Al

1.20 0.27 0.05 0.45 2.08 0.05 0.34 95.87

The flat surfaces of the samples were planar ground using a belt grinder with abrasive
papers of grit #80 and #240, followed by a final polish using waterproof abrasive paper
with a grit size of #800. Sample designations and the planned heat treatment are
provided in Table 2. The heat treatment consists of solution annealing at 560°C for 6
hours in a small laboratory electric furnace, followed by quenching in still water at room
temperature.

Tab. 2: Designations of aluminum alloy EN-AW 6082 samples and their heat treatment

No. Designation Heat Treatment Parameters
1. All 560 °C/6 h/waterzo-c + 150 °C/5 h/air
2. Al12 560 °C/6 h/waterzo°c + 150 °C/10 h/air
3. A21 560 °C/6 h/waterzo-c + 175 °C/5 h/air
4. A22 560 °C/6 h/waterzo°c + 175 °C/10 h/air

The water quenching curve was recorded according to ISO 9950:1995 using the IVF
Smart Quench System in the Heat Treatment Laboratory (FMENA). This system records
the water quenching curve of a temperature probe with a diameter of 12.5 mm and a
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length of 60 mm made of Inconel 600 alloy, utilizing a type K thermocouple embedded in
the center of the probe. The water cooling curve and cooling rate curve are shown in
Figure 2. Artificial aging was performed in the same laboratory electric furnace at
temperatures of 150°C and 175°C for durations of 5 hours and 10 hours, respectively.
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Fig. 2: Cooling curve and cooling rate curve in 23°c water

Hardness measurements on the surface of the heat-treated samples were conducted
using the Vickers HV1 method at the Surface Engineering Laboratory (FMENA) on an
INSTRON Wilson-Wolpert Tukon 2100B hardness tester. Hardness testing was repeated
5 times for each heat-treated condition of the test samples.

The evaluation of resistance to electrochemical corrosion was carried out in a 3.5% NaCl
aqueous solution by measuring the polarization resistance and cyclic polarization of the
test sample surfaces. The results of cyclic polarization were analyzed using Tafel
extrapolation. The Potentiostat/Galvanostat Model 273A EG&E device, electrochemical
cell, and computer program 352 SoftCorr III in the Materials Protection Laboratory
(FMENA) were utilized for electrochemical testing. The electrochemical cell, as shown in
Figure 3, consisted of a working electrode (test sample with a surface area of 0.785 cm?),
auxiliary graphite electrodes, and a saturated calomel reference electrode. A detailed
description of the testing can be found in [11, 12]. Using Tafel extrapolation, the
corrosion rate vkor was determined, while cyclic polarization established the tendency of
the aluminum alloy to pitting corrosion characterized by the pitting potential (Epit) and
the protective (Ezpit) potential [11, 12, 13].

The appearance of the corroded surface of the test samples was analyzed using a Leica
MZ6 stereomicroscope. For microstructure analysis, the test samples were
metallographically ground and polished. Etching of the polished surface was performed
in Keller's reagent for 30 s. Keller's reagent is a solution comprising 95 mL of distilled
water, 2.5 mL of nitric acid, 1.5 mL of hydrochloric acid, and 1 mL of hydrofluoric acid.
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The microstructure of the test samples was analyzed after metallographic preparation
using optical microscopy on an Olympus GX 51 microscope in the Materialography
Laboratory (FMENA).

Fig. 3: Test apparatus for determining resistance to electrochemical corrosion

3. RESULTS AND DISCUSSION
3.1. Hardness

The hardness of the test samples after solution annealing at 560°C / 6 h followed by
water quenching was 65 = 5 HV1. The hardness of the samples after artificial aging is
shown in Figure 4. The histogram in Figure 4 reveals that the maximum and minimum
hardness values differ by 36 HV1, depending on the chosen parameters of artificial
aging. The highest hardness of 126 HV1 was achieved after artificial aging at a
temperature of 150°C / 10 h (sample A12), followed by sample A21, artificially aged at
175°C / 5 h. The lowest hardness of 90 HV1 was obtained for sample A22, which was
artificially aged at 175°C / 10 h.
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Fig. 4: Hardness of EN-AW 6082alloy samples after artificial aging
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3.2. Electrochemical corrosion resistance

The corrosion rate and corrosion potential of each test sample were determined by
extrapolating the anodic and cathodic Tafel slopes. By extending these slopes to their
intersection, the corrosion potential Ekor and the corrosion current density jkor were
determined, from which the corrosion rate vkor was calculated. The corrosion potential
values for all test samples were negative and ranged from -727 * 10 mV. Negative values
indicate that exposure to the corrosive medium (in this case, 3.5% NaCl) would result in
corrosive damage to the tested surfaces. Corrosion current density and corrosion rate
are directly proportional, so the extrapolation of the anodic and cathodic slopes
determined the lowest current density (and thus the calculated corrosion rate) for
sample A11, while the highest corrosion rate was determined for sample A22. Table 3
shows the values of Ekor, jkor and vkor obtained by extrapolating the anodic and
cathodic directions.

Tab. 3: Corrosion potential, current density, and corrosion rate values determined by tafel
extrapolation on heat-treated EN-AW 6082 alloy samples

Parameters of Electrochemical Testing
Sample
Ekor[MV] | jkor [MA/cm?2] | Vkor [mm/year]
Al1 -724 0,65 7,12x103
A12 -731 1,39 1,52 x102
A21 -726 0,85 9,32x103
A22 -730 1,10 1,21 x102

The susceptibility of the test samples to pitting corrosion in a 3.5% NaCl solution was
determined using cyclic polarization, which provided the pitting potential Epit and the
protective potential Ezpit. The results of cyclic polarization testing are presented in Table
4. Similar to Tafel extrapolation, the cyclic polarization curves for all samples almost
overlap, with minimal deviations, and the obtained potential values do not significantly
differ from one another. Pitting corrosion was observed in all samples, with the most
negative potential determined for sample A12 at -767 mV. Comparing the corrosion
potential results from Table 3 and the pitting potential results from Table 4, it can be
seen that the values at which pitting corrosion occurs (Epit) are slightly higher than the
corrosion potential values (Ekor), indicating the rapid onset of pitting shortly after
contact with the corrosive medium. The results indicate that the EN-AW 6082 aluminum
alloy is susceptible to localized pitting corrosion in a 3.5% NaCl aqueous solution.

Tab. 4: Pitting Potential and Protective Potential Values for Pitting Corrosion Determined on Heat-
Treated EN-AW 6082 Alloy Samples

Parameters of Electrochemical Testing
Sample
Epit [mV] Ezpit [mV]
Al11 -654 /
A12 -767 /
A21 -657 /
A22 -699 /
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3.3. Corroded surface analysis

After the electrochemical tests, the surfaces of the samples were observed using a Leica
MZ6 stereomicroscope. The images of the corroded surfaces are shown in Figure 5. The
photographs of the corroded surface were taken at a magnification of 12.5:1, with a scale
of 1 mm in the lower right corner for all samples. Localized pitting corrosion damage
was observed on all samples after the tests. It is evident that many samples exhibited
intense corrosion due to the aggressive nature of the 3.5% NaCl solution. Different
densities and sizes of pits are noticeable on all samples. After cyclic polarization, it is
clear that all samples suffered significant corrosion damage across the entire test
surface, which is much larger and deeper than after the Tafel method of electrochemical
corrosion testing.

a) b)

Fig. 5: Surface of test samples after: a) Tafel method testing, b) cyclic polarization
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3.4. Microstructure analysis

The microstructure of test samples A12 and A22 is shown in Figure 6. The
microstructure of both samples appears similar, with finely distributed precipitates of
Mg:Si evenly dispersed within the aluminum matrix. Pores and microcracks are also
clearly visible, randomly distributed across the entire test surface. These structural
imperfections result from plastic deformation during the manufacture of the aluminum
alloy using hot extrusion pressing.
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Fig. 6: Microstructure of Samples after Artificial Aging of EN-AW 6082 Alloy: a) A12, b) A22

4. CONCLUSION

Significant improvements in the mechanical properties of the AlSi1MgMn aluminum
alloy can be achieved through heat treatment. After solution annealing, water
quenching, and artificial aging, hardness values of up to 126 HV1 can be obtained with
artificial aging at 150°C / 10 h, and 114 HV1 after aging at 175°C / 5 h.

The tested aluminum alloy is not resistant to general electrochemical corrosion in a
3.5% NaCl aqueous solution, as evaluated by the Tafel method. Negative corrosion
potential values were obtained for all tested samples, accompanied by visible corrosion
damage on the tested surfaces. However, among the tested conditions, the highest
corrosion resistance, indicating the lowest corrosion rate (and current density), was
demonstrated by the sample artificially aged at 150°C / 5 h.

Cyclic polarization tests revealed a high susceptibility of the AlSi1MgMn alloy to
localized pitting corrosion in a 3.5% NaCl aqueous solution for all test samples. The
damage observed on the tested surfaces after cyclic polarization was significantly larger
and deeper than after the Tafel method of electrochemical corrosion testing.

Microstructure analysis confirmed the achievement of a desirable microstructure with

the selected heat treatment parameters, characterized by evenly dispersed fine
precipitates of Mg2Si in the aluminum matrix.
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In future research, it is recommended to conduct additional mechanical tests to
determine the dependence of tensile strength, yield strength, elongation, and toughness
on heat treatment parameters.
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Abstract

Basic requirement for accreditation of inspection bodies or testing laboratories that
perform ultrasonic wall thickness measurement is to provide the evidence that the
measurements are performed in compliance with approved and valid procedure.
Unfortunately, inspection bodies in Croatia do not refer to ISO 16809 standard for that
purpose. ISO 16809 standard provides systematic and comprehensive representation of
all relevant aspects that shall be considered to achieve results that can be reliably used
for decision regarding the minimum acceptable wall thickness. Nevertheless, experience
from practice shows that ultrasonic wall thickness measurements are in many cases
performed not following the ISO 16809 technical requirements so there is no evidence or
information about the accuracy or uncertainty of the measurement results. Hence this
paper is going to provide the overview and case analysis of the most influencing factors
contributing to the deviations of the ultrasonic thickness measurement results.

Keywords: ISO 16809, ultrasonic wall thickness measurement, uncertainty, accuracy,
ISO/IEC 17020, ISO/IEC 17025
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1. INTRODUCTION

One of the critical inspection activities for the integrity assessment of the structures,
especially pressure equipment, is wall thickness measurement. For this purpose
ultrasonic method is commonly used. Taking into account only pressure equipment,
companies performing ultrasonic wall thickness measurement shall be accredited as
inspection bodies or as testing laboratories according to ISO/IEC 17020 [1]) or
ISO/IEC 17025 [2] respectively. In that case the reference standard providing technical
requirements for ultrasonic wall thickness measurements is ISO 16809 [3].

Standard ISO 16809 [3] provides very comprehensive representation of all relevant
aspects that shall be considered. Beside general requirements and provisions for selection
of the probes and instruments for certain application conditions, the most useful parts of
the standard are clauses 8 and 9 discussing influences on accuracy and influences of
measured component and material.

Since, one could rarely find that inspection bodies use and/or rely on the ISO 16809
technical requirements and specifications in the practice in Croatia, this paper is going to
present several case analyses of the most influencing factors contributing to the
deviations of the ultrasonic thickness measurement results.

2. DISCUSSION OF INFLUENCING FACTORS

There are quite a number of influencing factors explained in clauses 8 and 9 in ISO 16809
standard, like: surface condition and temperature, metallic and non-metallic coatings,
geometry of the component, equipment resolution. Furthermore, acoustical parameters
are also relevant: ultrasonic probe features, inhomogeneity and anisotropy of the
material, acoustical attenuation, condition of reflecting surface and as well conditions of
contact surface. This paper will discuss only the most influencing factors as they were
revealed as the most significant from the observed measurement performances and
round robin tests organised by our NDT laboratory at the Faculty, such as:

a) measurement mode used

b) surface coatings

c) contact surface conditions

d) ultrasound velocity

e) calibration procedure / ultrasonic probe type

2.1 Measurement mode used

Standard ISO 16809 [3] introduces 4 measurement modes that can be used although 3
measurement modes can be commonly found in the practice. These are presented on
Figure 1.

Measurement mode 1 is inherent for the older types of ultrasonic thickness gages. Dual
or single-element probes can be used. Since the Time Of Flight (TOF) in this mode is
measured from an initial excitation pulse to a first returning ultrasonic pulse, which is
“single-echo mode”, it provides the worst accuracy in comparison to other two
measurement modes because all relevant conditions on the contact and reflecting surface
will contribute to the deviations, and consequently errors of the measurement results.
Setting the “zero correction” is essential to reduce the measurement error.
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Fig. 1: Ultrasonic thickness measurement modes [3]

Measurement mode 2 measures the TOF from the end of a delay line to the first back wall
echo. Dual or single-element probes can be used. It is also known as “single-echo delay line
mode”.

Measurement mode 3, also known as “multiple-echo mode”, measures the TOF between
back wall echoes. The accuracy of this measurement mode can be further improved using
the averaging algorithm for TOF between E1 and E2, E2 and E3, E1 and E3 divided by 2,
etc. Accordingly, this mode can be assumed to provide the best accuracy, since the TOF
between multiple echoes is not affected by surface (interface F) conditions.

2.2 Surface coatings

Ultrasonic wall thickness measurement is commonly applied within in-service inspection
of the pressure equipment vessels. This application assumes measurement through the
coatings, usually non-metallic coatings, as it is shown on Figure 2.

Fig. 2: Ultrasonic wall thickness measurement through the coating
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This kind of the setup implies specific arrangement of the echoes as it is presented on the
Figure 3.

Echo-To-Echo Measurements

Coatin Backwall Backwall Backwall
t t‘\oa Echo 1 teho

2 tcho 3

Fig. 3: A series of multiple ultrasonic echoes travelling through the coating

It is obvious that the TOF through the coating has to be subtracted to obtain the accurate
result. For example: the true thickness of the parent material is 3,1 mm (“D” on the Figure
3) and the coating thickness is 100 um (“B” on the Figure 3). The velocity of the ultrasonic
longitudinal wave is 5920 m/s, while the ultrasound velocity through the non-metallic
coating is approximately 2100 m/s. As the ultrasonic gage is calibrated to 5920 m/s, the
calculated result will be 3,282 mm (e.g. 3,3 mm displayed depending on the resolution of
the gage) instead of 3,1 mm, giving the measurement error of 0,2 mm (TOF for the
ultrasonic path “C” on the Figure 3). It is especially tricky that this kind of error
overestimates the true wall thickness which can mislead the acceptance decision and
integrity assessment of the measured component. So, for the ultrasonic measurements
through the coatings the usage of measurement mode 3 is preferable to avoid such
measurement errors. If mode 2 or mode 1 is used than the ultrasound velocity need to be
known and correction of the result is required.

2.3 Contact surface condition

Probably it is irrelevant to mention that the contact area should be clean of corrosion
products, especially during the in-service inspection of tanks and pipelines where very
often quite corroded surfaces can be found. Given that inspectors mostly take care about
adequate preparation of corroded surfaces we found that surface profile, roughness and
temperature are often neglected.

Figure 4 clearly indicates the problems of placing the ultrasonic probe contact surface to
the object surface. Obviously, such situations can significantly contribute to deviations
and/or errors of measurement results.

Coating

Fig. 4: A series of multiple ultrasonic echoes travelling through the coating
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ISO 16809 standard does not refer to other standards for ultrasonic testing, however the
requirements set by general principles for ultrasonic testing [4] provide the following
provisions:

e The gap between the probe and the surface should not exceed 0,5 mm [5].
e Surface finish of Rq = 6,3 pum for machined surfaces
and 12,5 um for shotblasted surfaces are recommended [5].

One can undoubtedly understand the order of magnitude of the measurement errors that
can occur from these values. Consequently, the measurement results shall not be
considered more accurate than the surface conditions allow.

Minor changes in the surface temperature, or minor difference between the temperature
of the calibration block and object surface will not result in significant deviations of the
measurement results. If this values for temperature changes and/or differences are of
greater amount, special care and procedure is required.

2.4 Ultrasound velocity

While the most probes are designed for use between -20 °C and +60 °C, the care about
influence of the material temperature on ultrasound velocity over this temperature range
is often neglected.

While the longitudinal wave velocity in most steels changes only by approximately
0,8 ms1°C-1, the influence of temperature on velocity in acrylic is 2,5 ms~1°C-1. Since the
acrylic is normally used for probe delays in specific situations the compensation or special
calibration procedure shall be applied. It means that temperature difference between
calibrating the probe on the calibration block and on the surface that is measured shall be
minimal.

If the temperature difference between the calibration block and contact surface is for
example 10 °C, what is commonly assumed as not important, the temperature in the
acrylic (which is probe delay material) will adjust to the surface temperature during the
measurements since the probe is in contact with the surface. Temperature difference of
10 °C will result in ultrasound velocity change of 25 ms-1 in acrylic, which is already 1 %
of the nominal velocity in the acrylic. It is not necessary to mention that the probe delay
setting on the gage will not be valid anymore in such situation contributing to the error of
the measurement results.

Considering the ultrasound velocity influence on accuracy of measurement results
obtained on steel structures primarily assume the difference between ultrasound
velocities in calibration block steel and steel that is measured. In order to promptly
analyse this kind of influence, let's take as a possibility that the difference in ultrasound
velocities between calibration block and measured material is only 60 ms-1, since the [SO
standards for calibration blocks [6, 7] allow the tolerance for the longitudinal wave
velocity in “calibration steel” £30 ms-1. The difference of 60 ms-1 is approximately 1 % of
the velocity that is set on the ultrasonic gage, consequently resulting with the same
measurement result error. Therefore, for the nominal wall thickness of 10 mm the error
resulting from this type of “influence” will be 0,1 mm.
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2.5 Calibration procedure

Not having on mind (subjective) human factor contributing to the calibration procedure
only (objective) setting factors will be discussed.

Today, ultrasonic gages have option for automatic calibration, available also with only one
calibration thickness. Assuming the linearity of the ultrasonic gages (algorithm based on
the TOF is linear), calibrating the linear function with only one reference point
mathematically is not achievable for unknown ultrasound velocity. Although such option
is possible on ultrasonic gages, two reference points are minimally required to define
accurately linear response. Thus, automatic calibration using only one reference point can
result in higher magnitude of measurement errors. Therefore, the calibration using two
calibration thicknesses is must when higher accuracies are required.

Another aspect regarding reference (calibration) thickness(es) is value of the calibration
thickness(es) in relation to the nominal thickness to be measured. Standard practice
commends to use calibration thickness which is as close as possible to the measured
thickness. The best measuring results will be achieved when two thicknesses are used, a
little bit thicker calibration thickness and thinner calibration thickness in comparison
with the measured thickness. Despite these provisions are taught on training courses in
the practical applications different routines could be observed.

The significant influencing factor that sometimes is not taken into account is setting the
V-path correction. This is valid only for dual-element probes, coming from the design of
the probe, actually because of the ultrasound path for which the TOF is measured. In that
case the ultrasound path is not the double wall thickness but the longer path in shape of
the “V” letter as it is shown on the Figure 5.

o O
N

Fig. 5: Dual-element probes and ultrasound V-path

Unfortunately, technicians are not aware of magnitude of measurement error that can
resultif V-path is not set properly. What is more important the common perception is that
the V-path is not so important when measuring thin wall thicknesses that is quite opposite
to the mathematical calculations presented in the Table 1.

Older ultrasonic gages and even new “simple” and cheap ultrasonic gages, do not have
option for V-path correction setting. In that case, it is mandatory to correct the obtained
results with the value inherent for the obtained value of the result. Table 1 presents the
orientational values of errors, that are corrections.

163



Tab. 1: Errors if the V-path correction is not set

Wall thickness th(?llxgl):::sc:u:ﬂgl;)ga th Measurement error
t, mm s, mm e, mm
9 9,22 0,22
8 8,25 0,25
7 7,28 0,28
6 6,32 0,32
5 5,39 0,39
4 4,47 0,47
3 3,61 0,61
2 2,83 0,83
1 2,24 1,24

3. FINAL REMARKS

Actually, all the aspects presented in this paper are fairly known and they are mandatory
content for the training courses leading to the certification of personnel performing
ultrasonic thickness measurements. Nevertheless, experience from the practice seems
very different. NDT laboratories and inspectors very often do not take care about
performance capabilities of the equipment used or about achieved accuracy and/or
uncertainty of the measurement results. Results of the round robin measurements
presented on Figures 6 and 7, nicely indicate that the more serious attention is missing
for different influencing factors discussed above.
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Fig. 6: Round robin results for measuring the pipe wall thickness

The round robin measurements were run by different “groups” (G) consisting of different
technicians, probes, gages and working instruction how to calibrate the gage.

The interval of the measurement deviations on Figure 6 (pipe) is from -0,4 mm to +0,5 mm
and even more for some groups.

The interval of the measurement deviations on Figure 7 (steel plate) is from -0,6 mm to
+0,6 mm.

Some of the groups achieved very good precision, meaning small deviations of the results,
but this could give wrong self-perception for the group as being good and accurate, since
the systematic errors are obvious despite good precision, particularly on Figure 7.
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Fig. 7: Round robin results for measuring the steel plate thickness

Especially, results of the groups G2, G4 and G5 on Figure 7 are critical, showing high
precision but underestimating the wall thickness that could mislead to the wrong
nonacceptance of the structure that is inspected.

Hence, the intention of this paper is to remind for the importance of the presented aspects
giving the quantified examples of resulting deviations. Presentation of the round robin
results indicates that the overall contribution of the mentioned influencing factors can be
very severe, regardless of whether it is about magnitude of the precision or systematic
errors.
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Sazetak

U ovom radu provedeno je usporedno ispitivanje s dva razli¢ita ultrazvutna sustava na
aluminotermijskim zavarenim spojevima tracnice. Ispitivanje je provedeno konvencionalnim
sustavom i viSepretvornickim sustavom. PodeSavanje osjetljivosti provedeno je na umjetno
napravljenim reflektorima na uzorku trac¢nica, dok je usporedbeno ispitivanje provedeno na
tracnici sa stvarnim pogreSkama. Zbog slozene geometrije tracnice i vrste pogreSaka koje mogu
nastati samo ispitivanje moze biti izazov u odabiru sustava i tehnike ispitivanja. Cilj rada je
prikazati s obzirom na ograniCenja ultrazvucnih sustava rezultate ispitivanja koji ukazuju na
prednost viSepretvornickog ultrazvu¢nog sustava u odnosu na konvencionalni sustav.

Kljuéne rijeci: ultrazvucno ispitivanje, aluminotermijski zavareni spoj, ispitivanje tracnica.

Abstract

In this paper, a comparative test with two different ultrasonic systems was performed on the
aluminothermic welded joints of the rail. The test was carried out with a conventional system and
a phased array system. Sensitivity adjustment was carried out on artificially made reflectors on
rail and a comparative test on the rail with real imperfections. Due to the complex geometry of the
rail and the type of errors that can occur, the test itself can be a challenge in selecting the test
system and technique. The aim of the paper is to show, considering the limitations of ultrasound
systems, test results that indicate the advantage of a phased array ultrasound system compared
to a conventional system.

Keywords: ultrasonic testing, aluminothermic welded joint, rail inspection.
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1. UVOD

Aluminotermijsko zavarivanje je postupak zavarivanja trac¢nica termitnom smjesom pri
cemu se uslijed egzotermne reakcije oduzima kisik Zeljeznom oksidu te nastaje rastaljeno
zeljezo koje sluzi kao dodatni materijal. Osnovni materijal i kalup se predgrijavaju
plinskim plamenom (acetilen-kisik ili propan butan-kisik) na temperaturu oko
900-1000 °C. Egzotermnom reakcijom se postiZe temperatura od priblizno 2450 °C te se
nakon ciklusa predgrijavanja i formiranja taline otvara ispust pa uz gravitacijsko
djelovanje dolazi do popunjava kalupa. Kvalitetna priprema kalupa i pregrijavanje nuzni
su za mijeSanje taline i osnovnog materijala tracnice te formiranje zavarenog spoja. Nakon
zavrSene aluminotermijske reakcije kalup se razbija i viSak materijala se mehanicki
uklanja. Kao posljedica neodgovaraju¢e metode i tehnologije zavarivanja ovisno o
postupku, pripremi i kvaliteti materijala mogu nastati nepravilnosti u zavarenom spoju
koje se mogu detektirati nerazornim metodama ispitivanja.

U ovom radu razmatrana je problematika detekcije jedne vrste pogreSaka u
aluminotermijskom zavaru trac¢nice konvencionalnim ultrazvu¢nim (UT-Ultrasonic
Testing) ispitivanjem i viSepretvornickim ultrazvu¢nim (PA-UT - Phased array ultrasonic
testing) ispitivanjem. Ispitivanje su se provodila po gaznoj povrsini trac¢nice simulirajuci
situacije ispitivanja zavarenih spojeva kada nije moguce provoditi ispitivanje na vratu ili
stopi traCnice zbog nedostupnosti ili neodgovarajuc¢e povrSine potrebne za provedbu
ultrazvucnog ispitivanja.

Provjera oba sustava provedena su na referentnom wuzorku poznatih umjetno
napravljenih reflektora. Nadalje, usporedba rezultata ispitivanja provedena je na
aluminotermijskom zavarenom spoju s realnom pogreskom u vratu trac¢nice.

1.1. Referentni uzorak za provjeru osjetljivosti sustava

Prije pocCetka provodenja ispitivanja odabrani ultrazvucni ispitni sustav potrebno je
odgovarajuce podesiti. S ciljem provjere podeSavanja osjetljivosti ultrazvu¢nog sustava
izraden je referentni etalon s bo¢nim provrtima oznaka SDH1, SDHz i SDHs promjera 3 mm
prema slici 1 [2].

Slika 1. Referentni uzorak i nacrt umjetno napravljenih reflektora
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Podesavanje osjetljivosti ultrazvucnog sustava

Odabrani ultrazvucni sustav u okviru ovog istraZivanja sastoji se od dva ultrazvucna
uredaja Krautkramer GE USM36 i GE Mentor UT 32:128, te svaki od uredaja ima
pripadajuée ultrazvuc¢ne sonde odgovarajuc¢ih karakteristika kako bi se osiguralo
prozvucavanje ispitivanog volumena tracnica [2]. Odabrani ultrazvucni sustav s
pripadajué¢im etalonima za podeSavanje i odabranom vrstom kontaktnog sredstva

prikazan je u Tablici 1.

Tablica. 1: Koristena oprema i sredstva UT i PA-UT sustava

Sustav Naziv uredaja Sonda Etalon Kontaktno sredstvo
MWB 45 -2 V2
UuT Krautkramer GE USM36, SWB 45 - 2 Vi GE - ZG-F
PA-UT GE Mentor UT 32:128, PA-2M8E1P, PAUT IIW block

Za svaki odabrani ultrazvucni sustav provedena je provjera podesSavanja osjetljivosti na
izradenom referentnom etalonu (slika 1). U tom smislu za svaku kombinaciju odabira
ultrazvucnog uredaja i pripadajuce ultrazvucne sonde provjera osjetljivosti je provedena
na ukupno tri bo¢na provrta oznaka SDH1, SDH2 i SDH3. Rezultati podeSavanja osjetljivosti

nalaze se u Tablici 2.

Tablica. 2: Prikaz provjere osjetljivosti na radnom etalonu ovisno o sustavu i referentnom mjestu

Prikaz reflektora na radnom Procjena veli¢ine @ mm
Sustav Reflektor etalonu (ERS)/dubina mm (DA)
MWB 45 -2 SWB45-2 MWB 45 -2 SWB45-2
SDH1 Slika 2 Slika 5 2.42/65 3.29/66
UT SDH2 Slika 3 Slika 6 2.62/86 2.81/85
SDH3 Slika 4 Slika 7 2.37/109 2.70/106
PA-2M8E1P Dubina indikacije mm (DA)
SDH1 Slika 8 66,6
PA-UT SDH2 Slika 9 85,8
SDH3 Slika 10 106,7
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Slika 2. Prikaz odjeka od referentnog
reflektora SDH1 (MWB 45-2)

Slika 3. Prikaz odjeka od referentnog
reflektora SDH2 (MWB 45-2)
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Slika 4. Prikaz odjeka od referentnog
reflektora SDH3 (MWB 45-2)

Slika 5. Prikaz odjeka od referentnog
reflektora SDH1 (SWB 45-2)
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Slika 6. Prikaz odjeka od referentnog
reflektora SDH2 (SWB 45-2)
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Slika 8. Prikaz odjeka od referentnog
reflektora SDH1 (PA-2M8E1P)
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Slika 10. Prikaz odjeka od referentnog
reflektora SDH3 (PA-2M8E1P)

Slika 7. Prikaz odjeka od referentnog
reflektora SDH3 (SWB 45-2)
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Slika 9. Prikaz odjeka od referentnog
reflektora SDH2 (PA-2M8E1P)
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1.2. Zakljucak provjere podesavanja osjetljivosti na referentnom etalonu

PodeSavanje osjetljivosti primjenom konvencionalnog ultrazvuc¢nog sustava (dvije
ultrazvucne sonde) provedeno je prema beskona¢nom reflektoru na etalonu V2 - R50 i
V1- R100 te je konstruirana DGS krivulja na promjeru @ 1,5 mm. S ciljem provjere
podesenosti osjetljivosti konstruirana je Kkrivulja prema bocnom provrtu SDH2.
Usporedbom amplitudnih odziva nisu uocene znacajne razlike u procjeni veliCine
reflektora (ERS).

Prema dobivenim rezultatima i odjecima na A prikazu uredaja moZe se zakljuciti da su
rezultati ostvareni sa sondom SWB 45-2 za ovu vrstu tracnice i referentnih reflektora bolji
u odnosu na rezultate ostvarenih sa sondom MWB 45-2 kako je prikazano u Tablici 2 [2].

PodeSavanje osjetljivosti PA-UT sustava provedeno je prema bocnim provrtima na
referentnom uzorku SDH1, SDH2 i SDH3. U svrhu boljeg podeSavanja osjetljivosti
koriStena je funkcija TCG-a (Time Corrected Gain), te je dobivena ujednacena osjetljivost
uzimajucdi u obzir poziciju reflektora u vratu tracnice (Slika 8, Slika 9 i Slika 10) [1].

2. Referentni uzorak s nepravilnostima u vratu tracnice

Referenti uzorak aluminotermijski zavarenih tracnica (Slika 11) ima viSe vrsti
nepravilnosti u vratu tracnica, te je prethodno ultrazvu¢nom ispitivanju provedeno
racunalno radiografsko ispitivanje - cRT s ciljem to¢nijeg odredivanja vrste nepravilnosti.

Dobiveni odzivi od nepravilnosti primjenom UT i PAUT ultrazvucnog ispitivanja usporedit
¢e se s onima dobivenim primjenom racunalne radiografije.

Slika 11. Referentni uzorak tracnice
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Slika 12. Radiogram referentong uzorka tracnice s prikazanim vrijednostima parametara

nepravilnosti

Tablica. 3: KoriStena oprema i ispitni parametri cRT sustava

Metoda Oprema Ispitni parametri

veli¢ina fokusa: 2x2,5 mm
FF: 700 mm,
napon: 175 kV
struja: 4 mA
vrijeme ekspozicije: 2,5 min

rendgenski uredaj - Balteau 300d

cRT
napon lasera: 15V
skener - VMI 5100 napon fotomultiplikatora: 5,25 V
rezolucija skeniranja: 50 um

slikovna ploca kodak industrex flex Blue 10 x 12”

2.1 Pogreske u aluminotermijskim zavarenim spojevima tracnica

0d nepravilnosti se pri aluminotermijskom zavarivanju naj¢es¢e pojavljuju:

- Pukotine; pukotine nastaju kao posljedica vla¢nih naprezanja prilikom hladenja.
To je posebno naglasSeno u podrucju metala zavara pri solidifikaciji i situaciji
niskih okolisSnih temperatura.

- Porozitet i plinski ukljucci; najceS¢e nastaju kao posljedica vlage u podrucju spoja
koja moZe dodi iz necisto¢a i masnoce te kondenzata u kalupu. Takoder, ako je
dodatni materijal (porcija) kontaminiran u metalu zavara je Cesta pojava pora.

- Supljine; nastaju kod skruéivanja rastaljenog materijala u kalupu posebno kada
nema dovoljno dodatnog materijala (neodgovarajuca porcija ili istjecanje kroz
neodgovarajuce postavljeni, zabrtvljeni ili puknuti kalup.). Prilikom solidifikacije
dolazi do smanjenja volumena (fenomen skupljanja zavara) pa ako prilikom
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zavarivanja nije postignuto dovoljno mijeSanje veca je i vjerojatnost pojave
Supljina.

- Naljepljivanje; nastaje kao posljedica nedovoljnog predgrijavanja osnovnog
materijala ili neprilagodavanja tehnologiji niskim temperaturama okoliSa. Iz tog
razloga se striktno traZi ovisno o gradaciji ¢elika postizanje i drZzanje temperature
predgrijavanja kako bi se postiglo dobro mijeSanje sa stranicama Zlijeba tj.
osnovnim materijalom trac¢nice.

- Ukljucci; u metalu zavara mogu se pojaviti i nemetalni ukljucci nastali iz
kontaminiranog praska u porciji ili npr. oksidni ukljucci nastali kao rezultat loSe
pripreme spojne povrsine te neodgovarajuce kvalitete rezanja plinskim
plamenom. Takoder, mogu ostati i ukljucci od pijeska za brtvljenje.

- Nepravilna geometrija zavara na stopi, vratu i kruni tra¢nice; nastaju zbog losSeg
postavljanja ili krive geometrije kalupa. Pri ovome je svakako vaZna uvjeZbanost I
vjeStina operatera koji postavljaju kalup.

|

Slika 13. Prikaz makrostrukutre u vratu tracnice bez nepravilnosti

Na slici 12. vidljiva je Supljina uz podrucje intenzivnog nepovezivanja rastaljenog metala
i stijenke tracnice. Uzrok predmetnoj nepravilnosti moze se traZiti u neodgovaraju¢em
toku rastaljenog metala u kalup pri ¢emu je doslo do turbulencije taline i neravnhomjernog
skruc¢ivanja. Dodatno, ako stijenka tracnice nije dovoljno predgrijana ne dolazi do
dovoljnog mijesanja. Iz ove situacije dodatno se naglasava vaznost adekvatne pripreme i
predgrijavanja stijenke te savjesnosti i uvjezbanosti operatera.

3. REZULTAT ISPITIVANJA REFERENTNOG UZORKA TRACNICE I ZAKLJUCAK

Tablica. 4: Rezultati ispitivanja referentnog uzorka tracnice

Prikaz reflektora na Procjena velicine (ERS) Procjena

Sustav Reflektor radnom etalonu duljine

MWB45-2 | SWB45-2 | MWB45-2 | SWB45-2 -6 dB
Nepravilnost 1 Slika 14 Slika 16 2.00 2,05 3-5 mm
ut Nepravilnost 2 Slika 15 Slika 17 1.29 1.50 2-4 mm
PA-2M8E1P

PA-UT Nepravilnost 1 Slika 17 21 mm

Nepravilnost 2 Slika 18 12,6 mm

172



+60 10 |we= 23 % [SB= 89.00 m |RA"=__ 46.03 mm |ERS y @
328dB  [sn= 82.08 nm [FRS=  2.00 mm [D0°= 56.03 mm |mm ] 23 iz
A7 N PO T B
= R S .
GATE A START : :
GATE A WIDTH GATE A WIDTH
A THRESHOLD A THRESHOLD
TOF MODE ' TOF MODE '
s, 150
Slika 14. Prikaz odjeka od nepravilnosti 1 Slika 15. Prikaz odjeka od nepravilnosti 2
(MWB 45-2) (MWB 45-2)
08 60w 60 % |M= 3643 mn DA™= 52.00 mn [FRS 7 105 [{ 08 60w 32 4% M= 4106 mm [D0°= 54,06 mn JFRS 1.50 B
494dB  [sr= 7387 mm [SB=__ 92.32 mn |0 9 % |m . o 49.4dB  [S"=  76.46 nn [SB™= ICVREN] m JAB= 4% fmm : @
range E : range
20007mmj - Lot 200.07 mm
PROBE DELAY N PROBE DELAY
7.583 s : : 7583 sl
velocity velocity
3229m/s 3229 m/s
CUSTOM| CUSTOM
DISPLAY DELAY DISPLAY DELAY
0,00 mm 0.00 mm
Slika 16. Prikaz odjeka od nepravilnosti 1 Slika 17. Prikaz odjeka od nepravilnosti 2
(SWB 45-2) (SWB 45-2)

PROBE / PROBE
WEDGE WEDGE
RAIL PARAMETERS P " RAIL PARAMETERS

RANGE L . Al o RANGE

69.09 48.00 48.00 39.29 187

nost 5 PROBE

WEDGE 7 WeDGE

RAIL PARAMETERS ? RAIL PARAMETERS

e RANGE

Slika 19. Prikaz odjeka od nepravilnosti 2 (PA-2M8E1P)
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ZAKLJUCAK

Uslijed eksploatacije moZe do¢i do razvoja pukotina unutar zavara tracnice te je odabir
odgovarajuce metode i tehnike provedbe nerazornog ispitivanja od velikog znacaja.

S obzirom na ogranicenja ultrazvucnih sustava prikazanih u ovom radu, rezultati
ispitivanja ukazuju na prednost viSepretvornickog ultrazvucnog sustava (PA-UT) u
odnosu na konvencionalni sustav. Prednost spomenutog sustava posebno je vidljiv
prilikom pronalaska nepovoljno orijentiranih indikacija u uskim dijelovima vrata
traCnice. Prema ostvarenim rezultatima procjene veli¢ine nepravilnosti kao i njezine
uvjetne duljine primjenom konvencionalnog ultrazvu¢nog sustava moZze se zakljuciti da
se ne radi o znacajnim nepravilnostima. Prema spomenutom, zavareni spoj sukladno
Kriteriju prihvatljivosti moZe se ocijeniti kao prihvatljiv za daljnju uporabu u uvjetima
eksploatacije. Medutim, rezultati ostvareni primjenom viSepretvornickog sustava jasno
ukazuju suprotno.
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ULTRASONIC CHARACTERIZATION OF ADDITIVELY MANUFACTURED SAMPLE

Maria Grozdanic¢!, Morana Mihaljevi¢!
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Abstract

Mechanical, physical, and acoustic properties are directional dependent in additively
manufactured parts due to the process of building parts, usually layer by layer. Generally,
destructive methods are used to characterize and inspect additively manufactured parts,
but also using non-destructive testing is becoming more common. Since the propagation
of ultrasonic waves through the material enables the determination of the properties of
the material, ultrasonic testing (UT) has found its application in the characterization of
additively manufactured parts. This paper investigated whether the manufacturing
process affects selected properties in two perpendicular directions: in the direction of the
layer and the build-up direction. Directional dependence was researched by determining
the velocity of longitudinal waves and Young's modulus. The Pulse overlap technique was
used for ultrasonic velocity measurement on the additively manufactured sample. The
statistical method and comparison with the reference value determined whether selected
properties differ in different directions.

Keywords: additive manufacturing, ultrasonic characterization, pulse overlap, direction-
dependent properties
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1. INTRODUCTION

Additive manufacturing (AM) is an advanced fabrication method that enables the
production of customizable components with higher complexity by adding materials layer
by layer according to the 3D model [1]. Generally, destructive methods are used to
characterize and inspect additively manufactured parts, but also non-destructive testing
(NDT) is becoming more and more common on AM parts. They replace destructive
methods to determine different mechanical and physical properties of materials. Since the
propagation of ultrasonic waves through the material enables the determination of the
mechanical properties of the material, ultrasonic testing (UT) has found its application in
the characterization of additively manufactured parts [2]. Usually, UT is used to detect
defects and determine mechanical properties [3]. By measuring the time-of-flight
between two back wall echoes in the time domain the ultrasonic velocity can be
calculated. The ultrasonic velocity is one of the relevant factors for material
characterization [4]. One of the possible applications is that by measuring the ultrasonic
wave velocities within the specimen the material elastic constants can be determined, for
instance, Young's modulus, E (by knowing longitudinal wave velocity, v.), and shear
modulus G (by knowing transverse wave velocity, vr).

In addition to many advantages of AM, such as higher product quality, flexibility in the
development and production of parts with complex internal geometries, along with lower
costs and shorter development and production times, AM also has negative effects on AM
parts, such as anisotropy and heterogeneity. Microstructures and mechanical properties
of AM parts are drastically different from their wrought counterparts [5], therefore,
numerous research is conducted on additively manufactured samples. Research carried
out so far shows that mechanical properties in AM parts have a strong directional
dependence since thermal gradients during solidification can cause variations in pore
geometry and anisotropic texture in AM parts [5]. Kok et al. [6] made a detailed review of
the anisotropy and heterogeneity of microstructure and mechanical properties for
various AM parts. They concluded that the main influencing factors to the anisotropy and
heterogeneity of additively manufactured parts were microstructure and manufacturing
processes, with an emphasis on AM process parameters. As a result of anisotropy in the
microstructure, anisotropic mechanical properties occur, therefore, the ultrasonic
velocity and elasticity constants can differ in different directions. Honarvar et al. [7] made

an overview of the previous research on the material characterization of AM samples. The
main reasons for the effectiveness of the UT method in the characterization of AM parts
are additive manufacturing processes and used ultrasonic techniques. The mechanical
properties of AM parts depend on the material and process parameters, therefore the AM
device must be correctly adjusted before the manufacturing process.

Almost all additive technologies, due to the nature of building parts layer by layer, have
direction-dependent properties, which means different properties in the build-up
direction than in the direction of the layers. Since the ultrasonic velocity depends on the
microstructure and metallurgical state of the material, as well as external influences such
as temperature and stress, its change can also occur within the same material, if the
material is not of homogeneous structure [8].

Javidrad et al. [9] investigated the effects of changes in the parameters of AM part
manufacturing on the elasticity constants of materials in different directions. The elastic
constants of the material were determined by determining the ultrasonic velocities in the
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samples. Lin et al. [10] carried out the measurement of the time-of-flight of ultrasonic
waves and the calculation of the L-wave velocity in different directions in the samples (in
the build-up direction and the direction of the layer) on samples of 316L stainless steel
made by Selective laser melting process and different power laser. They determined that
the L-wave velocity in the direction of the layer is higher than the L-wave velocity in the
build-up direction and that with an increase in the density of the material, L-wave
velocities increase.

In this work, the influence of the build-up direction of the additively manufactured sample
on the characterization of the material was investigated. Directional dependence was
researched by determining the velocity of longitudinal waves (L-waves), v, and Young's
modulus, E, in two perpendicular directions (in the direction of the layer and the build-up
direction). At different directions, L-wave velocities were compared with each other, and
Young's moduli were compared with a reference value.

2. MATERIALS AND METHODS

2.1 Additively manufactured sample

The sample was made of maraging steel X3NiCoMoTi 18-9-5 on the EOSINT M280 3D
printer from EOS GmbH with Direct Metal Laser Sintering (DMLS) manufacturing process.
Nominal dimensions of the sample are (140x15x15) mm. The sample is shown in Figure
1.

Fig. 1: Additively manufactured sample

2.2 Experimental setup and ultrasonic velocity measurement procedure

The ultrasonic velocity measurement in different directions in the sample was conducted
on an oscilloscope LeCroy 9310AM by the pulse overlap technique and normal probe K5N
that has a nominal frequency of 5 MHz, frequency bandwidth of 70 %, and crystal size of
10 mm. The experimental setup is shown in Figure 2.
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Fig. 2: Experimental setup

The ultrasonic velocity is determined by measuring the time-of-flight (tror), which is
required for the ultrasonic pulse to travel through the thickness of the measured
component (d), provided that the path of the ultrasound (s) is known. The ultrasonic
velocity of longitudinal waves (v} is calculated according to the equation:

s
= (1)
tror

Where s is the double thickness of the measured component, i.e. the path that the
ultrasonic pulse travels from the ultrasonic probe to the back wall of the measured
component and returns to the probe.

Directional dependence was investigated by determining the ultrasonic velocities at two
perpendicular measuring places - one at each side of the sample: MP1 in the direction of
the layer (x-axis) and MP2 in the build-up direction (z-axis). Measuring places are shown
in Figure 3.
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Fig. 3: Measuring places

2.3 Thickness measurement

The thicknesses of the measuring places were measured with Mitutoyo LH-600 digital
altimeters. The thicknesses value of measuring places are given in Table 1.

Tab. 1: Thickness of the measuring places

. Sample thickness, d
Measuring places
mm
MP1 15.09
MP2 14.91

3. RESULTS AND DISCUSSION

3.1 Time-of-flight measurement and ultrasonic velocity calculation

The pulse overlap technique was used to perform TOF measurements. In this technique,
TOF is measured by overlapping ultrasonic pulses. Two signals on the oscilloscope display
are fitted to fit as visually as possible. The time difference between the first and second
back wall echoes was measured. On the pulse overlap it was selected five points (T1 - T5)
where the results of the time-of-flight were measured as shown in Figure 4. The
measurements were repeated five times at the same measuring place.
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Fig. 4: Display of measurement points on two overlapped signals

reflected from the back wall of the sample

Calculated L-wave velocities (using equation 1) at the measuring places are shown in
Table 2. The ultrasonic velocity is expressed with an expanded measurement uncertainty
of 3.6 m/s (with a coverage factor of k = 2).

Tab. 2: L-wave velocities at the measuring places

Measuring place Repeated L-wave velocity, v.

measurement m/s
1 5601
2 5614
MP1 3 5601
4 5606
5 5617

average 5608 + 3.6
1 5582
2 5583
MP2 3 5592
4 5583
5 5595

average 5587 + 3.6

A visual presentation of the distribution of ultrasonic velocity measurement results is
made by using Box plots, shown in Figure 5.
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Fig. 5: Box plots for the ultrasonic velocities

Comparing the arithmetic means of the L-wave velocities on MP1 and MP2, that is L-wave
velocities in perpendicular directions, the difference is 21 m/s.

It was tested whether the ultrasonic velocities follow a normal distribution so that
statistical processing could be performed on them. A probability plot was made, since the
probability plot is a graphical technique for assessing if sample data is approximately
normally distributed. The probability plot is shown in Figure 6.

Hypothesis are established:

e Null hypothesis: The sample data follows the normal distribution.

e Alternative hypothesis: The sample data do not follow the normal distribution.
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Fig. 6: Probability Plot

Because the P-value is 0.487 on MP1, and 0.135 on MP2, which is greater than the
significance level of 0.05 (P-value > a), the decision is to fail to reject the null hypothesis.

To determine whether there is a statistically significant difference between the L-wave
velocities means paired t-test was performed. The results are presented in Table 3. For
t-test results, first, a confidence interval for the population mean difference was
determined. The estimate for the population mean difference is 20.99, with 95 %
confidence that the population mean difference is between 17.43 and 24.56. Second, to
determine whether a build-up direction affects the ultrasonic velocities, and to determine
whether there is a statistically significant difference between the means of the L-wave

velocities in two perpendicular directions, P-value is compared to the significance level (a
=0.05).

Hypothesis are established:
¢ Null hypothesis: The mean difference of the ultrasonic velocities is 0.

e Alternative hypothesis: The mean difference of the ultrasonic velocities is not

equal to 0.
Tab. 3: Paired t-test
Standard
Mean Stal_lda?rd error of the t-value Lerit. P-value
deviation
mean
MP1 and MP2 20.99 8.64 1.73 12.15 2.06 <0.01
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Comparing the obtained P-value, which is < 0.01 (the exact P-value is 9.5956-10-12), to the
significance level @ = 0.05, it is evident that the difference between the means is
statistically significant (P-value < a). The decision is to reject the null hypothesis and
conclude that there is a difference in ultrasonic velocities in different directions in
aditivelly manufactured sample.

3.2 Young's modulus calculation

Young's modulus is a mechanical property that measures the tensile or compressive
stiffness of a solid material when force is applied [11]. Usually, Young's modulus is
obtained from the linear elastic region of a uniaxial tensile stress-strain curve and is
defined as the ratio of stress to strain during elastic loading. Furthermore, Young's
modulus can be estimated by knowing ultrasonic velocities in the material.

L-wave velocity and Young's modulus relate by the following equation:

vL=J E(1—v) 2

p(1+v)(1—2v)

where p is the material density, and v is Poisson's ratio.

Material density for maraging steel is 8030 kg/m3, and Poisson's ratio is 0.3 [12].

Young's modulus, from equation (2), is:

£ v.2p(1+v)(1—2v) 3)

1—v

The results of Young's moduli are shown in Table 4.

Tab. 4: Young's moduli at the measuring places

Measuring place Young's modulus, E
EP GPa
MP1 188
MP2 186

The obtained experimental result of Young's modulus, shows that Young’s moduli in both
directions correspond well with a reference value of 160 GPa - 200 GPa given in MatWeb
[13].

4. CONCLUSION

In this paper, the directional dependence of mechanical and acoustic properties of the
additively manufactured sample was investigated. The additively manufactured sample
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was made of X3NiCoMoTi 18-9-5 maraging steel and produced by Direct metal laser
sintering manufacturing process. The time-of-flight in two perpendicular directions, i.e.,
in the direction of the layer, and the build-up direction, was measured. In both directions,
L-wave velocities and Young's modulus were determined. The experimental results
showed that the L-wave velocity depends on the direction in which the measurement was
performed on the AM sample. The L-wave velocity in the direction of the layer is 5608 *
3.6 m/s and is higher than the L-wave velocity in the build-up direction which is 5587 *
3.6 m/s. According to the conducted statistical test, the difference of 21 m/s between
ultrasonic velocities in different directions is significant (P-value < a). Young's modulus is
for 2 GPa different in two perpendicular directions, 188 GPa on MP1 and 186 GPa on MP2,
but both values are within the regular values for AM sample material. More uniform
material properties, because of a more homogeneous microstructure, can be achieved by
subjecting AM sample to appropriate heat treatment. Therefore, further research will be
devoted to subjecting the sample to heat treatment and re-taking measurements to
determine how much the ultrasonic velocity difference in different directions reduces.
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FRACTURE MECHANICS AND ADVANCED ULTRASONIC TESTING
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MILOVANOVIC

Abstract

Risk assessment of cracked cylindrical pressure vessels for compressed air by using basic
fracture mechanics and advanced methods of non-destructive testing (NDT), such as Phased
Array Ultrasound (PAUT) and Time-of-Flight Diffraction (TOFD), is presented. Basic fracture
mechanics equations are used to calculate the stress intensity factor, KI, in the case of
unacceptable defects found in the pressure vessel 970 in the Reversible Hydro Power Plant
“Bajina Basta”, and get the ratio KI/KlIc, according to the minimum measured values for fracture
toughness for welded joints, as the typical zones where crack-like defects are found. The ratio
Snet/Sc, where Snet is the net stress in cross-section with a crack, and Sc is the critical stress, is
than evaluated to define the operating point in the Failure Assessment Diagramme (FAD), and
thus, to estimate the likelihood of failure of the pressure vessel 970. In combination with
estimated high consequence for the pressure vessel 970, the risk matrix was used, as a simple
tool to assess the risk. In this paper the focus is on one aspect of this procedure, being the NDT
role, since it is of utmost importance to use as precise as possible method for detected defects in
welded joints. In this paper advance ultrasound methods, PAUT and TOFD, are used to get
precise image of defects in pressure vessel 970 welded joints, which were previously detected
by conventional NDT methods. It is shown that use of PAUT and TOFD is of utmost importance
for decision making process in this case.

Keywords: Structural Integrity; Risk Assessment; PAUT, TOFD
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ANALIZA ELEKTRICNOG OTPORA ELASTOMERNIH ELEMENATA
SUSTAVA PRICVRSCENJA NA KOLOSIJECNIM KONSTRUKCIJAMA U
URBANIM SREDINAMA

ANALYIS OF ELECTRICAL RESISTANCE OF ELASTOMER COMPONENTS
OF THE FASTENING SYSTEMS IN URBAN RAILWAY TRACKS
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Sazetak

Kod kolosijeka u urbanim sredinama gdje se trac¢nice koriste kao povratni vodic struje vazno je
osigurati visoku vrijednost elektricnog otpora izmedu tracnice i tla i na taj nacin sprijeciti lutajuce
struje. Jedna od nacina smanjivanja lutajuc¢ih struja kod kolosijeka s diskretno oslonjenim i
pri¢vrséenim tra¢nicama jest koriStenje indirektnih sustava pricvrséenja kod kojih je upotrebom
izolacijskih materijala sprije¢en tok struje kroz elemente pri¢vrSéenja. Medutim, glavne
karakteristike koje elastomerni elementi moraju zadovoljiti uglavnom su samo krutost i tvrdoc¢a
kako bi se utjecalo na smanjivanje visokih razina buke i vibracija uslijed prolaska trac¢nickog
vozila, a elektri¢ne karakteristike su posljedica primarnih svojstava. U ovome je radu analiziran
elektri¢ni otpor elastomernih podloski razli¢itih sustava pri¢vrs$éenja pri cemu je pokazana velika
razlika u dobivenim rezultatima. Dodatnom je analizom ustanovljeno da je dobivena razlika
posljedica razlic¢itog sastava elastomernog materijala, odnosno ovisi o punilima koja se dodaju
kaucuku prilikom procesa vulkanizacije.

Kljucne rijeci: kolosijek, sustav pricvrscenja, lutajuce struje, elektricni otpor, podtracnicke podloske
Abstract

For tracks in urban areas where the rails are used as current return conductors, it is important to
ensure a high value of rail-to-earth resistance to prevent stray currents. For tracks with discretely
supported and fastened rails, stray current can be reduced by using an indirect fastening system
in which current flow through the fasteners is prevented by the use of insulating material.
However, the most important properties that elastomeric elements must meet are stiffness and
hardness to reduce high noise and vibration levels, and the electrical properties are a consequence
of the primary properties. In this work, the electrical resistance of elastomeric pads of different
fastening systems was analysed, and a large difference in the result was found. Additional analysis
showed that this difference is due to the different composition of the elastomer material, i.e. it
depends on the fillers added to the rubber during the vulcanization process.

Keywords: track, fastening system, stray current, electrical resistance, elastic rail pad
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1. INTRODUCTION

Due to its large capacity and velocity, rail transport has become the main type of public
transportion in many cities around the world. Urban railways must be able to withstand
high traffic load, which is ensured by modernising the track structure, using different
types of the tracks, different fastening systems, etc. Track structures can be divided based
on their location, construction, type of rail fastening system, etc. In the city of Zagreb,
tracks with discretely supported and fastened rails are used, where the rail is supported
every 1 m on a levelling layer and fastened using different types of the fastening system -
on the steel plate, which is laid on on the rail pad 2 and levelling layer made from concrete
reinforced with microsyntetic fibers (Fig. 1b). Fastening is ensured by using the clips and
T-bolts or anchor bolts, depending on the type of the fastening system.
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Fig. 1: a) track wiht dicretely fastened rail, b) cross section of fastening system [1]

The primary role of the rail fastening system is to position and fasten the rail and to
transfer the vehicle load from the rails to the track substructure. However, during the
construction of the track structure, care must also be taken to ensure that the rail and
fasteners are isolated from the other track elements to successfully reduce the high values
of stray currents. Since today the rails are mostly used as the return current path from the
vehicle to the traction power station (TPS), if rails and fastening systems are not
completely insulated (i.e., if sufficient rail-to-ground resistance is not achieved), the
return current can leak from the rail [2,3]. This current is called stray current. The current
leaves the rail because it finds a path of lower electrical resistance to return to the source,
which is usually buried metal pipelines located near the track [4].

Stray currents cause devastating localized corrosion (stray current-induced corrosion) at
the points where the current leaks from the metal structure into the electrolyte (concrete,
ground, water) [5]. Stray current corrosion causes great material losses, resulting in high
maintenance costs mostly on buried metal pipelines and reinforced concrete structures.
This type of corrosion is also noticed on the metal elements of the track structure,
especially the rail foot and the metal components of the fastening system [2,6-9]. Because
of these negative consequences, it is important to prevent stray currents at the source, i.e.,
at the track, which is usually obtained by increasing rail-to-ground resistance [10]. In
tracks with discretely fastened rails, fastening points are “discharge” points for the
current, since only at these points rail is connected to the ground [11]. Therefore, stray
current can be prevented by using fastening systems with higher electrical resistance, or
to simplify a bit: by using a fastening system whose elastic components prevent current
from flowing from the rail through the fastening system into the track substructure [11].
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However, electrical resistance of the fastening system in most cases is not one of defined
characteric, which is also shown in paper [12], where the electrical resistance of various
types of fastening systems used on tracks with discretely fastened rails was analysed. The
electrical resistance depends on the type of fastening system and the electrical resistance
of its elastomer components. However, event thought elastomer components (rail pads,
pads under the steel base plate, pads for anchor bolts) are used, it is not necessary that
fastening system has high electrical resistance. Elastomer elements are manufactured
from a rubber in vulcanization process [13]. During vulcanization, various additives are
added to the rubber - fillers, pigments, softeners, additives to improve workability, etc.
What additive is added depends on the characteristic of the final product. The electrical
properties of elastomers depend not only on the type of rubber used, but also on the type
and quantity of additives, primarily softeners and fillers [13,14]. The electrical
conductivity of the elastomer is increased by the addition of carbon black, which is the
most used filler in the vulcanization process. Today, the rubber industry uses more than
90% of the total carbon black consumption. The electrical resistivity of carbon black can
vary from 0.44 to 150 Qcm [13]. Based on the above, it is understandable that the
distribution of carbon black in the rubber influences the electrical resistance values of the
mixture [13]. The change in the structure of the rubber-filler system during the
vulcanization process is also reflected in the change in electrical resistance.

However, if it is required electrical insulation properties above 2.54x107 (0m fastener
stiffness would be compromised. The upper electrical resistance limit of compounds
containing carbon black is 2.54x10¢ O m. Compounds containing carbon black must be
avoided if very high resistance is required, and, in this case, silicone elastomers would
have the required electrical insulation performance but poor stiffness properties [15].

The aim of this paper is to detect the electrical resistivity of elastomer components in
different types of the fastening systems that are used in tracks with discretely fastened
rails and to analyse how the material composition effect on electrical resistivity. Testing
method is explained in section 2 and results are presented in section 3.

2. TESTING AND METHODS

Laboratory testing was conduced on elactic components taken from five different types
of the fastening system. Four of these fastening systems are used on the tram track in the
city of Zagreb, and one is a newly developed fastening system where electrical resistance
is one of its defined characteristics. Since in each analysed fastening system all elastic
components are made using the same material, the electrical resistivity was measured
only on rail pad.

During the test, rail pad was placed directly on a steel base plate and a rail was placed on
the pad. Due to the high weight of the rail placed on the pad, good contact was achieved
between the steel plate and the elastomeric pad and between the elastomeric pad and the
rail. The rail was connected to the laboratory power supply, which generated a 26 V DC
current. The circuit was closed through a steel base plate (Fig. 2a). It was assumed that
the current flows from the rail to the steel base plate through the entire contact area of
the observed elements (area marked in yellow in Fig. 2b).

The current intensity and voltage were measured continuously using the multimetar on
each sample over a period of 1 hour and data were recorded on the computer.
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Fig. 2: a) Measurement of electrical resistance of rail pad placed between the steel plate and rail, b)
rail pad-rail and rail pad-steel plate contact area

After the measurement, the electrical resistivity of all testing samples was calculated. To
determine whether the different values of electrical resistivity are a consequence of the
different material composition of the tested samples, the samples with the lowest and the
highest measured value were selected for further analysis using Fourier transform
infrared spectroscopy (FTIR) (Fig. 3).

Fig. 3: FT-IR Spectrometer, IRTracer-100: SHIMADZU (Shimadzu Corporation)

Infrared spectroscopy is based on the fact that most molecules absorb light in the infrared
region of the electromagnetic spectrum and convert it into molecular vibrations [16]. This
absorption corresponds to the bonds in the molecule. With a spectrometer, absorption of
infrared radiation by the sample material is measured in relation to the wavelength
[16,17]. Infrared spectroscopy was used to detect differences in the recorded vibration
bands of the observed test samples, indicating the different composition of the sample
materials.

In addition, elemental analysis on carbon, hydrogen and nitrogen (CHN analysis) was
carried outa CHN analyzer, and the proportion of each element was determined according
to the ASTM D5291 standard [18].
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3. RESULTS

Based on the collected data, the value of the electrical resistivity of the elastic pad was
calculated based on the expression:

p=R (1)

Where:
- p [Qm] - electrical resistivity,
- R [Q] - electrical resistance calculated using the Ohm’s Law and measured value,
- S [mZ2] - area of cross section of conductor in current circuit,
- 1 [m]- length of the conductor in current circuit.

Since the electrical resistance of rail and steel plate in comparation with the elastic pad is
very low, it was neglected so in this current circuit it was assumed that measured
electrical resistance is the resistance of the elastic pad. Bacause of this reason, in equation
1 the characteristics of the elastic pad were only taken. In all observed cases, the analyzed
area of cross section is the contact area of the pad and rail foot, and it is 0.018 m?2 (0.15 x
0.12 m). The height of all analysed rail pads is 0.01 m. The results of calculated electrical
resistivitay are shown in Fig. 4.
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Fig. 4: Calculated elecrtical resistivity from the tested elastic pads

As it can be seen from the Fig. 4, electrical resistivity values of the analysed pads are very
different, indicating that electrical resistance is not one of their defined properties. Only
in the case of the sample 5 very high electrical resistance value of the pad was obtained.
To confirm that the reason for the differences in electrical resistivity was due to the
different material composition, samples 4 and 5 were subjected to further analysis using
Fourier transform infrared spectroscopy (FTIR). The spectrums of the two test samples
recorded with a Fourier transform infrared spectrometer (FTIR) are shown in Fig. 5. The
vertical axis is the transmittance, which indicates how strongly light was absorbed at each
frequency. The solid line shows the transmittance values for each wavelength that passed
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through the sample. The peaks visible in the wavenumber and transmittance diagrams
are called absorption bands. A molecule has a large number of covalent bonds, and each
bond has different vibrational modes, so the IR spectrum of a compound usually has
multiple absorption bands. The horizontal axis indicates the position of an absorption
band, but instead of using frequency to represent absorbed radiation, wavenumbers are
commonly used in IR spectra. Since values of transmittance and wavenumber for
absorption bands are different in obtained diagram, it can be concluded that material
composition of these testing samples is different. Characteristic bands with the
wavenumber and transmittance are shown in Tab. 1.
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Fig. 5: Spectrum of testing sample 4 (a) and 5 (b)

Tab. 1: Wavenumber and transmittance for characteristic absorption bands of samples 4 and 5

Sample 4 Sample 5
Wavenumber | Transmittance | Yavenumber | Transmittance

[em™] [%] [em™] [%]
2840 17.6 2920 83.5
2450 18.0 2210 93.0
1452 14.0 1450 86.5

970 11.7 1075 19.5

960 43.5

800 71.5

450 20.5

Elemental analysis on carbon, hydrogen and nitrogen (CHN analysis) was carried out and
the results of the sample analysis using the elemental analysis technique of CHN are
shown in Tab. 2. Through this analysis, it was found that carbon, hydrogen and nitrogen
make up 91.64% of the composition of the material in sample 4 and 64.23% in sample 5.
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Therefore, it is concluded that the low value of electrical resistivity in sample 4 is a
consequence of the high percentage of carbon, while the reduction of carbon and the use
of other fillers amounting to 35.77% in sample 5 achieves a very high value of electrical
resistivity.

Tab. 2: The proportion of carbon, hydrogen, and nitrogen in rail pads of the samples 4 and 5

Percentage of material [%]
Sample 4 Sample 5
Carbon 82.56 52.13
Hydrogen 6.14 6.57
Nitrogen 2.94 5.53
Total: 91.64 64.23

From the above results, it can be concluded that the composition of the material used in
the vulcanization process to produce elastomeric elements plays an important role in the
properties of the final product. Therefore, to successfully prevent stray currents, it is
necessary to determine in advance the electrical resitivity value that the elastomeric
elements must meet.

4. CONSLUSION

To reduce stray current on tracks with discretely fastened rails, it is important to ensure
high electrical resistance of the fastening system. This can be achieved by isolating the
components of the fastening system, i.e., preventing direct contact of the fasteners or
contact of the fasteners with the rail, using the elastomeric elements with high electrical
resistance.

However, as can be seen from the tests carried out, the value of electrical resistance is not
usually one of the parameters defined during the manufacture of the elastomeric elements
of the fastening system, but is a consequence of their primary function, which is to achieve
a certain level of hardness and stiffness to effectively reduce the high noise and vibration
levels caused by rail traffic.

It can be concluded that the prevention of stray currents is still a secondary characteristic
that is not given much attention during track construction and reconstruction. However,
considering the increasing demands on track structures and the increasing traffic loads to
which tracks are subjected, the reduction of stray currents must become one of the
characteristics of tracks to reduce the maintenance costs of the surrounding structures,
which are threatened by harmful corrosion processes due to stray currents.
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ISPITIVANJE GALVANSKE KOROZIJE U SLANOJ ATMOSFERI

TESTING OF GALVANIC CORROSION IN A SALT ATMOSPHERE

Ivan Stojanovi¢, Vesna Alar, Marin Kurtela

SveuciliSte u Zagrebu, Fakultet strojarstva i brodogradnje, Ivana Luci¢a 5, 10002 Zagreb,
Hrvatska

Sazetak

Korozija je nepoZeljan rezultat kemijske ili elektrokemijske reakcije izmedu metala ili metalne
legure i njegove okoline. Intenzitet korozijskog oStec¢ivanja ovisi o svojstvima okoline u kojoj se
nalazi, kao i o znacajkama odredenog materijala, kao Sto su: kemijski sastav, stanje povsine, oblik
i veli¢ina kristalnog zrna, prisustvo zaostalog naprezanja, oblikovanje konstrukcijskog elementa
itd. Galvanska ili bimetalna korozija vrsta je korozije koja se odvija pri spajanju najmanje dva
materijala razli¢itog potencijala uz prisutnost elektrolita pri ¢emu dolazi do formiranja
galvanskog ¢lanka kod kojeg je manje plemeniti, odnosno elektronegativniji metal anoda, a
plemenitiji i elektropozitivniji metal katoda. Rezultat razlike potencijala predstavlja napon ¢lanka
odnosno uzrokuje nastajanje elektromotorne sile koja je tim veca Sto je razlika potencijala veca,
Sto u konacnici uzrokuje trosenje anode. U eksperimentalnom dijelu rada prikazani su rezultati
ispitivanja razlicitih spojeva metala u slanoj komori.

Kljucne rijeci: galvanska korozija, slana atmosfera, odabir materijala
Abstract

Corrosion is an undesirable result of a chemical or electrochemical reaction between a metal or
metal alloy and its environment. The intensity of corrosion damage depends on the properties of
the environment in which it is located, as well as on the characteristics of a certain material, such
as: chemical composition, surface condition, shape and size of crystal grain, presence of residual
stress, design of structural element, etc. Galvanic or bimetallic corrosion is a type of corrosion that
takes place when at least two materials of different potential are joined in the presence of an
electrolyte, resulting in the formation of a galvanic cell in which the less noble or more
electronegative metal is the anode, and the more noble and more electropositive metal is the
cathode. The result of the potential difference represents the voltage of the cell, that causes the
generation of an electromotive force which is greater when the potential difference is greater,
which ultimately causes the wear of the anode. In the experimental part of the paper, the testing
results of different metal compounds in the salt chamber are presented.

Keywords: galvanic corrosion, salt atmosphere, material selection
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1. INTRODUCTION

The successful consideration of corrosion prevention and control during the materials
selection phase of the design process is key to developing systems which should have
good quality, reliability and durability during the expected operating conditions. The
process of properly selecting an individual material is very important, because it will not
be used only for the manufacture of some individual component or the entire structure,
but can be used in combination with other different materials that possess the necessary
mechanical, thermal, electrical and physical properties necessary to fulfill the exploitation
requirements, and at the same time providing the necessary resistance to the aggressive
influence of the environment, i.e. corrosion. In addition to the correct selection of
materials, it is of utmost importance that the designer takes care of corrosion prevention
and control (CP&C) in the early stages of the project in order to minimize the probability
of the appearance of various corrosion phenomena during the working life of the
structure. Due to the extremely large number of materials, including the variety of
different manufacturing processes and heat treatment, as well as environmental
conditions, it is too expensive and almost impossible to test all combinations of materials
and environments. For this reason, accelerated laboratory tests, using salt spray or
controlled humidity and temperature chambers, are often used to investigate the
possibility and time period of a material corrosion or the proper functioning of CP&C
technology. [1]

Galvanic corrosion occurs when two metals having different electrical potentials
(dissimilar metals) are electrically connected, either through physically touching each
other or through an electrically conducting medium, such as an electrolyte. The potential
difference established between electrically connected materials in a conducting medium
produces electron flow and causes the metal (alloy) with more negative potential to
preferentially corrode. The electrochemical corrosion process consists of two partial
electrochemical reactions: the anodic partial reaction, consisting of oxidation/dissolution
of the metal, and the cathodic partial reaction, consisting of the reduction of water,
hydrogen, or oxygen gas (Fig. 1). Each site constitutes a half electrode reaction system,
making up two half-cells, like that of a galvanic cell. [1-3]

=== CATHODE
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ELECTROLYTE

N
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Fig. 1: Galvanic corrosion of different materials in a clamping joint

196



The metal with a more negative potential preferentially corrodes. The more positive metal
acts as a cathode and is cathodically protected by the more negative metal, which becomes
the anode (Fig. 2). The corrosion reaction/corrosion current (flow of electrical current) is
driven by an electrical potential gradient. The potential difference of two metals is
qualitatively determined by their relative placement on the galvanic series where typical
electrical potentials for some metallic elements are shown in Fig. 2. A difference of 0.05V
between the potentials of two metals/alloys is said to be the critical potential difference
for galvanic corrosion to occur [9]; however, the exac value is not only related to the
thermodynamic factors, but also depends on the reaction kinetics and the area ratio
between the electrodes. Experience shows that galvanic corrosion only occurs when the
two metals in contact have a difference in potential of at least 100 mV. [1-6]

Redscton
Oxigzing Agent Reducing Apent Potential (V)
F, + 20 . ZF 2.87
HO; + 2H' + 2e »  2H0 1.78
MnO, + BH* + Se - Mn** + 4H,0
Cl, + 2e . 2CI 1.36
0, ¢ AH' 4 4o . 2H,0 1.23
Ce,0;7 + 14H" + 6e . 2Cr™ + TH,O } 123
Br, + 20 . 2Br T 1.07
NO. + 4H" + 3¢ . NO + 2H.0 i 0.96
Ag + . Ag 5 0.80
| 2e 2 I 0.54
g o 2H,0 + 4 OH 0.40
K Cu 8 I 0.34
2H,0° 2 H 2H,0 ! 0.00
Pt F | 0.13
¥ o 0.1
g N ) 0.2
Fe F -0.4
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1
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Fig. 2: a) Standard reduction potentials v.s. SHE in aqueous solutions at 25 °C [4]

The energy change of the partial corrosion reactions provides a driving force
(potential difference) for the process and controls its direction. Electrochemical corrosion
reactions have different thermodynamic and kinetic properties than chemical reactions.
The energy change of the partial corrosion reactions provides a driving force for the
process and controls its direction. There are a number of driving forces that influence the
occurrence of galvanic corrosion and the rate at which it occurs. Among these influencing
factors are the difference in the electrical potentials of the coupled metals, the relative
area, and the system geometry. Other driving forces influencing the promotion or
prevention of galvanic corrosion include the polarization (the shift in electrode potential
during electrolysis) of the metals, the electrical resistance and electrical current of the
system, the type, pH, concentration of the electrolyte and degree of aeration or motion of
the electrolyte. The rate of galvanic corrosion in specific environments, however, should
not be determined based on the standard electrode potentials of metals. These standard
potentials are determined as the potential of a metal in equilibrium with a specific
concentration of the electrolyte. The size of the metal components in the galvanic system
also influences the rate and degree of corrosion. For example, a system with a relatively
large cathode (less stable metal) and a relatively small anode (more staple metal) will
corrode via galvanic corrosion to a greater extent than will a system with electrodes of
equal size. Furthermore, a system with a relatively large anode compared to a small
cathode will not typically exhibit galvanic corrosion on the anode to a significant extent.
In general, corrosion of the anode is proportional to the relative area of the cathode. That
is, the induced electrical current increases proportionally with an increase in cathodic
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area relative to the area of the anode. The opposite is generally true as well: current
decreases proportionally with a decrease in relative cathodic area. Component geometry
is another factor affecting the flow of current, which consequently influences the rate of
galvanic corrosion. Current does not easily travel around corners, for instance. The rate
of galvanic corrosion is partially dependent on the concentration, oxygen content and
motion of the electrolyte, as well as the temperature of the environment. For instance,
higher temperatures typically cause an increase in the rate of galvanic corrosion, while
higher concentrations of the electrolyte will result in a decrease in the corrosion rate. The
pH of the electrolyte solution may also affect the occurrence of galvanic corrosion in a
dissimilar metal system. For example, a metal that is the cathode in a neutral or basic
electrolyte may become the anode if the electrolyte becomes acidic. A higher oxygen
content in the electrolyte also typically results in an increase in the rate of galvanic
corrosion. Electrolyte motion can also increase the rate of corrosion, since it may remove
some of the oxidized metal from the anode surface, allowing for further oxidation of the
metal. [6-10]. Galvanic corrosion compatibilities of metals and alloys in seawater are
shown in Tab. 1.

Tab. 1: Galvanic corrosion compatibilities of metals and alloys in seawater [1]
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The aim of this paper is to detect the effects of galvanic corrosion on connecting elements
and contact points of various metal surfaces that are protected by the most common metal
coatings. Testing method is explained in section 2 and results are presented in section 3.
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2. TESTING AND METHODS

The examination included corrosion resistance testing on various bolted joints (24
pieces) after exposure in a salt chamber for a period of 96 hours, in accordance with HRN
[SO 9227, with periodic inspection every 24 hours. Evaluation of material degradation in
the form of rusting was conducted. Components made of different materials and metal
coatings in the clamping joint are shown in Fig. 3.

Materials of the components in the clamping joint

Plain
washer
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Fig. 3: Types of materials and metal coatings of components in the clamping joint

The actual appearance of the clamping joint components before testing in the salt
chamber for a period of 96 hours is shown in Fig. 4.
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Fig. 4: Appearance of the clamp components prior to salt chamber testing

During the test, samples were placed directly in Ascott salt spray chamber, model S450
according to the standard HRN ISO 9227 for a period of 96 hours. Testing parameters are

given in Tab. 2.

Tab. 2: Testing parameters in neutral salt spray chamber

Parameters HRN IS0 9227 Testing conditions
Testing duration, h According to 24/96
request
Temperature inside chamber during testing, °C 35+2 35+0.1
Temperature of the compr. air. humidifier, °C 45-50 50
Pressure of the air, bar 0.7-14 1,4
Used solution NaCl NaCl
Concentration of solution, % 5 5
Collected solution, ml/80cm?/h 1.5+0.5 2.0
pH of the collected solution at 25+2°C 6.5-7.2 6.63
max. 20 <10

El. conductivity of distillated water, uS/cm at 25+2°C

The examination included corrosion resistance testing of samples (24 pieces) with
periodic inspection every 24 hours. After each inspection period, each sample was revised
in detail and photographed in order to determine potential corrosion products or surface
degradation of the anode material in the clamping joint. The appearance of the samples in

the salt chamber before the test is shown in Fig. 5.

Fig. 5: The appearance of samples in a salt chamber before testing
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3. RESULTS

The appearance of the samples after testing in the salt chamber after 24 hours is shown
in Fig. 6 and Fig. 7.

Sample 3 Sample 4

Sample 5 Sample 6

Sample 9 Sample 10

Sample 11 Sample 12

Fig. 6: The appearance of samples 1-12 after 24-hour test in the salt chamber
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Sample 19

Sample 20

Fig. 7: The appearance of samples 13-20 after 24-hour test in the salt chamber

As a result of contact corrosion between various connecting elements and the metal
surfaces, after testing for 24 hours corrosion products were found on all parts except for
samples 1, 2, 3,8 and 9 (Fig. 6 and Fig. 7). After testing for 24 hours, according to ISO 4628,
peeling was detected on samples 15 and 16. The numerical test values are presented in
table 3 and refer to the total test surface of each assembly element.
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Tab. 3: Test results of samples 1-20 in the salt chamber after 24 hours according ISO 4628

ISO 4628-3 ISO 4628-5

Corrosion Peeling

4 Ri 2 0

5 Ri 3 0

6 Ri 2 0

7 Ri 2 0
8 .
- o

10 Ri 4 0

11 Ri 5 0

12 Ri 5 0

13 Ri 5 0

14 Ri 4 0

15 Ri 2 1

16 Ri 3 1

17 Ri1 0

18 Ri 3 0

19 Ri1 0

20 Ri 3 0

The appearance of the samples after testing in the salt chamber after 24 hours is shown
in Fig. 8 and Fig. 9.
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Sample 2

Sample 11

Sample 12

Fig. 8: The appearance of samples 1-12 after 96-hour test in the salt chamber
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Sample 18

Sample 19

Sample 20

Fig. 9: The appearance of samples 13-20 after 96-hour test in the salt chamber

The appearance of unscrewed samples after 96-hour test in the salt chamber is shown in

Fig. 10.
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Sample 2 Sample 3 Sample 4

Sample 5 Sample 6 Sample 7

Sample 9 Sample 10 Sample 12

> 5

Sample 13 Sample 15 Sample 16

Sample 17 Sample 18 Sample 19 Sample 20
Fig. 10: The appearance of unscrewed samples 1-20 after 96-hour test in the salt chamber

As a result of contact corrosion between various connecting elements and the metal
surfaces, after testing for 96 hours corrosion products were found on all parts except for
samples 1, 2, 3, 8 and 9 (Fig. 8, Fig. 9 and Fig. 10). After testing for 96 hours, according to
ISO 4628, peeling was detected on samples 15 and 16. The numerical test values are
presented in table 4 and refer to the total test surface of each assembly element.
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Tab. 4: Test results of samples 1-20 in the salt chamber after 96 hours according ISO 4628

1ISO 4628-3 1ISO 4628-5
Sample Corrosion Peeling
1 Ri 0 0
2 Ri 0 0
3 Ri 0 0
4 Ri 3 0
5 Ri 5 0
6 Ri 3 0
7 Ri 4 0
8 Ri 0 0
9 Ri 0 0
10 Ri 5 0
11 Ri 5 0
12 Ri 5 0
13 Ri 5 0
14 Ri 4 0
15 Ri 4 5
16 Ri 5 5
17 Ri 3 0
18 Ri 5 0
19 Ri 3 0
20 Ri 4 0

4. CONSLUSION

If proper design, material selection, implementation and maintenance steps are
followed, there is a high probability that the contact form of corrosion in the designed
system will be avoided. It is necessary to avoid the unfavorable area effect of a small anode
and large cathode. Small parts or critical components such as fasteners should be the
more noble metal compared to the materials being joined. Another way to avoid galvanic
corrosion is to insulate dissimilar metals wherever practical, for example, by using a
gasket, coatings, polymeric materials.

Based on the conducted laboratory tests, in accordance with the standard HRN ISO 9227
for 96 hours, it can be concluded that according to degree of rusting (contact corrosion)
and rusted area, the highest corrosion resistance in salt chamber were determined on the
samples 1, 2, 3, 8 and 9. After testing for 96 hours, according to ISO 4628, peeling was
detected on the samples 15 and 16.

Generally, combination of stainless steel connecting elements in contact with the nickel and
silver coating or copper plate, due to optimal potential difference represents the best choice or
corrosion stability of the assembly when it comes to clamping joints of metal materials. It was
also found that coating blocks the diffusion of the ions and corrosion products, thus
preventing the establishment of galvanic coupling between the local anodes and cathodes.

[4].
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Sazetak

U ovom radu epoksidna prevlaka modificirana je nanocesticama aluminija (Al NP) u svrhu zastite
povrsine cijevi od sivog lijeva. U danasnje vrijeme postoji potreba za razvojem nove generacije
prevlaka za zaStitu unutarnje povrsine cijevi od korozije i utjecaja mikroorganizama. Uzorci su
promatrani pomo¢u SEM i EDX analize kako bi se procijenila i karakterizirala jednolika
distribucija Al NP u nanokompozitima. Uc¢inak zastite od korozije nanokompozita analiziran je
pomocu pretrazne elektrokemijske mikroskopije (SECM) i elektrokemijske impedancijske
spektroskopije (EIS). Ova analiza potvrduje poboljSanje korozijske otpornosti nanokompozita u
usporedbi s epoksidnom matricom bez nanocestica. Uvodenjem Al NP u epoksidnu matricu
mehanicka svojstva su se neznatno povecala. Nadalje, antimikrobni test pokazao je da
nanokompoziti imaju baktericidno djelovanje protiv bakterija Pseudomonas aeruginosa i Bacillus
subtilis. Mala veliCina aluminijskih cestica i njihova brza oksidacija omoguéuju ovom
nanokompozitu dvojaka svojstva. Nanokompoziti poboljSavaju mehanicka, antikorozivna i
antimikrobna svojstva $to znaci da pruZzaju bolju otpornost na vanjske mehanicke utjecaje te
ucinkovito sprjeCavaju koroziju i rast bakterija.

Kljucne rijeci: korozija, bakterije, nanocestice, epoksidna prevlaka.
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Abstract

In this work, aluminium nanoparticles (Al NPs) as fillers were homogenized with epoxy coating in
order to protect the surface of pipes made of gray cast iron. Nowadays, there is a need to develop a
new generation of coatings to protect the inner surface of pipes from corrosion and microorganisms’
influences. The samples were analyzed with SEM observation and EDX to evaluate and characterize
the uniform distribution of Al NP in the nanocomposites. The effect of corrosion protection
performance of nanocomposite was analyzed using scanning electrochemical microscopy (SECM)
and electrochemical impedance spectroscopy (EIS). This analysis confirms improvement of the
corrosion resistance of nanocomposite in comparison with epoxy matrix without nanoparticles. The
introduction of Al NP into epoxy matrix the mechanical properties has been slightly increase.
Furthermore, the antimicrobial test indicated that the nanocomposites had bactericidal activity
against Pseudomonas aeruginosa and Bacillus subtilis bacteria. The small size of the aluminium
particles and their rapid oxidation enable this nanocomposite to possess dual properties.
Nanocomposites improve mechanical, anticorrosive and antimicrobial properties which means that
they provide the better resistance to external mechanical influences and effectively prevent corrosion
and bacterial growth.

Keywords: corrosion, bacterial, nanoparticles, epoxy coating.
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1. INTRODUCTION

Cast iron is a material that is commonly used for drainage pipe systems as it is resistant
to varying and moderately high internal pressures [1]. This material poses good thermal
conductivity, relatively low melting temperature, high damping capacity, and excellent
castability [1] [2]. Unfortunately, these properties deteriorate when metals interact with
certain elements that recur within their environments, a process technically called
corrosion [3]. The most effective way of dealing with this issue is to apply a coating
system. For this purpose, epoxy coatings are used as they have good protective barrier
properties, high adhesion to the metal substrate, are easy to apply, and are not expensive
[4]. In recent years, scientists and researchers have been motivated to develop coatings
with new features, and nanoparticles are used for this purpose. Nanoparticles have been
widely used as resin fillers to block micropores and improve the corrosion resistance and the
mechanical properties of the resins due to their great surface-to-volume proportion with respect
to conventional macroscopic materials [5]. Nanocomposite material is obtained by
incorporating nanoparticles into the epoxy coating [6].

The aim of this paper is to compare the anticorrosive and antibacterial properties of two
types of coatings. The first coating is an unmodified epoxy coating, while the second one
contains 1% Al NP. Our interest is the development of a new anticorrosive and
antibacterial nanocomposite coating for the protection of grey cast iron. The
morphological properties of the coating were examined using SEM and EDS analysis.
Thickness, hardness, adhesion, and color change show the mechanical properties. The
anticorrosive properties of the samples were investigated using electrochemical
techniques (EIS and SECM). Antibacterial tests were made for the bacteria Pseudomonas
aeruginosa and Bacillus subtilis. Using all these analyses, the aluminum epoxy
nanocomposite shows an improvement in properties.

1. MATERIALS AND METHODS

2.1. Materials

The metallic substrate used during this study was gray cast iron with chemical
composition 2.5 C, 1.5 Si, 1.05 Mn, 0.5 P, 0.07 S, and Fe in balance (wt.%). The epoxy
coatings and hardener (polyamine) that we used in this work were obtained from Hempel
(Umag, Croatia). Aluminum nanoparticles with an average particle size of about 100 nm
were provided by Guangzhou Hongwu Material Technology Co., Ltd., Guangzhou, China.

2.2. Preparation of the aluminium nanocomposite epoxy coating

The coating and hardener were mixed in a ratio of 4 to 1. At ambient temperature, 1% of
Al NPs were incorporated into the epoxy coating under sonicate agitation for 20 min with
a delay in the process due to the cooling of the nanocomposite. Hardener was added to
the nanocomposite and mechanically stirred using a glass stirrer.

Before applying the coating, the panels of 9.5 cm x 0.9 cm x 15 cm gray cast iron were
abrasively blasted and cleaned with ethanol (70 wt.%). The nanocomposite mixture was
applied using a film applicator with a wet film thickness of 150 um. The samples were
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kept at room temperature for 24 h, and then another layer of nanocomposites was applied
in the opposite direction. The samples were left at room temperature for 7 days.

2.3. Characterisation of the aluminium nanocomposite epoxy coating

The morphology of the Al NPs, unmodify epoxy coating, and aluminium epoxy
nanocomposite were investigated by scanning electron microscope (SEM) (TESCAN Brno,
Brno, Czech Republic). The size distribution and dispersion of nanoparticles, the
homogeneity of the layer, and the occurrence of agglomeration were observed using
energy-dispersive (EDS) detector.

The mechanical properties of the epoxy coating and aluminium epoxy nanocomposite that
were observed are: thickness (Elcometer Limited, Edge Lane, Manchester, UK), hardeness
(DeFlesko Corporation, Ogdensburg, NY, USA), adhesion Elcometer 510, model T,
Manchester, UK), and colour (RAL gGmbH, Siegburger, Germany).

The corrosion protection performance of the epoxy coating and aluminium epoxy
nanocomposite were studied in 3.5 wt.% NaCl solution by EIS (VersaSTAT 3, AMETEK
Scientific 131 Instruments, Princeton applied research, Berwyn, PA, USA) and in tap water
using Intermittent Contact-Scanning Electrochemical Microscopy (ic-ac-SECM) (M470,
BioLogic, France). The EIS electrochemical cell consisted of a graphite rod as the auxiliary
electrode, a saturated calomel electrode as the reference, and the epoxy coating and/or
aluminium epoxy nanocomposite specimen as the working electrode. The frequency
range of 0.1 to 10> Hz with an amplitude of 10 mV was used. The impedance data were
fitted using the ZSimpWin software. The ic-ac-SECM test of unmodify epoxy coating and
aluminium epoxy nanocomposite was used to observe real impedance distribution over a
certain area. The 3DIsoPlot program was used to obtain the topography of the samples in
3D view. A three-electrode system, immersed in tap water, was above the surface of the
nanocomposite. This three-electrode system consisted of the Ag/AgCl/KCl reference
electrode, the platinum sheet as the counter electrode, and of the UltraMicroElectrode
(UME) probe for measuring the local electrochemical activity.

Pseudomonas aeruginosa and Bacillus subtilis were used as test bacteria. Bacterial culture
was inoculated from fresh colonies on agar plates into 20 mL of Muller Hinton culture
medium. Nanoparticle samples dissolved in distilled water (100 g/mL) were added from
stock to each well. The zone of inhibition was measured using a ruler. After 24 hours, the
appearance of the zone of inhibition was observed. The surface of the epoxy coating and
1% Al epoxy nanocomposite was cut to a size of 50 mm by 50 mm and inoculated with 0.4
mL of 105 CFU bacterial suspension and placed in a Petri dish and incubated at 35°C and
90% relative humidity (RH) for 24 h. The number of live bacterial cells was determined
by plating different dilutions on plate counting agar, incubating the plates for 24 hours at
37°C, and then visually counting the colonies [7].
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2.  RESULTS AND DISCUSSION

3.1. SEM and EDS analysis
Fig. 1 shows the SEM and EDS analysis result.

25 um

Fig. 1: SEM and EDS analysis of the (a, b) Al NP, (c, e) epoxy coating, (f, h) 1% Al NP nanocomposite. The EDS
mapping of distribution of microparticles of (d) Al in epoxy coating and nanoparticles of (g) Al in the nanocomposite.

The EDS analysis of the elemental composition of the nanoparticle powder showed a high
proportion of Al NPs (Fig. 1a). From Fig. 1 b we can see that the Al NPs have spherical
particles. The EDS analyses of epoxy coating (Fig. 1c) showed that epoxy coating contains
microparticles of Al. It was assumed that these microparticles of aluminium were used as
a pigment in the epoxy coatings [1]. The SEM analysis of the epoxy coating showed
irregularities and alien particles, and the surface was not homogeneous (Fig. 1e). The
presence of Al microparticles in the initial epoxy coating showed small irregularities and
the appearance of agglomerates (Fig. 1d). The EDS analysis determined that
nanocomposite sample contained a certain percentage of nanoparticles that deviated very
slightly from the added 1% nanoparticles (Fig. 1f). With the addition of nanoparticles, the
rough surface morphology of nanocomposites remained the same (Fig. 1h). The action of
the sonication process improved the distribution of the added aluminium particles (Fig.

1g).

3.2. Physical test

The results of the effect of Al NP on the mechanical properties of epoxy coating are shown
in Table 1.

Tab. 1. Results of mechanical resistance tests for epoxy coating 1% Al NP epoxy nanocomposite.

sample thickness, pm | hardness, Shore D adhesion, MPa RAL colors
epoxy coating 249.90 83.40 8.34 3013
1% Al NP nanocomposite 255.50 84.10 14.18 8017

It is evident that the addition of 1% Al NP did not change the thickness and hardness of
the coating. Adhesion of the coating to the metal substrate showed a small increase with
the addition of Al NPs to the epoxy coating. A significant change is visible in the color
change of the coating.
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3.3. Electrochemical measurement

Fig. 2a shows the Nyqist plot for unmodified epoxy coating and 1% Al NP nanocomposite
during 0 days of exposure in 3.5% NaCl solution. In Fig. 2 b and ¢, we can see the
distribution of impedance values on the surface of these samples.

(@)

% epoxy coating

% 1.0% Al NP nanocompiste

emmepoxy coating_cal

e==1.0% Al NP nanocomposite_cal

77x10°(Q)
S = N W s U1 & N
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iy —L7
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Fig. 2. Nyquist plots of (a) epoxy coat and 1% Al NP nanocomposite immersed in 3.5 wt.% NaCl solution. ic-ac-
SECM distribution of real impedance per surface for samples: (c) epoxy coating, and (b) 1% Al NP
nanocomposite.

According to Fig. 2a, the unmodified epoxy coating showed a lower resistance value than
the nanocomposite. The increase in resistance was significantly more pronounced in the
sample containing 1.0% Al NPs. The reason for the increase in impedance values with
nanocomposites can be explained by the labyrinth effect where nanoparticles block the
flow of electrolyte and thus further protect the degradation of the epoxy coating and the
corrosion of gray cast iron. The distribution of impedance values on the surface was
obtained using the ic-ac SECM method (Fig. 2b and c). Nanocomposite shows higher
impedance values than epoxy coating.

3.4. Antibacterial test
Fig. 3 shows the mass concentration of Al NPs in simulated wastewater.

1.2
1.0
L038
£0.6
>0.4
0.2
0.0

-©-1% Al NP nanocomposite
O epoxy coating
0 10 20 30
time, days

Fig. 3. The mass concentration of the migration of AI** ions from epoxy coating, 1% Al NP nanocomposite to
simulated wastewater for 30 days.
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The increase in Al NP concentration in wastewater occurs due to the presence of the
nanocomposite system. During the first 10 days, the concentration increases linearly,
after which it becomes constant. The cessation of the concentration change could be
explained by the possibility of Al NP oxidation. The resulting oxidation layer will have a
larger volume than the Al NP, which prevents further electrolyte flow.
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Fig. 4. Antibacterial activity of all samples according to the ISO 22196 standard. Zone of inhibition of Al NP against
(a) B. subtilis, (b) P. aeruginosa.

Fig. 4a and b show a reduced concentration of viable bacteria within the bacterial
suspension together with the epoxy coating and the nanocomposite. The nanocomposite
with 1% Al NP in epoxy coating has the highest antibacterial effect, with a reduction of
about 54% for B. subtilis and 60.5% for P. aeruginosa. Likewise, Fig. 4 shows the
antibacterial effect of the nanoparticles themselves where it is seen that Al NPs show an
inhibition zone in the presence of P. aeruginosa and B. subtilis.

CONCLUSION

The Al NP nanocomposite was successfully dispersed in the epoxy coating, without
agglomerates and the appearance of air bubbles. It can be concluded that the addition of
Al NPs in the epoxy coating improves the resistance to the electrolyte, but at the same
time enables the migration of Al3* ions up to a certain concentration.

The tests of antimicrobial properties against two typical bacteria of P. aeruginosa and B.
subtilis indicate that the surface antibacterial layer of Al NPs possesses excellent
antimicrobial properties.
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Sazetak

Vodorazrjedivi sustavi premaza sve su popularnija metoda zastite od korozije. Njihova velika
prednost u odnosu na otapalne premaze je niza emisija hlapljivih organskih spojeva (HOS), Sto ih
¢ini manje otrovnima i manje zapaljivima. Jedan od izazova primjene vodorazrjedivih premaza je
njihova velika osjetljivost na niske temperature i visoku vlaZnost. Ako je vlaZnost zraka visoka,
hlapljenje vodene pare iz premaza je oteZano i premaz nece otvrdnuti. RjeSenje ovog problema je
kontinuirani dotok svjezeg zraka koji ima ve¢u sposobnost apsorbiranja vlage. Dobra cirkulacija
zraka, kao i poviSena temperatura skratit ¢e vrijeme suSenja vodorazrjedivih premaza. Prije
izlaganja premaza poviSenoj temperaturi, vazno je vrijeme predusenja, tzv. ,flash off* period, kako
bi se sprijecilo bubrenje premaza. Cilj ovog rada je odrediti parametre susenja vodorazrjedivih
premaza Kkoriste¢i postrojenje za suSenje koje radi na principu infracrvenog (IC) zracenja.
Provedena su ispitivanja tvrdo¢e prema Shore D metodi i prionjivosti vlachom metodom. Na
temelju dobivenih rezultata definirani su sigurni parametri suSenja kod kojih nece do¢i do pojave
defekata na povrsini premaza.

Kljucne rijeci: Vodorazrjedivi organski premazi, IC suSenje, antikorozijska zastita.
Abstract

Waterborne coating systems are an increasingly popular method of corrosion protection. Their
advantage compared to solvent coatings is the lower emission of volatile organic compounds
(VOC), which makes them less toxic and less flammable. One of the challenges of applying water-
borne coatings is their high sensitivity to low temperatures and high humidity. If the humidity is
too high, it is more difficult for air to absorb water vapor released during drying and the film will
not cure. The solution to this problem is a continuous flow of fresh air, which has a greater ability
to absorb moisture. Good air circulation, as well as elevated temperature, will shorten the drying
time of water-borne coatings. Before exposing the coating to elevated temperature, the "flash off"
period is important to prevent swelling of the coating. The aim of this work is to determine the
drying parameters of water-borne coatings using an infrared (IR) drying plant. Hardness of tested
coatings was determined using Shore D method. Adhesion tests were performed using pull-off
method. Based on the obtained results, safe drying parameters were defined that would not cause
defects on the surface of the coating.

Keywords: Water-borne organic coatings, IR drying, anticorrosion protection.
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1. UVOD

Korozija i metode usporavanja Kkorozijskih procesa na metalnim konstrukcijama
predstavljaju zahtjevno inZenjersko podrudje. Cilj borbe protiv korozije je usporavanje
korozijskih procesa sto jeftinijim metodama, a da se pritom zadovolje eksploatacijski
uvjeti konstrukcije. Jedna od takvih metoda je zaStita organskim premazima. Dugo
vremena upotrebljavali su se zaStitni premazi na bazi otapala, no u danasnje vrijeme sve
viSe se zahtijeva upotreba premaza na vodenoj bazi. Vodorazrjedivi premazi kao otapalo
koriste vodu te se na taj na¢in smanjuje ispuStanje emisija hlapljivih organskih spojeva u
okolis Sto je sve Ces¢i zahtjev narucitelja [1]. Dodatna prednost upotrebe vodorazrjedivih
premaza je upotreba antikorozivnih pigmenata koji ne sadrze teSke metale poput olova i
kroma koji su otrovni. Jedan od nedostataka prilikom aplikacije premaza je neSto dulje
vrijeme suSenja. Da bi se ubrzalo suSenje mogu se koristiti razne tehnologije prisilnog
suSenja kao $to su upotreba termokomora i IC komora [2]. U svrhu ovog istraZivanja,
koriStena je IC tehnologija za suSenje teku¢ih premaza. Upotreba IC tehnologije
omogucuje znatno brZze susenje, brze umreZavanje te bolju adheziju premaza na povrsinu
[2]. Testiranje se provelo na pametnom postrojenju za suSenje teku¢ih premaza (Slika 1)
sa 6 plinskih InfraCat panela snage 9-15 kW.

Slika 1: Infracrvena (IC) komora za susenje tekucih premaza, Pilot postrojenje tvrtke Koncar -
Metalne konstrukcije

2. MATERIJALI I METODE

Za ispitivanje parametara suSenja koristili su se vodorazrjedivi dvokomponentni (2K)
epoksi i poliuretanski premazi njemackog proizvodaca premaza (Tablica 1), koji se
koriste u tvrtki Koncar — Metalne konstrukcije. Jedan od premaza upotrebljava se kao
medusloj, a drugi premaz kao zavr$ni premaz. Premazi su naneseni na testne plocice
debljine 8 mm rucnim aplikatorom (Slika 2) u zadanoj debljini mokrog filma (DMF) od
150 pm za epoksi premaz, te 100 um za poliuretanski premaz te su takve ostavljene da se
predsusSe prisilnim propuhivanjem uz pomo¢ susila 10-50 min prije ulaska u IC komoru
(Slika 3). Predsusenje (flash-off) se pokazalo kao nuzna aktivnost kako bi glavnina vode
ishlapila iz premaza prije izlaganja IC zrac¢enju. Ako bi se preskocila ova aktivnost dolazi
do mjehuranja premaza na povrSini Sto je estetski i tehnoloski neprihvatljivo.
Kontaktnom metodom upotrebom olovke utvrdivalo se kada je premaz suh. Laganim
prislanjanjem i potezanjem olovke po povrsini premaza provjeravalo se stanje premaza.
Ukoliko nije ostajao trag olovke po povrsini premaza, premaz se smatrao suhim i spreman
za vadenje iz komore za suSenje. Takoder nastojalo se da premaz ne prelazi temperaturu
od 80 °C kako ne bi degradirao. SuSenje se provodilo na udaljenosti od 80 cm od IC panela
do povrsine premaza.
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Tablica 1 Ispitni premazi

Meduslojni Dvokomponentni epoksidni EPw DMF
premaz premaz na bazi vode 100 pm
Zavrsni Dvokomponentni poliuretanski PUw DMF
premaz premaz na bazi vode 150 pum

Slika 3: Predsusenje premaza prisilnim propuhivanjem (ventilacijom)

Za mjerenje debljine suhog filma (DSF), prema HRN EN ISO 2808 [3], koriSten je
instrument Elcometer 456 koji radi na principu ne-destruktivnhe magnetske indukcije.
Mjerenja su provedena na deset razliitih lokacija po uzorku s to¢noS¢u * 2,5 pum.
Postupak mjerenja sastojao se od prislanjanja mjerne sonde na suhu povrsinu premaza te
oCitanja vrijednosti sa uredaja. Izbjegavali su se rubovi testnih plocCica jer se na tim
mjestima pojavljuje zadebljanje premaza koje bi moglo utjecati na prosjek od deset
mjernih lokacija.

Prionjivost premaza odredena je pomocu Elcometer 510 uredaja s tocnoS¢u mjerenja
+ 0,4 MPa, prema HRN EN ISO 4624 [4]. Mjerenje se radi na minimalno dvije lokacije na
testnoj ploCici uz prethodnu pripremu plocice. Priprema se sastoji od laganog
ohrapljivanja povrsSine brusnim papirom zbog ravnomjernije prionjivosti ljepila. Zatim se
na takvu povrSinu kontaktnim ljepilom ucvrste Cunji¢i propisanog promjera koji su
izolirani od okolnog premaza te se povezu sa uredajem Elcometer 510. Uredaj tada
ravnhomjernom silom ¢upa mjerne cunjice te se ocitava sila pri kojoj dolazi do odvajanja
Cunjica od premaza (Slika 4). Ocitana sila je vrijednost adhezije premaza.
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Slika 4: Ispitivanje adhezijskih svojstva uredajem Elcometer 510

Tvrdoc¢a premaza odredena je Shore D metodom, uredajem Positector SHD po normi
ASTM D2240-15 [5]. Metodom Shore D ispituje se tvrdo¢a duromera utiskivanjem po
normi definirane penetrirajuce stope (Slika 5). Vrijednost prodiranja penetrirajuce stope
izravno se oCitava sa uredaja i predstavlja bezdimenzijsku vrijednost na skali od 0-100 pri
¢emu veca vrijednost predstavlja tvrdu prevlaku. Za potrebe ispitivanja mjerenje se
provelo na deset razli¢itih lokacija po ispitnoj plocici te je uzet prosjek mjerenja za
vrijednost tvrdoce uzorka.

4

Slika 5: Ispitivanje tvrdoce po Shore D metodi uredajem Positector SHD

3. REZULTATI I DISKUSIJA

Vodorazrjedivi premazi zahtijevaju vrijeme predsusenja (flash-off) kako ne bi doslo do
mjehuranja na povrsini premaza. Do mjehuranja dolazi jer se zaostala voda u premazu
zbog ubrzanog suSenja pretvara u vodenu paru kojoj je onemogucen spor izlazak iz
premaza. Uslijed nagle promjene volumena vode povrSina premaza poc€inje mjehurati
(Slika 6).
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Slika 6: Mjehuranje premaza

RjeSenje ovog problema ima viSe pristupa, a moZe biti produljenje vremena predsusenja,
sporije zagrijavanje premaza te prisilno propuhivanje (ventilacija). Za industrijsku
primjenu potrebno je optimizirati sustav da se dobije Sto krace vrijeme predsuSenja.
Rezultati ispitivanja pokazali su da se vodorazrjedivi epoksidni sustavi mogu krace
predsusiti (Tablica 2, Dijagram 1) odnosno potrebno im je oko 20 min za predsuSenje
da biza 20 min u IC komori na udaljenosti od 80 cm postigli zadovoljavajucu temperaturu
potrebnu za umreZavanje, a da pritom ne dode do mjehuranja.

Zavrsni vodorazrjedivi poliuretanski premaz potrebno je predsusiti 40 min da bi se
sigurno mogao susiti u IC komori na udaljenosti od 80 cm do potrebne temperature za
umreZavanje premaza (Tablica 3, Dijagram 2). Prilikom ispitivanja primije¢eno je da kod
krateg vremena predsuSenja dolazi do mjehuranja premaza na zadebljanjima na
rubovima.

Fizikalna svojstva pokazala su se zadovoljavajuéa prilikom suSenja u IC kabini na
udaljenosti od 80 cm za EPw i PUw premaz, odnosno produljenjem vremena predsuSenja
neznatno se povecava tvrdo¢a premaza te adhezijska svojstva (Tablica 4).

Tablica 2: Postignute temperature EPw premaza na 80 cm udaljenosti IC panela

Temp, °C
EPw Smin | 10 15 20 25 30 35 40 45 50
min min min min min min min min min
2 | 20min | 61 65 72 87 95 | 102 | 104 | 107 | 102 | 110
’;é 30min | 57 42 76 86 92 96 | 100 | 105
£ |somin | a4 63 75 87 97 | 102
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Dijagram 1: Postignute temperature EPw premaza za tri vremena predsusenja

Tablica 3: Postignute temperature PUw premaza na 80 cm udaljenosti IC panela
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Dijagram 2: Postignute temperature PUw premaza za tri vremena predsusenja

Temp, °C
PUw 5 10 15 20 25 30 35 40 45 50
min min min min min min min min min min
20
. 63 68 74 80 87 92 96 97 100 100
° min
=)
)
z 30
7 . 39 41 52 60 65 68 74 74
= min
5]
y
49 44 60 75 86 96 103
min
120
& 100
O
o
g 50 /_
s /
o 60 .
5 )0 min
g 40 =30 min
Q- .
§ 20 40 min
0

222




Tablica 4: Fizikalna svojstva EPw i PUw premaza suSenih na 80 cm od IC panela

Vrijeme predsusenja Vrijeme predsusenja
EPw PUw
20 min | 30 min | 40 min 20 min 30 min | 40 min
DSF 57,19 | 61,14 53,52 DSF 58,87 71,21 63,17
Shore D 92,4 92,2 92,6 Shore D 92,2 92 92,6
Pull-off 14,74 | 16,57 17,5 Pull-off 11,66 14,29 12,3

Slika 7: Pull-off vrijednosti prionjivost EPw i PUw premaza susenih na 80 cm od IC panela

Slika 7 prikazuje Pull-off vrijednosti prionjivosti EPw i PUw premaza susenih na 80 cm
od IC panela. Niti kod jednog ispitivanja nije doSlo do odvajanja premaza od podloge.
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4. ZAKLJUCAK

Cilj ovog rada bio je utvrditi parametre suSenja vodorazrjedivih epoksi i poliuretanskih
zaStitnih premaza. Kao glavni problem kod suSenja premaza na bazi vode utvrdeno je
mjehuranje premaza. Navedeni se problem moZe popraviti uvodenjem odgovarajuceg
vremena predsusenja. Na temelju provedenih ispitivanja, moZe se zakljuciti da je EPw
premaz zahvalniji za rad, buduci da ne zahtijeva toliko dugo vrijeme predsusenja, kao $to
to zahtijeva PUw premaz.

Primijeceno je podjednako vrijeme zagrijavanja povrSine EPw i PUw premaza. Od
fizikalnih svojstava, tvrdo¢a po Shore D metodi pokazala se podjednaka u svim
situacijama. Adhezijska svojstva pokazala su tendenciju poboljSanja vrijednosti s
povecanjem vremena predsusenja, prilikom suSenja na udaljenosti 80 cm od IC panela.
SuSenje premaza IC tehnologijom znatno ubrzava proces suSenja, a samim time ubrzava i
proizvodnju. Za razliku od otapalnih, vodorazrjedivi premazi zahtijevaju nesto duzi
proces su$enja, koji nuzno ukljucuje predsusSenje, nanoSenje premaza u nesto tanjem sloju
te suSenje slabijim intenzitetom infracrvenog zracenja, Sto se postiZe udaljavanjem
premaza koji se susi od IC panela. Na taj nacin dozvolit ¢e se zaostaloj vodi unutar premaza
izlazak bez prethodnog mjehuranja povrsine premaza.

Zahvala:

Istrazivanje je provedeno u sklopu projekta ,Pametno postrojenje za susenje tekuc¢ih premaza” (Referentna
oznaka: KK.01.2.1.02.) koji je sufinanciran u okviru Operativnog programa konkurentnost i kohezija, iz
Europskog fonda za regionalni razvoj (https://strukturnifondovi.hr/). Sadrzaj ove publikacije iskljuciva je
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Sazetak

AA5083 alloys are widely used in marine environments due to their favorable corrosion
properties. These alloys are commonly used in the construction of ship hulls and deck panels
because of their high strength-to-weight ratios. To accurately understand and predict the
behavior of AA5083 alloys in real marine environments, it is crucial to simulate conditions as
closely as possible. In this study, the corrosion properties of AA5083 in marine environments
under stagnant and flow conditions were investigated. The study aimed to assess the corrosion
behavior of AA5083 in freshly sampled seawater and determine the effect of temperature
elevation from 10°C to 30°C using AC and DC electrochemical measurement.

Kljuéne rijeci: alluminium alloy, seawater, corrosion, AA5083
Abstract

Aluminijske legure AA5083 imaju Siroku primjenu kao konstrukcijski material u morskom okoliSu
i brodogradevnoj industriji, posebice u konstrukciji brodskih trupova i brodske palube zbog svog
visokog omjera Cvrstoce i mase te povoljnih korozijskih svojstava. Kako bi se u potpunosti
razumjeli korozijski fenomeni povezani s korozijom aluminijskih legura u morskom okolisu te
predvidjelo ponasanje AA5083, potrebno je Sto je viSe moguce simulirati realne uvjete. Cilj ovog
rada je proucavanje korozijskih svojstava AA5083 u stacionarnim i proto¢nim uvjetima svjeze
uzorkovane morske vode te istrazivanje utjecaja poviSenja temperature od 10°C do 30°C
koristenjem AC i DC elektrokemijskih mjerenja.

Keywords: aluminijske legure, morska voda, korozija, AA5083
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1. INTRODUCTION

The corrosion of aluminium alloys when exposed to seawater is a well-known
phenomenon and the corrosion occurance as well as corrosion rate can be influenced by
various factors. Seawater environment poses unique challenges due its corrosiove nature
and presence of aggressive Cl- ions. Studies have shown that beyond salinity (1, 2) and
temperature (2, 3) greatest effect have fluid dynamics (4, 5) AA5083 alloys have
widespread use in marine applications and its mainly used in the construction of ship
hulls and deck panels since have desirable combination of good mechanical properties,
weldability, good corrosion resistance compared to other aluminium alloys and excellent
formability. (6, 7)

The corrosion properties of AA5083 during exploitation in seawater can vary
depending on the environmental conditions, such as whether the alloy is exposed to
stagnant or flowing seawater. (8, 9) Seawater flow enhances the mass-transfer of
corrosive agents like chloride ions to the surface of AA5083, potentially leading to higher
localized concentrations and an accelerated corrosion rate. However, this process also
introduces complexities stemming from fluid dynamics. Varying flow velocities and
turbulence can create regions of stagnation that foster localized corrosion, such as pitting
or crevice corrosion. (8, 10) At higher seawater velocities due to turbulent flow only
erosion-corrosion was recorded. (5, 11) Contrariwise, seawater flow and enhaced mass-
transfer of oxygen diffusion toward the metal surface can be favourable to the formation
of an oxide film on the Al-surface. (12)

In addition, it is well known that corrosion resistance of AA5083 in seawater is closely
linked with alloy microstructure and presence of intermetallic particles (IMPs). The
sensitivity to localized corrosion is typically heightened by the presence of intermetallic
particles, which establish micro-galvanic cells with the surrounding matrix, resulting in
accelerated metal dissolution on a localized level. (13) Numerous studies in the literature
extensively discuss the impact of secondary phase particles on the localized corrosion
tendencies of aluminum alloys. For instance, AlsMg2 has been reported to be more anodic
compared to the Al-matrix of AA5083 alloy in marine environment across a wide pH range
(pH 2-10). (13-16) Anodic character and active dissolution in NaCl environment has been
reported for MgzSi second phase particle. (1, 8,17, 18) On the other hand, there are second
phase particles such as Alx(Fe,Mn)ySi particles which are more noble with regards to the
Al matrix and cause peripheral trenches of the surrounding matrix. (19, 20)

The main aim of the study was to understand the corrosion phenomena of AA5083
alloy and how it behaves under different conditions being specifically focused on the
effect of temperature elevation from 10°C to 30°C on the corrosion properties of AA5083
alloy in marine environments under both stagnant and flow conditions.

2. MATERIALS AND METHODS

Testing samples used in this research were taken from the AA5083 sheet with
diameter of 1.45 cm. The chemical composition of alloy was obtained using X-ray
fluorescence spectrometry (XRF) and spectrometer Olympus Innov-X. and is shown in
wt.% in Table 1. All samples were soldered to insulated copper wire in order to ensure
electrical contact and moulded in epoxy resin where exposed surface for measurement
was 1.65cm2. After moulding the sample surface was mechanically with SiC emery paper
from 320 up to 2500 grit using Metkon Digiprep Acura automatic grinding and polishing
machine on 400-rpm (41,89 rad/s) disc speed. Prior electrochemical measurements the
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surface was ultrasonically degreased in ethanol, rinsed with distilled water and dried in
cold air stream.

Tab. 1: Chemical analysis of AA5083

Composition, wt.%
Elements Mg Si Cr Ni Fe Mn Zn Cu Pb Al
AA5083 4,22 026 005 0026 037 057 0081 0,038 0,014 Balance

In order to collect various electrochemical parameters environments under
stagnant and flow conditions and to assess corrosion behaviour of AA5083 seawater
electrochemical tests were performed in accordance with ASTM G5 and HRN EN ISO
17475 standards. The experiments conducted under flow condition were performed in
flow corrosion cell and flow system created for the purpose of this research while
experiments conducted under stagnant condition were performed in a three-electrode
standard corrosion cell with double jacket glass. Both setups were shown on figure 1. The
corrosion cell in stagnant set up was connected to water bath Huber 212B to maintain
stable electrolyte temperature. The flow system was composed of: two tanks, one for
cooling and the other for heating purpose of the electrolyte, flowmeter, pump, thermostat
and a flow cell connected with a tank filled with seawater.

Fresh sampled seawater with averagely salinity of 38%0 were used as an electrolyte.
In order to monitor influence of temperature change on corrosion behaviour of AA5083
under stagnant and the flow conditions each test was carried at temperature 10 °C and 30
°C. All tests were performed using Bio-Logic SP-200 potentiostat/galvanostat and EC-lab
software to collect the data. The reference electrode was saturated calomel electrode
(SCE) while two graphite electrodes were used as counter electrode. All experiments were
performed under the laminar flow condition with flow rate of 190 L /h and Re=949.

Fig. 1. Measurement equipment set up for measurement in a) stagnant condition and b) flow
condition

Experiments were started with open circuit potential (OCP) monitoring for 60
minutes with data collecting every 20 seconds. Afterward, electrochemical impedance
spectroscopy (EIS) was conducted in the frequency range from 50 kHz to 30 mHz and
with perturbation of +10 mV at the corrosion potential. Linear polarization was carried
out in the potential region of + 10 mV around corrosion potential with the scanning rate
of 0.167 mV/s. Potentiodynamic polarization was performed in the potential region of
+ 0.250 V around Ecor using scanning rate of 0.167 mV/s while cyclic potentiodynamic
polarizations measurements were conducted using same scan rate starting from Ecor
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towards more anodic potentials and, when a current of 5 mA/cm?2 was reached, reverse

back to Ecor.

3. RESULTS AND DISCUSSION

Figure 1. illustrate open circuit potential monitoring (OCP) that was performed trough
60 minutes with data gathering every 20 seconds prior to each test. From presented it is
visible that potential becomes more negative in flowing seawater with temperature
elevation while in still water it is oposite. Oscillatory behaviour that can be related with
cycles of localised formation/dissolution of the oxide layer in potential can be noticed in
flowing and still conditions at both temperatures but it is more pronounced in flowing
seawater. In flowing seawater at 10°C during the OCP monitoring potential moves
towards more noble values while at 30°C have same more steeper trend for the first 7
minutes, afterwards remains similar for the next 20 minutes, when sharp dececrese
towards negative values can be seen indicating activity of present oxygen on alloy surface.
In still seawater values during OCP monitoring are pretty constant during 60 minutes
measurement window at 30°C. At 10°C for the first 7 minutes potential shift towards more

negative values has been recorded afterwards remains mostly constant.
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Fig. 1. Open circuit potential measurements (OCP) of AA5083 in flowing and still seawater at 10°C

and 30°C
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Electrochemical impedance spectroscopy (EIS) was performed right after OCP
monitoring in still and flowing seawater at 10°C and 30°C. Collected spectra was show as
a Niquist and Bode plot in Fig 2., while equivalent electrical circuit proposed to fit the
experimental data can be seen in Fig 3. Used equivalent electrical circuit contain the
following elements: Rsthat represent the solution resistance, due to dielectric behaviour
of oxide film Rox represent resistance of oxide layer while Qox is capacitance of the oxide
layer with constant phase element (CPE) behaviour, Rc is charge transfer resistance and
Caris double layer capacitance. Impedance of CPE, i.e. Qox, can be calculated using following
equasion:

Z(Qox) = Y1 ()™ (1)

where Z is impedance of Qox, j is imaginary component, w is the angular frequency, Yis the
frequency independent admittance and n is the power of Qox. Data collected from EIS
measurement in shown in Table 2.
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Fig 3. Equivalent circuit used for fitting of the experimental data

From presented spectra, three characteristic regions and existence of two time
constants can be seen as. First characteristic region belongs to high frequency range and
represent seawater resistance. Second characteristic region represent capacitive
behaviour of system and can be seen in medium frequency range. Third characteristic
region in low frequency range contributes to alloy resistance and charge transfer
resistance. First time constant is revealed in high frequency range and can be related with
oxide layer on the alloy surface, while other is associated with localized dissolution at
lower frequencies. Furthermore, on Fig. 2 on each spectra there is visible capacitive
depressed semicircle at high frequencies and ta pseudo-inductive loop at lower
ferquencies. Such a behaviour can be related with creation and absorption of CI-
complexes on AA5083 surface wich can accelerate alloy dissolution.(21)

Tab. 2: Electrochemical impedance parameters of AA5083 in still and flowing seawater at 10°C and
30°C fitted using proposed equivalent electrical circuit

Temperature, Rs Qox x 10 - Rox Cax 106 Rct
°C (2 cm?) (F cm2 sn1) (2 cm?) (F cm?) (2 cm?)
10 5.859 19.66 0.891 9487 39.36 10355
Still

water
30 4.458 27.56 0.882 4695 1348.1 8024
10 10.240 18.29 0.879 10659 -145.5 -3525

Flowing

water

30 6.057 22.88 0.954 1128 4693.1 -5535

From presented results can be seen that with temperature increase in stagnant as
well as in flowing condition values of Rox, Rct, Qox and Cai decrease. Shift in phase angle
toward more negative values can be associated with re-passivation of oxide film and
formed pits.
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Fig 4. Linear polarization curves of AA5083 in still and flowing seawater at 10°C and 30°C

E-i plot shown in Fig. 4. represent linear polarisation measurements for AA5083 in
still and flowing seawater at 10°C and 30°C taken after electrochemical impedance
spectroscopy. The slope of linear part of the curves correspond to polarization resistance
(Rp) and collected values can be found in table 3. From presented results, it is visible that
with temperature elevation in stagnant water slope of the curves as well as Rp tends to
decrease. Under laminar flow regime during linear polarisation measurements AA5083
have quite similar resistance to corrosion with only slight decerase in curve slope as well
as in recorded Rp value at 30°C.
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Fig 5. Potentiodynamic polarization curves of AA5083 in still and flowing seawater at 10°C and
30°C

After potentiodynamic polarization measurements, in order to get values of corrosion
current density (icor) and corrosion rate (C.R.) of AA5083 under stagnant and flowing
seawater at 10°C and 30°C, Tafel extrapolation was performed. Obtained icor values were
shown in table 3. as well as corrosion rate values which are calculated using following
equation:

K i - (E.W.)
C.R.=
d-A

(2)

where icor is corrosion current density, E.W. is the equivalent weight of metal, d is the
density of AA5083, A is sample area and K is constant that defines the units of the
corrosion rate in millimetre per year (mmpy); K = 3272 mm/(A cm year).

In stagnant seawater collected corrosion rate values for AA5083 demonstrate that
increase in temperature from 10°C to 30°C enhance corrosion rate for 9.52 pmpy.
Contrary to expectations and previous EIS measurements, corrosion rate values obtained
under the laminar flow regime indicate that decreasing temperature from 30°C to 10° C
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increase corrosion rate values for 232.21 pmpy. In fact, at 10°C under the flowing
condition AA5083 exhibit highest corrosion values. Difference between corrosion rate
under stagnant and flowing condition seawater at 10°C was 279.70 umpy, while at 30°C
was 37.94 uympy.

Such a behaviour can be explained with E-logi plots obtained using potentiodynamic
polarisation. Obtained curves can be divided in two parts; cathodic - where oxygen
reduction take place, and anodic part that represent alloy dissolution. Under flowing
conditions at 10° C cathodic part of the curve exhibit higher current density values
compared to other measurement indicating increased cathodic kinetic. Increased
cathodic kinetic arises due to higher oxygen solubility at lower temperatures, constant
motion and transport of dissolved oxygen and agressive Cl- ions as well as accelerated
diffusion of the oxygen to AA5083 surface under laminar flow regime.(3, 22, 23) Anodic
part of the curve is also affected; since corrosion potential is shifted in positive direction,
and close to pitting potential of AA5083, there is no active nor passive region. Alloy
dissolution starts immediately after Ecor values are reached, afterwards alloy shows
some kind of transpassive behaviour. Similar behaviour in anodic region can be seen at
30°C under stagnant condition. At 10°C under stagnant condition the passive, active and
transpassive regions are visible and under this condition AA5083 exhibit lowest
corrosion rate. Under laminar flow regime at 30°C Ecor values are shifted towards more
negative values resulting in expanding the AA5083 passive region and increasing alloy
passivity, so break down potential in potentiodynamic measurements has not been
recorded. (24, 25)

Tab. 3: Electrochemical parameters of AA5083 in still and flowing seawater at 10°C and 30°C
obtained from potentiodynamic and cyclic polarization measurements

Temperature, | EcorVs icor, OI:‘II)I;‘I Epvs E";‘;v Erpvs Corr'l;;zlon
o -2 4
C SCE,V | pAcm cm? SCE,V SCE,V SCE,V umpy
10 -0.818 1.058 13665 -0.726 | -0.613 | -0.811 7.29
Still
seawater
30 -0.862 2.438 11678 -0.716 | -0.688 | -0.735 16.82
10 -0.771 41.603 2614 -0.709 | -0.660 - 287.10
Flowing
seawater
30 -0.946 7.941 2145 -0.734 | -0.650 | -0.809 54.79

Since is for AA5083 in seawater environment most dominating corrosion is pitting
corrosion cyclic polarization was conducted to get insight on temperature influence on
pitting tendency and values of pitting potential (Er), the reverse potential (Erev) and re-
passivation potential (Erp). All collected values under stagnant and flow condition are
shown in table 3. while obtained curves are presented in Fig. 6. From presented it can be
seen that in each measurement there is visible passive region where current density are
almost negligible increased until Ey was reached and dissolution of oxide layer and
formation of pits started. Larger passive window can be noticed at 30°C under laminar flow
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regime since corrosion potential of AAS5083 is shifted in negative direction and Ep values are
quite similar in each measurmet, within potential range of + 25mV. Propagation of formed
pits take place until re-passivation potential (Erp) was reached and after that, no new pits
can initiate or propagate. (26) Re-passivation potential was not observed only at 10°C
under the flow condition. Reason for such a behaviour might be in a fact that lower
seawater temperature moves pitting potential towards more positive values, close to
potential region where pitting corrosion occurs on AA5083 in seawater.
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Fig 6. Cyclic polarization curves of of AA5083 in still and flowing seawater at 10°C and 30°C

4. CONCLUSION

This research work aimed to assess the corrosion behavior of AA5083 in freshly
sampled seawater and determine the effect of temperature elevation from 10°C to 30°C
using AC and DC electrochemical measurement. The main conclusions can be summarized
as follows:

. Corrosion potential is moved toward negative values in flowing seawater with
temperature elevation while in still water it is opposite.

. With temperature increase in stagnant as well as in flowing condition values of Rox,
Ret, Qox and Cai decrease. Shift in phase angle toward more negative values can be
associated with re-passivation of oxide film and formed pits.

234



. With temperature elevation in stagnant water slope of the curves as well as Rp tends
to decrease. Under laminar flow regime during linear polarisation measurements AA5083
have quite similar resistance to corrosion with only slight decerase in curve slope as well
as in recorded Rp value at 30°C.

. In stagnant seawater collected corrosion rate values for AA5083 indicate that
increase in temperature from 10°C to 30°C enhance corrosion rate for 9.52 pmpy.
Contrary to expectations corrosion rate values obtained under the laminar flow regime
indicate that decreasing temperature from 30°C to 10° C increase corrosion rate values
for 232.21 umpy. Difference between corrosion rate under stagnant and flowing condition
seawater at 10°C was 279.70 umpy, while at 30°C was 37.94 pumpy.

. At 10°C under the flowing condition AA5083 exhibit highest corrosion values.

. The cyclic polarization curves reveal that re-passivation potential was not observed
only at 10°C under the flow condition. At 30°C under laminar flow regime larger passive
window can be noticed. Ep values are quite similar in each measurmet, within the potential
range of + 25mV.
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Sazetak

Kvaliteta proizvodnje referentnih etalonskih ploc¢ica tvrdoée ima izravan utjecaj na mjeru
nesigurnosti pri kalibraciji ispitnih strojeva za tvrdo¢u i predstavlja nezaobilazan element u
mjernom lancu slijedivosti mjerenja. TehnoloSki napredak u proizvodnji referentnih plocica
znacajno se promijenio s dolaskom aditivnih postupaka izrade koji omogucuju stvaranje
materijala pogodnijih svojstava u usporedbi s konvencionalnim metodama proizvodnje.
Tehnologija aditivne proizvodnje kao Sto je selektivno lasersko taljenje (SLM), istice se zbog
dobivanja iznimno povoljnih mehanickih svojstava koja su rezultat brzog stvrdnjavanja materijala
i postizanja homogene mikrostrukture polaznih metalnih materijala. Maraging 300, cesto
korisStena legura u SLM-u, prolazi kroz sloZene procese toplinske obrade, ukljucujuéi starenje
nakon kaljenja, Sto rezultira formiranjem martenzitne matrice s disperzijom precipitata. Ovaj
postupak omogucava dobivanje specificne i definirane vrijednosti tvrdoce, €ineéi ga iznimno
prikladnim materijalom za referentne etalonske plocice u umjeravanju ispitnih tvrdomjera.

Kljucne rijeci: Referentne etalonske plocice tvrdoce, SLM, Vickers
Abstract

The manufacturing quality of the reference standard blocks directly affects the measurement
uncertainty when calibrating the hardness testing machines, and they are an indispensable part
of the measurement traceability chain. The technologies for producing reference blocks did not
change significantly until the advent of additive processes that enable the production of materials
with a greater range of changes in properties compared to conventional processes, which allow
the precise production of blocks with s specific hardness. Maraging steel, produced through
additive manufacturing techniques like selective laser melting (SLM) which promote rapid
solidification and uniform microstructure, offers superior mechanical properties compared to
conventional methods. Maraging 300, a commonly used steel in SLM, undergoes heat treatments
like aging after annealing which form a martensitic matrix with dispersed precipitates, yielding
specific and narrow hardness values.

Keywords: Reference hardness blocks, SLM, Vickers.
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1. INTRODUCTION

Hardness, as commonly defined, refers to a material's resistance to penetration by a harder
foreign object into its surface. Vickers hardness testing is a straightforward and reliable method
essential for assessing fundamental mechanical properties and, consequently, material quality
control [1,2]. To ensure measurement reliability, traceability to national standards is crucial,
allowing for the best possible realization of the hardness scale definition. Reference hardness
blocks play a key role in this by simultaneously verifying influential factors in hardness testing,
such as indenter geometry, applied load, reading device, and loading cycle [3]. Reference hardness
blocks must possess three fundamental properties: hardness uniformity, long-term stability and
reliability of reference values [3-5]. Achieving a homogeneous microstructure is crucial for
hardness uniformity, ensuring that indentions made with different loads yield consistent
hardness values on the material's surface.

Traditionally, Vickers hardness reference blocks were made from carbon or low-alloy tool steels,
but they have shortcomings, including corrosion issues and structural inhomogeneity [6]. To
address these problems, reference hardness blocks for mid-range hardness values have been
shifting toward using steels with higher alloying percentages or those obtained through additive
manufacturing techniques.

Selective Laser Melting (SLM) is increasingly used to produce machine parts and products,
yielding steels with superior mechanical properties compared to conventional methods [7]. The
nature of SLM technology involve melting of a small amount of metal powder and rapid
solidification, results in a more uniform microstructure across the cross-section. Parameters like
powder layer thickness, laser power, and scanning speed optimization can achieve similar or
superior properties compared to conventional methods [8,9].

MARAGING steel exhibits excellent strength and ductility and is commonly used for the
production of machine parts. Heat treatment processes that includes aging leads to a
microstructure consisting of uniformly distributed high-hardness precipitates within a
martensitic matrix, resulting in specific hardness values with a narrow scattering interval [9-11].
The difference between MARAGING 300 steel obtained through SLM and conventional methods
lies in the martensitic matrix's formation through melting and rapid cooling during production,
avoiding the need for solution annealing. Residual stresses, mainly due to large thermal gradients,
can be reduced through post-processing steps like annealing [12]. Studies show that the hardness
uniformity in MARAGING steel samples produced without heat treatment have consistent
hardness values under different loads and at different positions, offering a path for further sample
modification using heat treatment processes and microstructure analysis to achieve optimal
reference hardness blocks [13].

Given the knowledge gained about the production of samples using the SLM process, there is an
opportunity to obtain microstructure and material properties suitable for the production of
reference hardness blocks with equal or better-defined characteristics than the ones produced
with conventional methods, and the first step is to determine the uniformity of the surface
hardness.
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2. MATERIALS AND METHODS

Test specimens were fabricated from MARAGING 300 steel powder through the application of
Selective Laser Melting (SLM) technology on the EOS M 290 3D printing machine (Figure 1). A
sample after the production is shown in Figure 2. The manufacturing process followed the
recommended parameter settings provided by the metal powder manufacturer, which are known
to be ideal for creating machine parts with excellent mechanical properties. However, it's
important to note that these parameters were not considered when defining the subsequent heat
treatment process.

Figure 1.EOS M 290 Figure 2. MARAGING steel Sample

To investigate the impact of aging heat treatment, various parameters were adjusted, and the
specimens were exposed to different holding times at precise temperatures, thus yielding a
spectrum of hardness levels. The number of test samples was determined using a central
composite experimental design, which belongs to the class of higher-order non-factorial
experimental designs. Utilizing the experimental design framework, incorporating two
independent entry variables (holding time and temperature), a comprehensive set of 12 distinct
experimental states was generated and is presented in Table 1.

Table 1. Sample definition
Factor 1 Factor 2

Sample Temperature Holding time

number °C h
1 405 4,5
2 430 1
3 430 8
4 490 0,5
5 490 4,5
6 490 4,5
7 490 4,5
8 490 4,5
9 490 9,5
10 490 9,5
11 550 8
12 575 4,5
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The samples were treated in a heating chamber at the Laboratory for Testing Mechanical
Properties at the Faculty of Mechanical Engineering and Naval Architecture as depicted in Figure
3, following the parameters obtained from the experimental design plan from Table 1.
Subsequent to the fabrication process, mechanical processing in accordance with the HRN EN ISO
6507-3:2018 standard (particle separation using cutting tools, grinding, and fine polishing) was
performed on the specimens to ensure precise hardness measurement.

Following the preparation phase, an extensive series of hardness tests was conducted across
different regions of the specimen's surface, utilizing a range of distinct loads using Vickers
hardness testing method. This examination was aimed at precisely assessing the uniformity of
hardness distribution throughout the specimen’s surface for all of the 12 samples with diferrent
obtained hardness values. The testing was performed on the Zwick ZHVp hardness testing
machine at the Laboratory for Testing Mechanical Properties (Figure 4) using two different
loading forces: 2 kgf and 5 kgf.

Figure 3. heat treatment chamber Figure 4. Zwick ZHVp hardness testing
machine

3. RESULTS AND DISCUSSION

15 hardness measurements were conducted in total on each sample at three distinct lines,
gradually moving from the outer edges of the samples surface towards the center as shown on
Figure 5. The values of hardness along each line from the sample's edge to its center are depicted
in Figure 6. The main goal was to assess the difference of hardness values across the whole surface
geometry to ensure deviations resulted in heat treatment or machining of the samples.

Figure 5. Surface measurement lines
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A similar pattern is observed across all 12 samples. The assessment of surface hardness
uniformity reveals a discernible trend, with hardness values progressively rising towards the
sample's center. This phenomenon is attributable to the elevated temperatures that occur during
automated polishing processes, resulting in notable microstructural modifications.

The main hardness results for all samples using HV2 and HV5 method indicate a slight uniformity
of main surface hardness that varies within 5 percent, regardless of the applied load, as shown on
Figure 7. Uniform hardness through the whole surface area, irrespective of the applied load,
indicates an exceptionally homogeneous structure of the blocks. Distinct hardness values
obtained through heat treatment align with literature findings, affirming the correct execution of
the aging process. Variations in input factors influence the overall hardness differently, verifying
the initial experimental design model.
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Figure 7. Mean hardness values at different loads.

Hardness uniformity/non-uniformity (rr) represents the ratio of the difference between the
maximum and minimum hardness to the mean of the measured hardness values, expressed as a
percentage. It serves as a crucial indicator in assessing the consistency of material hardness across
a sample and depends on the number of measurements on a single block. Hardness uniformity is
particularly valuable in quality control and engineering applications, providing insight into the
reliability of material properties and ensuring compliance with the standards. It is defined as:
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H -H
re =100x—_——1
Where is:

H, - Highest measured value for n measurements

H,- Lowest measured value

H - Average hardness

Depending on the number of measurements per sample, applied load and resultant hardness, the
hardness uniformity, as per HRN EN [SO 6507-3:2018, must remain below a specified threshold.
For HV2 and HV5 methods the uniformity percentage must be below 6 %. Figure 8 illustrates the
hardness uniformity values for all samples measured using the HV2 method, while Figure 9
depicts the hardness uniformity values for all samples measured with the HV5 method.
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Figure 8. Hardness uniformity for HV2
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Figure 8. Hardness uniformity for HV5

It is evident that nearly all hardness uniformity values for the HV2 method fall below the
permissible limit as per the standard. For the HV5 method, deviation values are slightly higher,
although most remain within the allowed range. Applying a lower load increases the likelihood of
larger deviations because the indentation covers a smaller local area where it is possible to
encompass different microstructural phases, which is not the case here. The results in general
reveal minimal fluctuation in hardness levels across the samples surface, highlighting the
consistent and reliable hardness characteristics of the tested material.
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4. CONCLUSION

This research explored the impacts of aging heat treatment parameters on the resultant hardness
characteristics of MARAGING 300 steel, fabricated using SLM technology. Leveraging the
advantages of SLM technology, the fabrication of samples boasting a highly homogeneous
microstructure is achievable.

The thorough optimization of heat treatment parameters further expanded the spectrum of
attainable hardness values while upholding the critical uniformity of surface hardness within the
predefined range of 360 HV to 570 HV. Measurement outcomes adhered to the standards
delineated in the HRN EN ISO 6507-3:2018 guideline, thereby fortifying the credibility and
precision of the acquired results.

The inherent uniformity of microstructure translates to consistent surface hardness in the as-built
state, as in the heat-treated samples aligning precisely with the prescribed process parameters. In
the experimental phase of the study, it was observed that the hardness uniformity values,
obtained under various applied loads, remained within the predefined limits by the standard (7
<6 %).

In essence, the fusion of SLM technology and MARAGING steel offers a potent avenue for
fabricating materials that excel in both homogeneity and hardness versatility, fully adhering to
international standards. The findings underscore the potential for manufacturing reference
hardness blocks with uniformly distributed surface hardness, an indispensable aspect of additive
technology. These findings indicate the potential to manufacture reference hardness blocks with
uniform surface hardness, a critical element in the reference blocks production. Further
exploration of microstructural and physical properties can fine-tune production parameters for
the future production of usable reference hardness blocks.
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ANNEALING OF THICK-SOLID WELDED SHEETS TO REDUCE RESIDUAL
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Sazetak

Nakon zavarivanja u zavaru i zoni utjecaja topline nastaju zaostala naprezanja koja treba
ukloniti naknadnom toplinskom obradom kako bi se postigla dobra mehanicka svojstva
zavarenog spoja.. U radu je opisan utjecaj zarenja u vakuumskoj pe¢i s Hollomon-Jaffeovim
parametrom P = 17.161 na smanjenje tvrdoce i zaostalih naprezanja u zavarima limova debljine
120 mm od celika S235]JR. Nakon Zarenja zavara u vakuumskoj peci postignuto je prosjecno
smanjenje tvrdo¢e u zavaru za 8 - 12 HV. Zaostala naprezanja na presjeku zavara su nakon
Zarenja promijenila iznos izmedu -287 MPa do 224 MPa u odnosu na naprezanja prije Zarenja te
postala tlacna po cijelom presjeku zavara.

Kljuéne rijeci: zavarivanje pod praskom, zaostala naprezanja, rendgenska difrakcija, S235]R
Abstract

After welding, in the weld and in the heat-affected zone, residual stresses occur, which should be
removed by subsequent heat treatment in order to achieve good mechanical properties of the
welded joint. stresses in welds of 120 mm thick S235]R steel sheets. After annealing the weld in
a vacuum furnace, an average reduction in hardness in the weld by 8 - 12 HV was achieved. After
annealing, the residual stresses on the weld cross-section changed from -287 MPa to 224 MPa
compared to the stresses before annealing and became compressive throughout the weld cross-
section.

Keywords: powder welding, residual stresses, X-ray diffraction, S235]JR
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1. INTRODUCTION

Submerged Arc Welding (SAW) is one of the high-productivity processes used for joining
thick sheets exceeding 10 mm in a horizontal position. During the joining process, the
weld is covered by a layer of powder and slag through which an electrically conductive
electrode passes. The powder protects the weld from oxidation, regulates heat
dissipation to the surroundings, and shapes the weld. Common preparations for welding
in this process are I-joint and Y-joint. The shape of the weld depends on welding
parameters, the inclination of the weld to the horizontal plane, the type of powder, the
location of the grounding connection on the workpiece, and the chemical composition of
the welded steel. The weld properties are most influenced by current density, voltage,
and welding speed [1, 2].

After welding thick sheets, due to the high amount of heat input and slow cooling,
coarser grains are formed in the weld, which can result in lower weld toughness [1]. For
welded sheets thicker than 10 mm after the SAW process, significant residual stresses
are formed, which need to be removed by subsequent heat or mechanical treatment.
Mechanical treatment by vibration or impacts does not introduce enough energy to
break down the residual stresses in thicker welded sheets, so thermal treatment, stress
relief annealing, remains the method of choice. Holding the weld at annealing
temperature reduces the yield strength of the metal material and initiates plastic
deformation through which elevated residual stresses are broken down. The reduction
of residual stresses is carried out without microstructural changes in the weld [3]. The
implementation of this annealing is prescribed by the ISO/NP 14745:2007 standard for
sheets and plates up to 90 mm in thickness, while for sheets thicker than 100 mm, there
are only recommendations regarding the choice of annealing parameters. For non-alloy
and low-alloy structural steels, annealing is prescribed at a temperature between 550 °C
to 600 °C. The holding time at annealing temperature is specified depending on the sheet
thickness (between 2 h to 6 h), aiming to achieve the highest value of the Hollomon-Jaffe
parameter Pcrit = 17,5 . The value of this parameter is determined according to the
expression [4]:

P=T-(20+logt)-103 (1)

where T [K] is the annealing temperature, and t [h] is the holding time. The heating and
cooling rate of welded constructions thicker than 90 mm must be less than 55 K/h, in
the range between 300 °C and the annealing temperature. This requirement can be
achieved by using a programmable furnace with controlled heating and cooling. During
the heating and holding cycle, the protective atmosphere in the furnace must be
reducing or neutral to avoid oxidation of the weld surface.

Residual stress measurement on the weld surface can be performed using non-
destructive methods, among which the most commonly used are The magnetic
Barkhausen noise (MBN) method, X-ray diffraction, neutron diffraction, and ultrasonic
method [5, 6]. Destructive methods such as stress measurement on the weld cross-
section and hole-drilling method are commonly used for research purposes [7].

This work explores the relationship of the Hollomon-Jaffe model to determine annealing
parameters and achieved reduction of residual stresses in SAW welds of thick sheets
made of non-alloy steel S235JR. The mathematical model is validated by measuring
residual stresses through X-ray diffraction and hardness testing on the weld cross-
section.
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2. MATERIALS AND METHODS

For model testing, two plates of dimensions 150 mm x 120 mm x 150 mm made of
structural steel S235]R were prepared. X-joint for welding under powder flux was milled
on the plates. The plates were welded using the SAW process in two passes with direct
current strength of 600 A, voltage of 28 V, welding speed of 45 cm/min, and wire
diameter of 4 mm. Protective powder SA FB 1 55 AC H5 was used for welding, complying
with the properties prescribed by the standard EN ISO 14174:2012. In the first pass, the
upper part of the X-joint was welded in a horizontal position. In the second pass, the
sheets were turned to weld the other segment of the X-joint. Between the first and
second pass, the weld was cooled to room temperature. Three test samples of
dimensions 290 mm x 120 mm x 18 mm were cut from the welded plate using a band
saw for metal, with abundant cooling by emulsion. The cross-sectional surface of all
samples was machined by planing and grinding. Figure 1 shows a test sample with a grid
marked for hardness and residual stress testing. Hardness testing was carried out at 48
nodes of the grid, and residual stress testing was carried out at 6 nodes before and after
annealing. The spacing between the nodes of the rectangular grid was 20 mm. The weld
boundary to the base metal was marked in the grid.

R A TR T

Fig. 1: Weld sample with a grid of measurement points for hardness and residual stress testing [8]

The heat treatment of the sample was performed twice. The first annealing for the
reduction of residual stresses was performed for each sample separately in an electric
chamber furnace without a protective atmosphere with internal chamber dimensions of
190 mm x 190 mm x 300 mm. The annealing parameters were as follows: (A1) 550 °C/2
h, (B1) 600 °C/3 h, (C1) 650 °C/4 h. Heating of the samples to the annealing temperature
and cooling from the annealing temperature to 300 °C was automatically regulated to
achieve a constant temperature change rate of 55 K/s. Despite the automatic regulation
of heating and cooling rates, the samples cooled with a significant temperature
difference of 80 °C to 120 °C between the sample surface near the furnace door and the
sample surface near the furnace bottom. Such large temperature differences introduced
additional residual thermal stresses into the welds instead of eliminating them. The
hardness and residual stress values after the first annealing are listed in table 1.
Therefore, a repeated second annealing for the reduction of residual stresses was
performed in the Riibig PC 70/90 furnace in a vacuum chamber with a diameter of 700
mm and a height of 900 mm, using the following parameters: chamber pressure p = 2
mbar, gas flow rates N2 =5 1/h, H2 = 5 1/h, annealing temperature / time = 560 °C / 4 h,
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Hollomon-Jaffe parameter P = 17.161. Figure 2 shows the diagram of the annealing
process in the vacuum furnace.

Hardness testing at the nodes of the grid shown in Figure 1 was performed using the
portable United Precision Instruments AHT200 Leeb device with a type D measuring
probe. Hardness was tested three times at each node, before and after annealing. The
measurement error of the hardness testing by the Leeb method and the conversion of
the results to the Vickers scale was + 6 HV.

a)
ANNEALING IN A VACUUM FURNACE
700
560 °C/4h
600

B d Programmed heating /'
and cooling with rate

S5K/h

Temperature, °C

Air cooling

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20 21

Time, h
b)

Fig. 2: Device and heat treatement process: a) vacuum furnace Riibig PC 70/90, b) diagram of the
annealing process of welded samples in the vacuum furnace Riibig PC 70/90

Residual stresses were measured in the x and z-axis directions at 6 measuring points
marked in green in Figure 1 using the portable X-ray diffractometer Sentenso Pulstec p-
X360s, which was mounted on a robot arm. The residual stresses were measured at 6
points in the longitudinal (x) and transverse (z) directions on the welded X-joint. The
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measurement principle of the Pulstec p-X360s diffractometer is described in references
[8, 9]. The measurement cell for residual stress testing installed in the Welding
Laboratory (FMENA) is shown in Figure 3. The measurement part of the device consists
of a low-intensity X-ray source obtained by ionizing a chromium electrode, a filter for
passing X-rays of a specific wavelength, and a plate with sensors for detecting the
reflected X-ray beam from the sample surface. In the conducted tests, the samples were
irradiated using a beam current of 1.5 mA and a voltage of 30 kV. The X-ray beam was
directed to be incident on each sample at an angle of 35.0 degrees. The distance from the
specimen and detector to capture the D-S ring image was set to D = 50 mm. The X-ray Cr
K-alpha wavelength () used for X-ray diffraction was 2.29A.

a) b)

Fig. 3: Residual stress measurement cell: a) Sentenso p-X360s diffractometer mounted on a robot
arm, b) control unit and measurement computer

3. RESULTS AND DISCUSSION

3.1. Hardness on the weld crossection

Figure 4 shows the hardness values after the first and second annealing of welded
sample A1 measured at 48 nodes of the grid indicated in Figure 1. By comparing the
spatial distribution of hardness across the weld cross-section, a reduction in hardness
after annealing in the vacuum furnace can be observed (Figure 4b), although a uniform
hardness across the entire cross-section has not yet been achieved. The average
reduction in hardness after annealing in the vacuum furnace for sample Ais 12 + 8 HV. A
similar average reduction in hardness after annealing in the vacuum furnace was
achieved for samples B1 (12 + 10 HV) and C1 (8 £ 6 HV).
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Fig. 4: Hardness distribution across the weld cross-section for sample A after annealing: a) in a
small laboratory furnace (sample A1), b) in the vacuum furnace Riibig PC 70/90 (sample A2)

3.2.Residual stresses on the weld crossection

The values of residual stresses in the x and z-axis directions at the 6 measurement
points marked in green in Figure 1 are shown in Table 1. Negative values indicate
compressive, and positive values indicate tensile stresses. After the first annealing in the
small laboratory furnace, the values of residual stresses increased compared to the
initial state after welding. From the presented results of residual stress measurements, it
can be observed that only after annealing in the vacuum furnace, a state of residual
compressive stresses was achieved on all examined welds in both x and z-axis directions
(ox, 0z < 0). For sample A1, after the second annealing in the vacuum furnace, the largest
change in residual stress was achieved in the z-axis direction, Aoz = -287 MPa. For
sample B1, the largest change in stress was in the x-axis direction, Aox = 166 MPa. For
sample C1, the largest change in stress was also in the x-axis direction, Aox = 224 MPa.
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The points of the greatest changes in residual stresses are located at the center of the
weld in measurement points 4 and 5. The average stress values on the weld samples in
the x and z-axis directions after the second annealing in the vacuum furnace are shown
in Figure 5. The highest stress values in both axes are on sample C2, which before
annealing in the vacuum furnace was also in the state of the highest residual stresses.

Tab. 1: Residual stresses on the weld cross-section before and after annealing

Residual stresses in the x-axis direction ox, MPa

Ordinal number of the measuring point on the x-axis

Sample mark

1 2 3 4 5 6 7

Before annealing (A0) 8 - -10 -31 -58 -12 44

A After 1stannealing (A1) -16 - 12 64 7 -84 -14
After 2nd annealing (A2) -43 -41 -44 -32 -32 -31
Before annealing  (BO0) not measured

B After 1st annealing (B1) 119 - 130 118 -33 88 124
After 2n annealing (B2) -8 -32 -18 -26 -1 -42
Before annealing (CO) not measured

C After 1stannealing (C1) 63 - 89 92 182 144 108
After 2nd annealing (C2) -135 -97 -48 -42 -15 -83

Residual stresses in the z-axis direction ¢, MPa

Ordinal number of the measuring point on the x-axis

Sample mark

1 2 3 4 5 6 7
Before annealing (A0) 61 52 71 -72 -31 30
A After 1stannealing (A1) -185 -237 -308 -190 -225 -263
After 2nd annealing (A2) -35 -27 -21 -95 -36 -27
Before annealing  (BO0) not measured
B After 1stannealing (B1) -143 -84 -141 -174 -108 -190
After 2n annealing (B2) -82 -47 -42 -31 -19 -48
Before annealing (CO) not measured
C After 1stannealing (C1) -138 -130 -153 -119 -141 -141
After 2nd annealing (C2) -94 -30 -40 -42 -47 -149
A2 B2 C2
0
-10
©
§ 2
)
% -30 A
3 M sigma X
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Fig. 5: Average stress values on the weld cross-section after annealing in the vacuum furnace.
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4. CONCLUSION

In this study, two annealings of SAW welds on thick sheets were performed to reduce
residual stresses. In the first annealing conducted in a small laboratory furnace,
regardless of the selected combination of temperature and annealing time, a reduction
of residual stresses was not achieved, but rather their increase compared to the initial
welded state. In the second annealing carried out in a vacuum furnace of significantly
larger volume compared to the volume of test samples, a reduction in hardness of 12 HV
compared to the hardness after the unsuccessful first annealing was achieved, along
with a significant reduction in residual stresses. Residual stresses on the entire cross-
section of welded samples were changed from tensile to compressive in both the
longitudinal and transverse directions of the weld. A programmed cooling from
annealing temperature to 300 °C and then cooling in air achieved a uniform distribution
of residual stresses across the weld cross-section, and these parameters can be
recommended for subsequent heat treatment of SAW welds on thick sheets.
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Abstract

The choice of foaming agent and its mass fraction significantly affect the size and number of
pores of the metal foam. The powder metallurgy process was used for the production of
aluminium foams with the addition of various foaming agents: titanium hydride (TiHz) and
calcium carbonate (CaCO3). TiH, was added in an amount of 0.4 wt. %, while the quantity of
CaCOs3 varied between 3 and 5 wt. %. The produced foams, with approximately the same degree
of porosity, were scanned using a non-destructive computed tomography method. The number
and size of pores were analysed on the obtained three-dimensional models. The results showed
that foams foamed with TiH; have much larger pores, i.e., their number per cm3 is much lower
compared to foaming with CaCOs. By considering the influence of CaCOz fraction on the
morphology of aluminium foam, it can be concluded that a smaller quantity of CaCO3 (3 wt. %)
provides a macrostructure with smaller cells compared to foams produced with 5 wt. % CaCOs.
They contain a slightly larger cells, but still much smaller than foams with TiH; foaming agent at
the same degree of porosity.

Keywords: aluminium foam, calcium carbonate, titanium hydride, computed tomography, pore
size
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1. INTRODUCTION

The most used agent for foaming aluminium is titanium hydride (TiHz2), which dissolves
into titanium (Ti) and hydrogen (Hz) when heated to temperatures above 465 °C. At that
temperatures H2 is released from solid material and creates pores in aluminium.
However, TiH2 has disadvantages, and one of them is that its density (3.75 g/cm3) is
significantly higher than the density of aluminium (2.7 g/cm?3). During its application,
under the influence of gravity, TiHz particles accumulate in the lower part of the mold
which results in a non-uniform distribution of cell sizes and shapes. The disadvantage of
TiH2 is also the relatively low dissolution temperature, well below the solidus
temperature of commercial Al alloys [1].

Alternatives to TiHz are carbonate-based foaming agents, such as calcium carbonate
(CaCOs3), magnesium carbonate (MgC0s3), dolomite (CaMg(C03)2) and similar carbonates
[2]. Unlike TiH2, which dissolves into Ti and gaseous H: and does not increase the
stability of the aluminium foam, dissolving carbonates in the presence of aluminium
creates solid particles (such as calcium oxide (Ca0) and aluminium oxide (Al203)) that
increase the stability of the foam [3]. By differential thermal (DTA) and
thermogravimetric (TGA) analysis of CaCOs powder, it can be confirmed that its
decomposition begins at a temperature of 650 °C and ends at around 900 °C [4]. By
heating CaCOs3 to a temperature above 650 °C, it dissolves into CaO and carbon dioxide
(CO2) [5]- This forms an oxide layer on the cell walls, which results in a finer
morphological structure of the foam [6]. Since TiHz, in relation to CaCOs, at the same
temperature and pressure releases approximately twice the amount of gas [7], for the
same foam porosity, a larger amount of CaCOs should be added. In addition to the
quantity of foaming agent, attention should also be paid to the size of these particles
[3,8]. Larger CaCOs powder particles contribute to higher porosity, but the density,
relative density and compressive strength decrease [5,9]. The advantage of CaCOs
foaming agent compared to TiHz is also much lower price, which significantly reduces
the production costs of aluminium foams [1,10,11].

To get an insight into the structure of the foam, i.e., the size, arrangement and number of
pores, the sample needs to be cut, which eliminates the possibility of conducting
subsequent examinations. For non-destructive testing of the foam macrostructure, it is
possible to use computed tomography (CT) [12-14]. On the obtained three-dimensional
models, any cross-section of the sample can be analysed, thus allowing the size and
distribution of pores to be determined, as well as whether there are irregularities in any
part of the foam. Subsequently, those samples can be subjected to mechanical testing or
exploitation since they were not destroyed during the pore analysis.

2. MATERIALS AND METHODS

For the production of aluminium foams, the precursors produced by the powder
metallurgy method were used. Aluminium powder (99.8 wt. %), grain size up to 37 pm,
and CaCOs powder as a foaming agent in quantities of 3 and 5 wt. % were used to make
the foamable precursors. Two different mixtures, with different quantities of CaCOs3
powder, were mixed in a turbular mixer for 60 min to achieve a homogeneous mixture.
After mixing, the powders were compacted by the cold isostatic pressing (CIP) at 150
MPa at room temperature and were subsequently hot extruded at a temperature 400 °C
with the ram speed of 0.4 mm/s to achieve as high density as possible. The extruded
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precursors had a rectangular cross-section with dimensions 5 x 20 mm. An identical
mass of precursor materials was placed in the molds to obtain foams of approximately
the same density. To compare the size and number of pores in samples foamed with
different foaming agents, equal quantity of commercially available AlIMgSi0.6 alloy
precursor with 0.4 wt. % TiHz foaming agent was also used. The closed molds were
placed in an electric furnace preheated to 750 °C for approximately 10 min, until the end
of the foaming process. After the molds were taken out of the furnace, they were cooled
with compressed air. Produced samples are shown in Figure 1. The mass and volume of
the foamed samples were measured to determine the degree of porosity, density, and
relative density (prel) in a relation to monolithic aluminium.

Fig. 1: Aluminium foam samples foamed with different foaming agents

The prepared samples were then scanned by a non-destructive computed tomography
(CT) method on a Nikon XT H 225 device with a voxel resolution of 62 pm with the aim
of obtaining three-dimensional models for further processing and analysis. Figure 2
shows resulted sample models foamed with CaCOs and TiHz. The obtained models were
processed in the VG Studio Max software for the analysis of number and size of internal
pores.

Fig. 2: Three-dimensional models of scanned samples foamed with CaCOs (a) and TiH:z (b)
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3. RESULTS AND DISCUSSION

The foamed samples mass (my), weighted on a precision balance, and volume (Vj),
calculated using the sample dimensions, were measured with the aim of determining
their density, relative density and porosity, Table 1. The foam density (pf) was calculated
using the equation:

m
pr = V_;f (1)

Relative density (prel) of samples was determined by the equation:

Pret = 2L (2)

pal

where pai is the density of aluminium (2.7 g/cm3). Porosity of the samples, expressed as
a percentage, was calculated using the following equation:

porosity = (1 — pye) X 100% (3)
Tab. 1: Mass, volume, density, relative density and porosity of Al foam samples
. e Mass, Volume, Density, Rel. Porosity,
Sample | Chemical composition " cm? g/cm? density %

3-1 Al + 3 wt. % CaCOs3 21.37 39.58 0.53992 0.20 80.00
3-2 Al + 3 wt. % CaCOs 23.46 42.10 0.55724 0.2064 79.36
5-1 Al + 5 wt. % CaCOs 25.34 41.05 0.61730 0.2286 77.14
5-2 Al + 5 wt. % CaCOs 19.58 39.42 0.49670 0.1840 81.60
T-1 AlMgSi0.6 (0.4 wt. % TiH2) 16.16 37.61 0.42967 0.1591 84.09
T-2 AlMgSi0.6 (0.4 wt. % TiH2) 14.94 37.05 0.40324 0.1493 85.07

Table 1 shows that samples with CaCO3 foaming agent have approximately the same
degree of porosity, cca. 80%, while samples foamed with TiH2 have slightly higher
porosity, cca. 85%.

By analyzing the scanned models shown in Fig. 3, an insight into the pore sizes and its
number was obtained, Table 2. The largest pore in foams with 3 wt. % CaCOs3 has a
volume of 34.49 mm?3, in foams with 5 wt. % CaCOs the largest volume is 38.50 mmb3,
while in foams with 0.4 wt. % TiH2 the maximum volume exceeds 420 mm3. The
standard deviation of the pore volume is less than 1 mm3 and 14 mm?3 in foams with
CaCOs and TiHz respectively. Figure 3 shows cross-sections of two scanned samples with
the pores of different volumes marked with different colours, the smallest ones are blue,
while the largest are red.
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Fig. 3: Pore volume analysis of samples with CaCOs (a) and TiH:z (b)

Tab. 2: Number and volume of pores

Number of | Pores Min. pore Max. pore Average pore | St.deviation,
Sample pores per cm3 | volume, mm3 | volume, mm3 | volume, mm3 mm?3
3-1 35508 897.1 0.01 34.49 0.34 0.80
3-2 35867 851.9 0.01 31.46 0.20 0.55
5-1 26 472 644.9 0.01 24.55 0.15 0.46
5-2 27 667 701.8 0.01 38.50 0.23 0.68
T-1 4942 131.4 0.01 355.35 4.55 11.93
T-2 4861 131.2 0.01 420.33 4.36 13.85

Table 2 shows that samples made with CaCO3 have a much higher overall number of
pores compared to samples T-1 and T-2. Due to different number of pores and a certain
deviation in the samples volume, reducing the pore number per unit of volume gives a
clearer insight into their distribution, Figure 4. The samples with 3 wt. % CaCOs have the
largest number of pores, in the samples with 5 wt. % CaCOs there is a slightly smaller
number, while in samples foamed with TiHz the number of pores is significantly lower.

1000

800
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400

Pores per cm®

200

0

3-1 3-2 5-1 5-2 T-1 T-2

Fig. 4: Number of pores per cm3 for different samples
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Figures 5 - 7 show the pore volume distributions for samples with 3 wt. % CaCOs, 5 wt.
% CaCOs and 0.4 wt. % TiH2 respectively.
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Fig. 5: Pore volume distribution of samples 3-1 (a) and 3-2 (b)

Figure 5 shows that in sample 3-1, approximately 50% of all pores have a volume of up
to 0.14 mm3, while in sample 3-2 this percentage is slightly higher (68.8%). The small
number of pores have volume larger than 2.00 mm3 (2.2% for sample 3-1), and only
0.9% in the sample 3-2.

In samples with 5 wt. % CaCOs3 (Figure 6), the total number of pores is slightly lower, but
their percentage with a volume of up to 0.14 mm?3 is larger; 77.7%, and 68.9% for
samples 5-1 and 5-2 respectively. In these samples there are also several pores formed
with a volume that exceeds 2.00 mm3, in sample 5-1 this percentage is only 0.9%, and in
sample 5-2 it is 1.4%.
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Unlike the previous samples, those that are foamed with TiH2 have much larger pores,
which is evident from the pore volume distribution shown in Figure 7. While in the
foams with CaCOs, more than 97% of the pores have a volume smaller than 2.00 mm3, in
foams T-1 and T-2 this percentage is 61.0% and 72.6% respectively.

The average pore volume in foams with CaCOs is very small (0.15 - 0.34 mm3), and its
value in foams with TiHz is several times higher (cca. 4.45 mm3), Figure 8.
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Fig. 8: Average pore volume for different samples

4. CONCLUSION

In this article, the computed tomography method was used to gain insight into the
morphology of aluminium foams. The method is non-destructive and consists of three-
dimensional scanning of the samples and subsequent analysis of the obtained models in
the software. Since the samples in this process are not destroyed, it is possible to use
them for further mechanical examinations or for industrial applications.

Aluminium precursors were produced by the powder metallurgy process and foamed
with CaCOs (3 and 5 wt. %) and TiHz (0.4 wt. %). Based on the analysis of the influence
of these foaming agents on the number and size of pores, the following can be
concluded:

- Foams with 3 wt. % CaCO3 have the smallest pores, and their number is more
than 850 per cm3. Samples with 5 wt. % CaCO3 have somewhat larger pores, and
a slightly smaller number per cm3. Foams made with TiH2 characterize much
larger pores.

- In CaCOs samples, the largest pore has a volume of 38.50 mm3, while in TiH2
samples, this volume even exceeds 420 mm3. The average pore volume of TiH2
foams is also more than ten times higher than that of CaCO3 foams.

- Foams made with CaCO3 have more than 97% of pores with a volume smaller
than 2.00 mm?3, while foams with TiH2 have only 66.8% of such pores.
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Sazetak

Tijekom slijetanja helikoptera najveée opterecenje i troSenje se javljaju na njegovom podvozju
koje se uobiCajeno oc¢vrS¢ava toplinskom obradom i dodatnim nanoSenjem navara metalnih
kompozita poviSene tvrdoce. U radu se predlaze postupak karakterizacije materijala i analize
troSenja navara na oblogama sanjki helikoptera primjenom normama propisanih postupaka
ispitivanja mikostrukture, tvrdoce i izgleda navara te odredivanjem brzine abrazijskog trosenja
metodom ,suhi pijesak/gumeni kota¢“ prema normi ASTM G65:2016. Na temelju rezultata
laboratorijskog ispitivanja abrazijskog troSenja komercijalno nabavljene obloge sanjki s tvrdim
navarima i Archard-ove jednadzbe troSenja, predloZen je matematicki model za predvidanje
brzine abrazijskog troSenja u uvjetima slijetanja helikoptera na pjescano tlo.

Kljucne rijeci: obloga sanjki helikoptera, navar, otpornost na abraziju
Abstract

During the landing of the helicopter, the greatest load and wear occurs on its undercarriage,
which is usually hardened by heat treatment and additional application of coatings made of
metal composites of increased hardness. The paper proposes a procedure for material
characterization and wear analysis of the wear of helicopter helicopter skid shoe by applying the
procedures prescribed by standards for testing the microstructure, hardness and appearance of
the wear and determining the rate of abrasive wear using the "dry sand/rubber wheel" method
according to the ASTM G65:2016 standard. Based on the results of a laboratory test of abrasive
wear of a commercially available sled liner with hard welded tracks and Archard's wear
equation, a mathematical model was proposed for predicting the rate of abrasive wear under
conditions of helicopter landing on sandy soil.

Keywords: lining of helicopter skids, welded strip, abrasion resistance
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1. INTRODUCTION

Transportation of people and goods over short distance utilising multipurpose light
helicopters is constantly increasing. Their tasks encompass pilot training, medical
flights, conducting search and rescue operations, demining, fire monitoring, VIP
transport, etc. According to AC 27-1B:2008 of the USA agencies The Federal Aviation
Administration (FAA), helicopters used for the application of legal regulations and
certification, are classified into normal and transport helicopters. Light helicopters
belong to the group of so-called normal helicopters with the maximum takeoff weight
with external load up to 3500 kg. Moreover, it transports a total of up to 7 people and
one or two pilots. Empty light helicopters are usually weighing less than 1000 kg. The
horizontal flight speeds of such helicopters reach about 220 km/h. Depending on the
flight regime, their range is up to 700 km with fuel tank capacity of 350 1. [1]. For
helicopter ground manouvering, takeoff, landing and shock absorption during landing,
the construction and choice of undercarriage material is essential. Depending on its
purpose, the helicopter undercarriage can be tricycle gear, tail-wheel gear, pontoons,
tandem landing gear, skid type or their combinations [2]. The construction of the skid
type landing gear consists of three or four console brackets that move outwards while
landing on the ground as shown in Fig. 1. Ski deflection conducts the role of shock
absorber during landing. The calculation of ski dimensions is subject to stress and
deformation equations when bending console brackets and beams under static and
dynamically variable load conditions and analysis of material fatigue [3, 4].

- front cross tube
assembly

- the last cross tube
assembly

- trunk connection
- towing ring

- traction wheel

- sled linings

[= 0 B

Fig 1: The position of the lining (horseshoe) on the helicopter skid [2]

During take-off, ground travel and helicopter landing operations, the lower surface of
During take-off, ground manouvering and landing, the lower surface of the skis is
exposed to high contact pressures, inertial forces, impacts and wear and is usually
protected by replaceable skid shoes (so-called horseshoes). Damage and dilapidation of
the skid shoes directly affects the vibrations and stability of the helicopter during take-
off and landing and the possibility of deformation and breakage of the undercarriage.
The skid shoes are additionally strengthened by hard welded layers to protect against
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abrasion and erosion wear. While landing on a certain dirty surface, road or on a
helipad, abrasion wear of skid shoes is dominant. In condition of landing on sand or on a
surface with hard particles, abrasion-erosion wear is present. The basic processes and
the appearance of worn surfaces in these wears are described in detail in the literature
[5,6].

Inspection of the condition of the skid shoes and wear of the welded layer is performed
by qualitative visual control during periodic maintenance and in pre-flight and post-
flight checks [1]. Skid shoes are available on the market as a commercial product, with
prescribed dimensions and mechanical properties. However, the criteria for choosing
between skid shoes from different manufacturers, matching the type of skid shoes with
the usual purpose of the helicopter and determining the rate of wear are not fully
defined.

This paper proposes a procedure for characterizing the microstructure and properties of
commercially available helicopter skid shoes and investigates the possibility of
predicting the rate of abrasive wear of welded layers under laboratory condition with
"dry sand/rubber wheel" method*.

2. MATERIALS AND METHODS

Mechanical, microstructural and tribological tests were carried out on two partially
worn samples of the skid shoes marked W1 and W2, shown schematically in Fig. 2. The
worn part of the skid shoe was separated by cutting for microstructural analysis, and
two samples were prepared from the unworn part of the skid shoe for tribological
testing. Both samples belong to the same type of skid shoe, purchased from the same
manufacturer, which guarantees the reproducibility of the properties of the skid shoe in
deliveries. The coatings were installed over a period of one month on the same
helicopter that took off and landed on different surfaces. The outer dimensions of the
skid shoe body are 100 mm x 45 mm. The width of the welded layer before wear was 6.5
+ 0.5 mm, and the height was 1.6 + 0.4 mm.

Legend

L - plate length, B - plate width, b1 - width of 1st strip (W1), bz — width of 2@ strip(W2), c - distance between
strips, d1 - thickness of first strip, d2 - thickness of second strip

Fig 2: Dimensions and shape of welded layers on the helicopter skid shoe
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The characterization of the properties of the welded layers consisted of the following
stages: (1) examination of the chemical composition by a non-destructive spectroscopy
method, (2) visual analysis of the worn surfaces of the original welded layers by
stereomicroscopy, (3) analysis of the microstructure on the metallographic sample, (4)
hardness tests on the section of the welded layers, (5) resistance assessmenst of welded
layers to abrasive wear.

The presence and proportion of metal elements in the welded layer and skid shoe body
was determined by the method of X-ray fluorescence spectroscopy (eng. X-ray
fluorescence technology) using a portable spectrometer XRF Olympus, manufactured by
Innov-X Systems, Inc, model DS 2000-C at the Chair of Materials Protection (FMENA ).
The portable XRF spectrometer requires minimal sample preparation and it is one of the
fastest ways to test the chemical composition on the surface of metal samples of various
shapes and sizes.

The analysis of the microstructure on the section of the welded layer and the body was
performed after metallographic preparation, which consisted of cutting the welded
layer’s sample from the skid shoe on a Mecatome T260 device with a diamond cutting
plate with intensive emulsion cooling. The cut sample was poured into a polymer mass
that was permanently hardened in a Pneumet Press. The metallographic sample was
then grinded and polished on a MECATECH 250 SPC device, utilising a rotating grinding
disc for hard metals, with a rotation speed of 300 rpm. Polishing is performed on the
same device as grinding, but instead of water for cooling, a suspension of alcohol and
water is used as a lubricant. Polishing was carried out in two phases with a speed of
rotation of the polishing disk of 150 rpm for 10 min. In the first stage, a Struers SP3 ss
diamond suspension with an average grain size of 3 pm was used. In the second phase, a
diamond paste with a diameter of abrasive particles of 0.03 pm was utilised. The
metallographic sample was analyzed using light microscopy on an Olympus GX 51
microscope in the Materialography Laboratory (FMENA).

The hardness test on the metallographic sample of the welded layer and body was
carried out using the Vickers HV1 method on the INSTRON Wilson-Wolpert Tukon
2100B hardness tester in the Surface Engineering Laboratory (FMENA). The hardness of
the welded layer, the heat affected zone and the body were tested.

Testing the resistance to abrasive wear using the "dry sand/rubber wheel" method
according to the ASTM G65:2016 standard was carried out in the Tribology Laboratory
(FMENA). The test method and device are described in ref. [5] and showed in Fig. 3. In
the conducted tests, a wheel with a diameter of 200 mm was used with a rubber coating
of hardness 60 Shore-. On the wheel rotating at a speed of 200 +10 rpm, a test sample of
welded layers is pressed with a force of 200 N. Two samples of welded layers were
tested. The test was carried out five times on each sample for 60 s. After each test, the
sample was cleaned of dust and abrasive grains in an ultrasonic bath by immersion in a
70% aqueous solution of ethyl alcohol for 60 s. After cleaning, the mass of the worn
samples were measured on an analytical balance Mettler Zurich M 56 1000 with a
measurement error of +0.001 g. From the measurement results, the cumulative mass
loss of the sample was determined after every 60 s of wear. According to Archard's wear
equation, the mass loss of the worn material (m) is proportional to the wear path (S) and
the normal force (N) that presses the sample on the rubber wheel [7]:

m = k:(S5'N) (D
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in which «is the wear coefficient. The cumulative wear path (S) is determined according
to the expression:

n
S=2-R-m-=-t 2)

where n is the wheel rotation speed (rpm), t is the cumulative wear time (s).

Fig 3: Device for testing resistance to abrasive wear using the "dry sand-rubber wheel" method

The measurement of wear was carried out with a Vernier caliper gauge and a
micrometer at the Depo Overhaul Center of the Ministry of Defense. Visual analysis of
the worn parts was performed on a Leica MZ6 stereomicroscope in the Leica Application
computer program.

3. RESULTS AND DISCUSSION
3.1. Chemical composition

The proportion of metal elements in the welded layer is shown in table 1. From the
presented proportion of metal elements, it is evident that the welded layer is composed
of carbides, characteristic of hard welded alloys. The presence of Cd in the test sample
was registered due to the protective coating that was galvanically applied to the
helicopter skid shoe after welding. The presence of Fe was registered due to the welded
layer and skid shoe on which it was deposited. From the stated chemical composition, it
is not possible to define exactly what kind of hard alloy the welded layer is made of, but
the search for electrodes for hard welding can be restricted to those electrodes in which
are present the following metal elements: Ti, Cr, W, Co, Zr and Fe. A more accurate
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chemical analysis of the welded layer can be performed on a metallographically
prepared sample using a scanning electron microscope and energy-dispersive
spectroscopy (EDS).

Tab. 1: The chemical composition of the welded layer as was determined using the X-ray
fluorescence method and using a portable spectrometer

Contents of chemical elements, wt.%
Sample label -
Cr Ti w Co Zr Ccd Fe
wi 21.97 1259 | 13.84 | 1.60 1.74 20.51 27.33
w2 23.76 13.22 | 13.79 | 1.53 1.74 24.09 21.38

3.2. Analysis of worn surface on the welded layer

Fig. 4 shows the partially worn helicopter skid shoe. Due to the visual inspection, several
examples of worn helicopter skid shoes emphasize four ways of wear:

a) Abrasive wear in conditions of landing on a slope, i.e. side landing, during which one
welded layer in its entire length wears faster than the other.

b) Abrasive wear in conditions of landing under angle, where only the front part of the
welded layer wears the most, as shown in Fig. 4a.

c) Abrasive wear in landing conditions with an evenly loaded front side of the skid
shoe where welded layers are worn evenly along its entire length

d) Impact wear, in which a brittle fracture of welded layers is observed, as a result of
the skis hitting the chute or solid objects during landing

Uniform abrasive wear of the surface (case c) is the least intense and represents the
usual way of wear under ideal conditions of helicopter take-off and landing.

Fig. 4: Partially worn helicopter skid shoe: a) the entire shid shoe, b) the surface of the welded
layer

3.3. Microstructure

The microstructure of the welded layer and the heat affected zone below it, is shown in
Fig. 5. In Fig. 5a, the dendritic microstructure of the welded layer’s matrix formed by
rapid solidification of the melt and the carbides embedded in the matrix, can be seen.
Fig. 5b presents a narrow heat-affected zone under the welded layer and the
microstructure of the softened martensite in the material of the helicopter skid shoe.
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Fig. 5: The microstructure of welded layer and heat affected zone of helicopter skid shoe: a)
microstructure of welds with carbides, b) welds and heat-affected zone; etched by 3 % NITAL

3.4. Hardness

Fig. 6 compares the hardness on the cross-section of the shid shoe, in the heat-affected
zone and in the welded layer. The hardness of matrix and carbides of the welded layer
was also examined. During the hardness test, the microcracks appeared on the carbide
grains at the edges of the impression. Afterall, the welded layer is 1.8 times harder than
the pledget (skid shoe body). The hardness of the carbide in the matrix of welded layer
is in the range of 1000-2000 HV1.
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Fig. 6: Hardness of helicopter skid lining and lining welds

3.5. Wear resistance

The appearance of the worn surface of the welded layer after 5 minutes of wearing is
shown in Fig 7. In the experiment, uniform wear on the top side of the welded layer was
achieved, without the carbide being pulled out of the matrix. On the surface of the
sample, only furrows and scratches are visible, typical of abrasive wear by sharp hard
particles of quartz sand.

Fig. 7: Weld surface W1 after 5 min wear according to the "dry sand-rubber wheel" method

The mass loss after wear of the weld test samples is shown in Fig. 8. From the course of
the cumulative mass loss curves, in Fig 8a, the initial equal wear of both welded layers
can be observed. After 240 s of wearing, welded layer 1 (W1) begins to wear more than
welded layer 2 (W2). Fig. 8b shows the change in the abrasive wear coefficient
depending on the wear path determined according to the equation (3):

K= (3)
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where S is the wear path and N is the normal force which presses the sample against the
rubber wheel. The wear coefficient represents the rate of wear, for a certain
combination of the wear path and the normal force acting on the worn surface. Figure 6a
presents that welded layer W2 with lower values of the wear coefficient is more
resistant to abrasive wear than welded layer 1 (W1) by about 16%. It is assumed that
the cause of this welded layer behavior is a repercussion of a slightly higher proportion
of Cr and Ti in welded layer W2 than in welded layer W1, which create a slightly higher

proportion of carbides

Mass loss, g

14

12

10

Wear coefficient, x-10%g/mN
[=)]

0

— Sample W1
= o= = Sample W2

0 60 120 180 240 300

Time, s

a)

............... ® Sample W1

----- B Sample W2

Linear (Sample W1)

--------- Linear (Sample W2)

20000 40000 60000 80000 100000 120000 140000

s-N, mK
b)

Fig. 8: Abrasive wear of welds using the "dry sand - rubber wheel" method: a) cumulative mass

4. CONCLUSION

loss, b) coefficient of abrasive wear

The helicopter skid shoes represent a structural part exposed to high contact pressures,
impacts and wear during take-off and landing of the helicopter, as well as during its
maneuvering on the ground. The paper proposed a laboratory testing procedure for
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comparing the quality of helicopter skid shoes consisting of five phases: (1) testing of
the chemical composition using the non-destructive method of X-ray fluorescence
spectroscopy, (2) visual analysis of the welded surfaces using stereomicroscopy, (3)
microstructure analysis on a metallographic sample, (4) tests of hardness on the welded
layer’s cross-section and (5) resistance assessmenst of welded layers to abrasive wear.
According to the Archard wear equation, abrasive wear coefficient was determined on
two layers from the same type of skid shoe. After 5 minutes of wearing, using the "dry
sand-rubber wheel" method, the difference in the wear coefficient between them was
determined to be about 16%. The stated procedure for testing the chemical composition
and properties of helicopter skid shoes can be recommended for the selection of skid
shoe suppliers and quality control of commercially procured skid shoes.
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Abstract

In the paper, the material characterization of a free-forged machete made of steel of unknown
chemical composition was carried out. Material characterization included chemical composition
analysis, microstructure analysis, and microhardness measurement before and after free-forging.
It was found that the machete was made of low-alloy spring steel 55Cr3 which has a martensitic-
bainitic microstructure. The mean microhardness value in the cross-section before forging was
468 HVO0.2. After free-forging microstructure in the cross-section of the machete consists of
martensite, bainite, and carbides precipitated at the crystal grain boundaries. Due to differences
in cooling and intensity of forging volume fractions of martensite and bainite are not the same in
certain parts of the cross-section of the machete, which also was reflected in the microhardness
values. The highest mean microhardness value was measured on the blade of the machete and
was 481 HVO0.2, while the lowest microhardness was measured on the middle of the machete and
was 417 HVO0.2. Along the spine of the machete, the hardness was 453 HV.02.

Keywords: material characterization, microstructure, microhardness, free-forging
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1. INTRODUCTION

Metal forging is a process by which the starting material is plastically deformed, in one or
more steps, into a useful part without changing the mass and chemical composition of the
material [1]. Forging aims to achieve dimensional accuracy of the forging, as well as good
mechanical properties and microstructure [2]. During forging, the material being
processed goes through a series of microstructural changes - recovery of the material due
to static or dynamic loading, recrystallization of crystal grains, and growth of crystal
grains. The mentioned microstructural changes are influenced by forging parameters
such as forging force, temperature, strain, and strain rate [2,3]. According to the
temperature, forging can be divided into hot forging, cold forging, and warm forging.
Regarding the shape of the pressure surfaces, forging can be free-forging or die-forging
[1]. During hot forging, the microstructure changes by heating and cooling the forging,
and thus the mechanical properties can be adjusted. Processing parameters during hot
forging must ensure the required shape and dimensions in addition to the required
mechanical properties such as strength, hardness, toughness, creep resistance, etc [3]. In
history, various products such as machetes and knives for everyday use were often forged.
Some of the famous machetes obtained by forging are the Damascene sword and Japanese
swords (katanas). The Damascene sword was produced in medieval Damascus and was
made of "wootz" steel. The blade of the Damascene sword had high hardness and strength,
and it had a characteristic appearance - light gray wavy stripes on a dark gray background.
This characteristic appearance was obtained by specially determined forging, quenching,
and annealing parameters [4]. Fig. 1 shows the microstructure of a Damascene sword.

Fig. 1: Microstructure of Damascene sword [5]

Japanese swords were made of "tamahagana" steel. The blades of Japanese swords had
very good mechanical properties, such as hardness and strength, obtained by a special
traditional forging process called "tatara" [6].

This work aims to carry out the material characterization of a free-forged machete made
of steel of unknown chemical composition. As part of the material characterization, the
following tests were carried out:
e chemical composition analysis
e microstructure analysis
e microhardness measurement HVO0.2.
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2. MATERIAL AND METHODS

As a starting material for making a machete, a used leaf spring of an unknown
manufacturer, about 50 years old, was taken. The dimensions of the spring leaf were 890
x 60 x 7 mm. From the initial shape, a sample was cut with a hand grinder, from which the
machete was made by forging. The shape and dimensions of the sample are shown in Fig.
2.

/-VD

44.8
304

7.7

214

Fig. 2: The shape and dimensions of the cut sample

Free forging was carried out in an amateur forge at temperatures between 533 and 1032
°C. Forging was carried out in 8 cycles. One forging cycle involves heating the forging in
the forge fire, removing it from the fire, and forging. The temperature of the forging was
measured with a laser thermometer immediately after removing it from the fire (before
the start of forging) and after the forging process. In the first 5 cycles, rough forging was
carried out, during which a 3 kg forging hammer was used. In the remaining 3 cycles, fine
forging was carried out, i.e., a 1 kg forging hammer was used. After the last forging cycle,
the machete was left to cool in the air to room temperature. The cooling lasted about 20
minutes.

Fig. 3 shows the forged machete before grinding to the final shape.

Tab. 1 shows the initial and final forging temperatures and the heating time of the forging
for all 8 cycles.

Fig. 3: Forged machete
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Tab. 1: Initial and final forging temperatures and the heating time of the forging

Cycle Startinfgoit;lil;]::gture of Finisl;ifl;(g) :geil:;iléature Heating time, s
1 1032 752 175
2 985 758 96
3 968 670 60
4 940 660 120
5 952 655 57
6 1030 755 55
7 948 552 180
8 935 533 53

After forging, a part of the reinforcing steel rod is welded to the narrow side of the
machete, which is later wedged into the wooden handle.

In order to remove the oxides formed during heating from the surface of the machete,
reduce the roughness of the surface, and finally shape the blade of the machete, the forging
was ground. Grinding of the forging was carried out in several steps. The final grinding of
the machete blade was carried out with fine (P100) and very fine (P240) sandpaper.

Fig. 4 shows the finished machete.

Fig. 4: Finished machete

2.1. Chemical composition analysis

The sample for the analysis of the chemical composition in the initial state was cut from
the initial material (the spring leaf), and its dimensions were 15 x 15 x 7 mm. The
chemical composition of the material was determined by optical emission spectrometry
on a LECO GDS 850A spectrometer.
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2.2. Microstructure analysis

The microstructure analysis was performed on the Olympus GX51 light microscope, in the
polished and etched state, at magnifications between 50x and 1000x. The microstructure
of the cross-section spring leaf before forging and the microstructure of the cross-section
of the machete were analyzed. Before analyzing the microstructure, the samples were
properly prepared. The samples were filled in polymer mass, ground, and polished.
Grinding and polishing were carried out on the Mecatech 250 device. During grinding, the
plate rotated at a speed of 300 rpm, and water was used for cooling and lubrication.
Grinding started with P320 quality sandpaper, continued with P600, P1000, and P2400,
and finished with P4000 quality sandpaper. The abrasive particles of all sandpapers were
made of silicon carbide (SiC). After the grinding process, a 2-step polishing process
followed. During polishing, the plate rotated at a speed of 150 rpm. In the first polishing
step, a diamond paste with a mean particle diameter of 3 um was used and spread over
the polishing cloth. The lubricant was used for cooling and lubrication. In the second
polishing step, a polishing liquid with abrasive particles of 0.03 pm was used. After the
second polishing step, the surface of the samples is ready for microstructure analysis in
the polished state. After analyzing the microstructure in the polished state, surface
etching of the samples was carried out. The surface of the sample was etched in a 3 %
solution of nitric acid in ethyl alcohol (Nital). The sample was immersed in the specified
solution for a few seconds and then washed in distilled water.

Fig. 5 shows specimens filled in polymer mass. Specimen 1 was taken as the initial
material and cut directly from the spring leaf before forging, while specimens 2a and 2b
were cut from a finished forged machete. Specimen 2a is part of the cross-section near the
spine of the machete and specimen 2b is part near the edge of the machete.

Fig. 5: Sample for microstructure analysis

2.3. Microhardness measurement

The microhardness measurement HV0.2 was carried out on specimens 1, 2a and 2b, using
the Vickers method, with an indenter in the form of a diamond four-sided pyramid with
an apex angle of 136°. The force with which the indenter was pressed into the material
was 1.962 N. A total of 30 microhardness measurements were performed, and the mean
value of the hardness at a particular location of the sample was calculated.
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3. RESULTS AND DISCUSSION
3.1. Results of chemical composition analysis

The results of the chemical analysis of the material are shown in Tab. 2.

Tab. 2: Chemical composition of the starting material

wt.%

C Si Mn P s Cr Mo Ni Cu Vv Fe
0.53- 0.81- 0.75- | 0.007- | 0.06- | 0.064-

068 | %32 | g3 | <002 | <002 o0 | 0014 | 007 | 0080 | 0006 | bal

According to the proportion of C, Si and Mn, S and P, and other elements, it can be
concluded that it is low-alloyed steel 55Cr3, which is used to produce springs. The
proportion of impurities in steel (S and P) is very low, and this steel belongs to the group
of high purity steels.

3.2. Results of microstructural analysis

55Cr3 steel has a mixed, grain-oriented microstructure with martensite and bainite on
the cross-section of the spring leaf before forging (specimen 1), as shown in Fig. 6. At
lower magnification, gray deposits of manganese sulfide (MnS) can be observed in the
microstructure.

Fig. 6: Martensitic and bainitic microstructure on cross-section of spring leaf before forging
(specimen 1) at lower (left) and higher magnification (right)

The microstructure of the cross-section of the forged machete, after 8 cycles of free
forging at temperatures between 1032 and 533 °C and air cooling to room temperature,
consisted of martensite, bainite and carbides. The volume fractions of martensite and
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bainite are not equal in different parts of the cross section. The carbides are distributed
along the boundaries of crystal grains, and they are most noticeable in the edge of the
machete (specimen 2b). Given that the forging intensity was not equal in all parts of the
machete, there is an evident difference in the degree of deformation of the microstructure.

Fig. 7 shows the microstructure of the cross-section near the spine of the machete
(specimen 2a), and Fig. 8 shows the microstructure near the edge of the machete
(specimen 2b).

Fig. 7: The microstructure of the cross-section near the spine of the machete (specimen 2a) at
lower (left) and higher magnification (right)

Fig. 8: The microstructure near the edge of the machete (specimen 2b)
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Considering that during forging, the machete was cooled continuously in the air at a
cooling rate of about 5 °C/s, it can be seen from the TTT diagram for this steel that the
achieved microstructure will be composed of bainite and martensite, which coincides
with the results of the microstructural analysis. Fig. 9 shows the TTT diagram of steel
55Cr3. It can be seen from the TTT diagram that faster cooling would result in a
completely martensitic microstructure, and slower cooling would result in a completely
pearlite microstructure [7].
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Fig. 9: TTT diagram of steel 55Cr3

3.3. Results of microhardness measurement HV0.2

The microhardness HVO0.2 of the initial material measured on the cross-section of the
spring leaf (specimen 1) corresponds to the microhardness of steel 55Cr3, with a
martensitic-bainite microstructure. The microhardness in the middle of the section is the
highest and is 515 HV0.2, and on the edges, it is between 417 and 473 HVO0.2.

The microhardness measured on the machete after forging and cooling differed in
individual parts of the cross-section. On the blunt part of the machete, next to the spine
(specimen 2a), microhardness values between 407 HV0.2 and 480 HV0.2 were measured.
This part of the machete, compared to other parts of the section, is the least subject to
forging. In the middle of the cross-section of the machete, the lowest mean microhardness
values were obtained, between 374 HVO0.2 and 432 HVO0.2.

The highest microhardness values on the cross-section were measured along the edge of
the machete, from 460 HV0.2 to 524 HV0.2 (specimen 2b). This area was intensively
forged, and the proportion of carbide is the highest in it.

Fig. 10 shows the results of microhardness measurements of the cross-section spring leaf
before forging (specimen 1) and the microhardness values of the forged machete
(specimen 2).

279



4,

600

500 [ [ 481
468 1 453 1
\ l 417
400 J
N
S
= 300
-
200
100
0
specimen 1 specimen 2 - spine specimen 2 - middle specimen 2 - edge
Fig. 10: Microhardness HV0.2
CONCLUSION

Based on the conducted tests and analysis of the results obtained, the following can be
concluded:

Analysis of the chemical composition revealed that the machete is made of low-
alloy spring steel 55Cr3.

The microstructure of the material before forging consists of martensite and
bainite. The mean microhardness value in the cross-section was 468 HV0.2.

The microstructure of the forged machete, in cross-section, consists of martensite,
bainite and carbides precipitated at the crystal grain boundaries. Volume fractions
of martensite and bainite are different in certain parts of the cross-section of the
machete.

There is a noticeable difference in the degree of deformation of the microstructure
in different parts of the machete, which occurs due to the different intensities of
forging.

The differences in the microstructure and the degree of deformation were
reflected in the microhardness in different parts of the machete. The highest mean
microhardness value was at the edge of the machete (481 HV0.2), while the lowest
mean microhardness value was in the middle of the machete (417 HVO0.2).
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Abstract

The electron-beam technologies have been widely used for the processing of metals and alloys. These
methods are known as accurate and efficient and are characterized by many advantages in
comparison with the conventional ones, such as uniform distribution of the energy of the electron
beam, very short process time, precise control of the beam parameters, etc. Currently, modern trends
in the processing of metals and alloys are based on the combination of electron-beam technologies
with other methods, such as thin film deposition, etc. These techniques result in a significant
improvement in the functional properties of the materials which can be involved in new fields of
modern industry. This paper aims to summarize the topics related to welding, surface treatment and
modification of metals and alloys, and physical vapor deposition of thin films and coatings by
electron-beam technologies. In this work, the development and growth of electron-beam processing
techniques for surface treatment, and alloying are considered in detail. The benefits of these
technologies, as well as their combination with other methods, are extensively discussed.

Keywords: Electron-beam processing, metals and alloys, electron-beam surface treatment, electron-
beam welding, electron-beam physical vapor deposition.

1. Introduction

Currently, the fabrication of new materials with enhanced functional properties is of
major importance for the modern industry. The implementation of new technologies for
their development, as well as for the modification of the structure and functional
properties of modern materials is expected to open new applications in a number of
industrial branches, such as aerospace, aircraft, automotive, railway, and other industries
[1-4]. The electron-beam methods and techniques for developing new materials, as well
as for the modification of their structure and properties are currently considered very
promising due to their low cost in comparison to the conventional technologies, very
short process time, very high reproducibility of the applied technological conditions,
uniform distribution of the energy of the electron beam, etc. [5]. At these technologies, a
thermal distribution from the surface to the bulk is formed due to the transformation of
the kinetic energy of the electrons into heat. It is very important to note that the heating
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and cooling rates are quite high (104-10> K/s for continuous and 107-108 K for pulsed
mode), leading to transformations of the structure and improvement of the functional
properties of the materials. Currently, the techniques for electron-beam treatment can be
used for different types of modification of the surface of metallic materials, namely
electron-beam surface hardening, combined technique for hardening of the surface,
electron-beam surface alloying, and others [6]. These types of modification strongly
depend on the requirements that the properties of a certain metal and alloy to be
improved in a specific way, for example, hardening, corrosion properties enhancement,
etc. Figure 1 presents a machine for electron-beam surface treatment (Evobeam cube
400) available on the territory of the Technical University of Gabrovo.

Fig. 1: An image of electron-beam treatment equipment at the Technical University of Gabrovo

In this paper, the topics related to surface modification by an electron-beam treatment
are summarized and a discussion about the techniques and trends for the enhancement
of the functional properties of metals and alloys is presented. Special attention is paid to
surface modification in continuous mode.

2. Heat processes

At these technologies, of major importance are the energy parameters, namely the
accelerating voltage (U) [V], the current of the electron beam (I) [mA], the diameter of the
electron beam (d), and the input energy density (E), which can be expressed by (1)
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In (1) E is the input energy density [J/mm2]; t is the irradiation time [s]; S is the irradiated
area [mmz2]. The electron beam scanning frequency (f [Hz]) and the speed of the motion
of the specimen (v [mm/s]) are also of major importance for the resultant structure and
properties of the processed material [6, 7]. A typical scheme of electron-beam equipment
for surface modification is presented in Figure 2. The electron beam is generated by an
electron gun. The emitted electrons from the electron source are accelerated and stacked
into a beam by the accelerating and focusing electric fields. Afterward, the beam is focused
via the focusing lenses and deflecting coils, passes to the working chamber, and is guided
to the surface of the processed sample.
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Fig. 2: A scheme of electron-beam treatment equipment [6]

Considering the continuous wave process, the treatment and modification of the structure
and properties of different metals and alloys is realized by surface scanning. During the
experimental procedure, the electrons can be deflected from the axis of normal
distribution of the beam and different manners of scanning can be realized, namely linear,
circular, elliptical, infinity, triangular, parabolical, and others. Figure 3 shows some
examples of scanning geometries that can be realized during the electron-beam treatment
experiments. The use of a linear manner of scanning (Figure 3a) leads to a significantly
higher cooling rate in comparison with the circular or elliptical one. At the same time, the
application of circular geometry (Figure 3b) leads to an increase in the lifetime of the
molten material of the treated surface. This leads to a much more homogeneous
distribution of alloying elements inside the molten material and is widely used for the
formation and fabrication of surface alloys which are characterized by much better
properties in comparison to the base substrate materials. The use of more complex figures
leads to aredistribution of the kinetic energy of the electrons and the thermal field formed
from the surface to the bulk will be more complex as well. Below are given some examples
of different approaches for surface modification, such as hardening, formation of surface
alloys, combined methods, etc. [6].
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Fig. 3: Electron-beam scanning figures. (a) Line; (b) circle; (c) ellipse; (d) infinity; (e)

triangle; (f) parable; (g) sine; (h) matrix. [6]

The authors of [8] have investigated the influence of different process parameters during
the electron-beam surface modification technique on the formation of the thermal field,
as well as the distribution of the heat from the surface to the bulk. The results showed that
at a constant power of the electron beam and scanning frequency, the lower velocity of
motion of the sample during the electron-beam treatment experiment leads to the
formation increase in the surface temperature. However, the speed of the specimen
motion during the modification process influences the thermal field very weakly. Also, the
same authors [8] found that the increase in the beam power leads to the formation of a
modified zone with higher thickness. The influence of the electron beam scanning
frequency on the surface temperature and the depth of the modified zone was also
studied. It was found that at higher values of electron beam scanning frequency, the
temperature and depth of the treated zone are lower. These results are obtained on the
basis of numerical modeling where the heat-transfer equation has been solved for various
technological conditions and the solutions have been expressed by three-dimensional
Green’s function. Afterward, the numerical results were experimentally verified, and it
was found that they are in good agreement with the experimental data [8].

3. Application of the electron-beam modification technology for a surface

hardening

Electron beam surface hardening is widely used for the improvement of the surface
properties of different metals and alloys. In this technology, the surface of the modified
material is irradiated by the electron beam where of major importance is the very high
cooling rate, leading to a significantly finer microstructure and improved functional
properties.

In Ref. [9] the possibility of hardening 5CrMoMn steel by a scanning electron
beam was studied where the current of the flux of the accelerated electrons was varied. It
was found that at a beam current of 7 mA, the hardness rises about two times. By further
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increase of the current of the electron beam, the hardness decreases due to the reduced
amount of carbon and martensite. The authors of [9] concluded that the optimal
functional properties and surface roughness were achieved at the electron-beam
treatment with a beam current of 7 mA.

The authors of [10] have studied the possibility of a surface hardening of 30CrMnSiA
as a function of the input energy density. The microstructure of the modified zones was
studied in detail, and it was found that it is mostly in the form of martensite. The results
showed that the highest values were achieved at an input energy density of 1.875
k] /mm?2.

It should be noted that titanium and Ti-based alloys are also important for modern
industry and are widely used in the aircraft and automotive industries, etc. due to their
lightweight and attractive mechanical and corrosion properties. However, these materials
are characterized by low hardness, and therefore, the hardening of the surface will open
new potential practical applications for these alloys. The authors of [11] have investigated
the possibilities of electron beam hardening of TAZ2 titanium-based alloy. The results
showed that the surface roughness decreases after the application of the treatment
procedure. Also, the nanohardness increases due to the grain refinement and a rise in the
dislocation density.

In Ref. [12] the electron-beam surface treatment of TA15 titanium alloys was
performed. It was found that the treatment procedure leads to the formation of a
significantly finer microstructure and the hardness increases gradually. The thickness of
the modified area was established to be 25 pm where a gradient in the hardness was
observed.

4. Combined methods

The combined methods for surface hardening and modification are currently a subject of
investigation by many researchers. These methods combine two or more methods, such
as electron-beam treatment, plasma nitriding, thin film deposition, etc. The main idea is
to combine the advantages of all methods used. The authors of [13] investigated the
improvement of the surface properties of 40X steel by plasma nitriding and subsequent
electron-beam treatment. It was found that the hardness of the modified specimen is
three times higher than that of the base material. Also, the combination of both
techniques, namely plasma nitriding and electron-beam treatment has led to an increase
in the wear resistance of more than two times than the case of modification only by
plasma nitriding.

Similarly, the combination of plasma nitriding and electron-beam treatment, as well
as electron-beam treatment followed by plasma nitriding of tool steel, has been presented
by the authors of [14] and the results for the hardness were compared to those obtained
for single-step modification of plasma nitriding. It was found that the plasma nitriding
procedure leads to an increase in the microhardness of the tool steel. However, the
application of subsequent electron-beam treatment leads to a further increase in the
above-mentioned mechanical characteristic by about 20%. The combination of electron-
beam treatment followed by plasma nitriding has led to the highest value of the
microhardness of more than 1200 HV.

The authors of [15] have shown the combination of plasma nitriding, electron-beam
treatment, and deposition of CrN film on the top of tool steel. The combination of the
plasma nitriding and electron-beam surface modification has led to the formation of a
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nitrogen-rich layer which is characterized by martensitic microstructure. The measured
microhardness was higher than that of the specimen subjected to a single treatment of
plasma nitriding. The application of the CrN layer led to a further increase in the
microhardness on the surface of the tool steel.

It should be noted that the combination of two or more methods and techniques, based
on electron-beam treatment, for surface modification is currently the last step for
controlling and improving the surface structure and functional properties of metallic
materials. The performed literature review shows that such combinations lead to a
significant improvement in the functional properties of metallic materials, particularly in
microhardness. For this reason, the combination of more than one technique for surface
modification can be considered as a leading technology and the number of researchers
that are working on this topic grows rapidly.

5. Electron-beam surface alloying

The process of alloying the surface by a scanning electron beam is based on the
intensitvely melting of the surface and the introduction of alloying elements within the
molten material. After the solidification of the molten material, a surface alloy with
significantly improved surface properties is formed.

S. Valkov et al. [16-18] have studied the possibility of alloying Al substrate with Ti
and Nb. For the purposes of this research, on commercially pure Al substrates Ti and Nb
films with thicknesses of 2 pm for each layer have been deposited by DC magnetron
sputtering. Afterwards, the specimens were subjected to electron-beam surface alloying
where the influence of the speed of the specimen motion during the treatment procedure
on the structure and properties of the obtained surface alloys was studied. Two
experiments were realized where the velocity was 5 and 10 mm/s. The results showed
that the measured microhardness of the formed surface alloys in the system of Al-Ti-Nb
reached values of about 800 HV, which is more than 20 times higher than that of the base
Al substrate. It was found that the microstructure is much more homogeneous in the case
of the lower speed of the specimen motion than that of the specimen fabricated by the
higher one. Figure 4 shows the obtained microstructure via both speeds of the sample’s
motion, namely 5 and 10 mm/s. The same authors of [16-18] performed a detailed
discussion on the processes occurring during the experiments and concluded that the
incorporation and homogenously distribution of alloying elements within the molten
material at electron beam welding is based on the convection flows caused by the high-
temperature gradient within the molten material. It was established that these flows are
much more intensive in the case of the lower velocity of movement of the samples. In this
case, the surface temperature is higher, leading to a greater thermal gradient within the
molten material.
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200 pm

Fig. 4: Cross-sectional SEM images of Al-Ti-Nb surface alloys, formed by electron-beam

surface alloying with (a) higher and (b) lower speed of specimen motion. [6, 17]

The authors of [19] have shown the formation of composite Ti/TiC layers by the electron-
beam surface modification technique, including alloying (for incorporation of the C
powder) and remelting (for the homogenization of the resultant microstructure) of C
powder with Ti substrate. During the remelting procedure, two speeds of the movement
of the specimens have been chosen, namely 5 and 15 mm/s. The investigated
microstructure of the formed surface alloys shows that in both considered cases, it is in
the form of a double-phase structure of fine TiC particles dispersed within the base Ti
matrix. In the case of the lower speed of the specimen’s motion, the particles are finer and
much more homogeneously distributed than that of the formed surface layer by the higher
speed of the specimen motion. Figure 5 shows the microstructure of the obtained
composite surface alloys. Figures 5a and c show lower magnification of the formed surface
alloys, while Figures 5 b and d show higher magnification of the structure. It was found
that the lower speed motion of the specimens leads to higher values of the measured
microhardness of about 2.5 times higher than that of the base Ti substrate. The
application of the higher speed movement of the specimens leads to about 1.8 times
increased microhardness in comparison to that of the base Ti material.
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Fig. 5: A cross-sectional SEM image of the specimen alloyed by the speed motion of 5 mm/s:
(a) lower magnification; (b) higher magnification and 15 mm/s (c) lower magnification; (d)

higher magnification. [19]

It should be noted that the electron-beam surface alloying technique has a lot of
applications for the improvement of the surface properties of metallic materials,
particularly of Ti, Al, and their alloys. The comparison of the improvement in the surface
properties of the metallic materials by electron-beam surface hardening vs alloying, the
first approach leads to an improvement in the properties of the materials in the range
from 20% to 40%, while the alloying approach leads to an enhancement of the mechanical
properties of more than 20 times. It should be noted that the alloying approach is much
more appropriate for metallic materials which are characterized by low density and
weight, such as Ti and Al-based alloys.

(1)

6. CONCLUSION

This article summarizes the basics and current results of the electron-beam surface
treatment and modification of metals and alloys. The basics, principles, and current
results of electron-beam surface hardening, the combination of two or more methods
based on the electron-beam treatment techniques, as well as the alloying approach were
considered in detail. It was demonstrated that these techniques lead to a significant
improvement in the functional properties of different metals and alloys and can find new
practical applications in many industrial branches, such as aerospace, aircraft,
automotive, railway, and other industries. The results obtained on these topics show that
the functional characteristics of the metallic materials can be enhanced from about 20%
to more than 20 times. This makes these techniques significantly more effective than the
conventional methods. The current trends in electron-beam technologies for surface
treatment and modification are based on the optimization of the technological conditions,
corresponding structure, and properties of the processed materials. Moreover, their

289



implementation of new industrial branches is of major importance for the enhancement
of human life. For this reason, some machines for electron-beam treatment are already
installed in many industrial factories, and their number increases gradually every year.
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PRIMJENA VISKOELASTICNIH PREVLAKA NA BAZI POLIIZOBUTENA

APPLICATION OF VISCOELASTIC COATINGS BASED ON
POLYISOBUTENE

Sven Radimiri
Feromihin d.o.0., Moslavacka 22, 10315 Novoselec, HR

Sazetak

Postojece metode zastite cjevovoda, iako Stite tisu¢e kilometara cjevovoda, pokazuju odredene
nedostatke, S$to otvara prostor za inovativna rjeSenja na podrucju zaStite od Kkorozije.
Konvencionalni sustavi bazirani su na materijalima s kemijski umreZenim strukturama. Inovativni
sustavi kreirani su na upravo suprotnome: neumrezenoj amorfnoj viskoelasti¢noj strukturi. Kao
najadekvaniji polimer koji zadovoljava postavljene zahtjeve pokazao se poliizobuten. Strukturne
jedinice poliizobutena povezane su kovalentnim vezama, a polimerni lanac se ne umrezuje $to
dovodi do tzv. ,hladnog toka“, zbog ¢ega ¢e poliizobuten vremenom ispuniti i najsitnije pore na
povrsini materijala. Materijali na bazi poliizobutena ¢e kroz cijeli radni vijek ostati u polu-teku¢em
stanju s jakim adhezijskim silama na povrSinu. Istovremeno ostaje otporan na starenje i utjecaj
kemikalija te nepropustan za vlagu, kisik i bakterije. Materijali na bazi poliizobutena osiguravaju
dulji radni vijek, smanjenje troSkova odrzavanja, najviSu razinu zaStite od korozije te brzu,
jednostavniju i jeftiniju pripremu povrsine i aplikaciju sustava.

Kljuéne rijeci: viskoelasticni sustavi za zastitu od korozije, poliizobuten
Abstract

Existing methods of pipeline protection, although they protect thousands of kilometers of pipelines,
show certain shortcomings, which opens up space for innovative solutions in the field of corrosion
protection. Conventional systems are based on materials with chemically cross-linked structures.
Innovative systems are created on the exact opposite: a non-crosslinked amorphous viscoelastic
structure. Polyisobutene proved to be the most adequate polymer that meets the set requirements.
The structural units of polyisobutene are connected by covalent bonds, and the polymer chain does
not cross-link, leading to "cold flow", which is why polyisobutene will eventually fill even the smallest
pores on the surface. Polyisobutene-based materials will remain in a semi-liquid state throughout
their entire working life with strong adhesion forces to the surface. At the same time, it remains
resistant to aging and the chemicals and is impervious to moisture, oxygen and bacteria. Materials
based on polyisobutene ensure a longer service life, lower maintenance costs, the highest level of
corrosion protection, and faster, simpler and cheaper surface preparation and system application.

Keywords: viscoelastic corrosion protection system, polyisobutene
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1. UVOD

Postoje¢i sustavi cjevovoda, kao i sustavi u izgradnji zahtijevaju moderne programe
odrzavanja i zastite od korozije u cilju produljenja intervala odrZavanja i osiguravanja
pouzdanih i odrzivih operacija. Konvencionalne metode zastite cjevovoda, iako Stite
tisuCe kilometara cjevovoda, pokazuju odredene nedostatke, Sto otvara prostor za
inovativna rjeSenja na podrucju zastite od korozije. Takvi sustavi bazirani su na
materijalima s kemijski umrezenim strukturama. Inovativni sustavi kreirani su na upravo
suprotnome: neumrezenoj amorfnoj viskoelasti¢noj strukturi. Kao najadekvaniji polimer
koji zadovoljava postavljene zahtjeve pokazao se poliizobuten

2. POLIIZOBUTEN

2.1. Kemijska i fizikalna svojstva poliizobutena

Polimerni lanac poliizobutena sastoji se od 180-650 jedinica izobutena koje su povezane
samo kovalentnim vezama, a polimer se sastoji od samo dva elementa: vodika i ugljika.
Polimerni lanac poliizobutena ostaje neumreZen i tijekom cijelog Zivotnog vijeka ostati ce
kao jedinstvena struktura, Sto dovodi do tzv. ,hladnog toka“, zbog cega e poliizobuten
vremenom ispuniti i najsitnije pore na povrsini materijala.[1]

CH, CH,
| Catalyst
n
CH,
B PIB

Slika. 1: Polimerizacija izobutena (IB) u poliizobuten (PIB) [2]

Poliizobuten ima odredena svojstva kao $to su otpornost na starenje, kemikalije i
nepropusnost za vodu, zrak i bakterije. Ta svojstva prisutna su u rasponu temperature od
-45°C do +120°C. [1] Osim navedenog, PIB pokazuje i oksidacijsku stabilnost i odli¢na
adhezijska svostva. PIB je bezbojan do blijedo Zut, elastiCan viskozni materijal. Nema
mirisa ni okusa i ne-toksican je. Zbog nepolarne i visoko parafinske strukture, topiv je u
alifatskim i aromatskim ugljikovodi¢nim otapalima, a nije topiv u polarnim otapalima.
Topivost mu znacajno opada s povecanjem molekularne mase polimera. Zahvaljujuci
amorfnim svojstvima i niskoj temperaturi staklenog prijelaza (Tg = -62°C) PIB je vrlo
fleksibilan i prionjiv na povrsinu.[2]

PIB se koristi u proizvodnji adheziva, agrokulturalnih kemikalija, spojeva optickih
vlakana, brtvila, folija, elektricnih fluida, lubrikanata, papira, aditiva za gorivo, proizvoda
za osobnu njegu i kao baza za zZvakace gume.|[2]
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Slika. 2: Poliizobuten (PIB) [3]

Adhezijska sile materijala proporcionalne su kohezijskim silama: ukoliko se sa cjevovoda
pokusa ukloniti antikorozivna zastita u obliku omotaca, na povrsini ¢e uvijek ostati dio
materijala u obliku zaStitnog filma.

Slika. 3: Sloj materijala koji ostaje na povrsini u obliku zastitnog filma [3]

Moderni viskoelasti¢ni materijalni za zastitu od korozije na bazi poliizobutena pruzaju
krajnjim korisnicima unaprijedena fizikalna svojstva imovine ¢ime je ulaganje u zastitu
od korozije dugotrajnije, produljuju se intervali odrzavanja i smanjuju ukupni troskovi,
smanjuje se stopa oStecenja prilikom odrzavanja zahvaljuju¢i svostvu samozacijeljivanja,
te brZzu, laksSu i jeftiniju aplikaciju poSto nema potrebe za specijalnom opremom i
vjeStinama aplikatora.|[2]

2.2. Primjena prevlaka na bazi poliizobutena na terenu

Zahvaljuju¢i svojstvima viskoznosti i jake adhezije, priprema povrSine metalnih
cjevovoda za aplikaciju prevlaka na bazi poliizobutena je vrlo jednostavna, bitno da je
Cista i suha. Priprema povrsine abrazivom nije potrebna, ve¢ je dovoljna priprema na -
razinu St2/5t3 prema ISO 8501-1 s time da okujina mora biti uklonjena. Za kvalitetnu
adheziju nije potrban profil povrsine, Stovise, Sto je povrSina manje profilirana, to ¢e jace
matrijal prionuti uz povrSinu. Temperatura aplikacije kre¢e se u rasponu od -45°C do
+90°C i nije ograniCena materijalom ve¢ radnim uvjetima za aplikatore. Jake adhezijske
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sile osiguravaju da ne dode do pojave katodnog odvajanja ili puzanja materijala.[1]
Adhezija je trajna i nastupa odmah, bez kemijske reakcije.

Slika. 4: Priprema povrsine za aplikaciju [3]

Nakon Sto je povrSina pripremljena, potrebno je napraviti test prionjivosti koji je
relavantan pokazatelj da je povrsina spremna za aplikaciju. Test se izvodi na nacin da se
komad zasStitne trake, okvirne duljine 150 mm aplicira na pripremljenu povrsinu. Nakon
5 minuta potrebno je pokusati ukloniti materijal s povrSine pod kutem od otprilike
135°brzinom od 100mm/min. Mora doc¢i do kohezijskog odvajanja i preostali material
trebao bi pokrivati > 95% povrsine. Ukoliko test nije zadovoljavajué, potrebno je povrsinu
dodatno ocistiti. Takoder, prije aplikacije potrebno je izmjeriti tocku rosista, kako bi se
izbjegla mogucnost kondenzacije na povrsini cjevovoda. Aplikaciji se moZe pristupiti kada
je temperature povrSine minimalno 3°C iznad tocke rosista.

Nakon aplikacije sloja trake za zastitu od korozije, pristupa se ispitivanju neprobojnosti
(“Holiday test”) na 15 kV. Ukoliko su rezultati zadovoljavaju¢i odmah je moguce pristupiti
aplikaciji drugog sloja trake koji sluzi kao mehanicka zaStita. Po zavrSetku aplikacije radi
se vizualna kontrola, i u slucaju da su rezultati prihvatljivi, odmah je moguce pristupiti
zatrpavanju, ukoliko se radi o ukopanom cjevovodu. Time se Stedi vrijeme potrebno za
aplikaciju.

Slika. 5: Aplikacija sustava za zastitu od korozije [3]
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Materijali za zastitu od korizije na bazi poliizobutena najc¢es¢e su u obliku traka koje se
namataju na cjevovode. Osim traka, takvi materijali mogu do¢i i u drugim oblicima, kao
Sto su smjese koje je moguce oblikovati, tako da primjena takvih prevlaka nije ogranicena
samo na cjevovode, ve¢ je na gotovo isti na¢in moguce od korozije zastiti i razne
nepravilne oblike kao $to su slavine, t-komadi, prirubnice i dr.

2.3. EkoloskKi i sigurnosni aspekti

Materijali na bazi poliizobutena su netoksi¢ni i ne sadrZavaju hlapive organske spojeve.
Prilikom aplikacije ne dolazi do stvaranja buke, praSine, vibracija niti Stetnih emisija.
Materijal je pakiran u kartonskoj ambalazi s plasticnim filmom koji se odvaja prilikom
aplikacije, Sto su oboje materijali koje je moguce reciklirati.

3. ZAKLJUCAK

Potreba za unaprijedenjem sustava za zastitu od korozije cjevovoda doprinjela je razvoju
novih sustava zaStite, koji osim S$to imaju dulji radni vijek, omogucuju Kkrajnjim
korisnicima smanjenje troskova zbog duljih intervala odrzavanja te jednostavne i brze
aplikacije (posljedi¢tno manje radnih sati opreme i djelatnika). Takoder, takvi materijali
puno su ekoloski prihvatljiviji, cemu se danas pridaje posebna paznja, te nisu Stetni niti za
ljude koji njima manipuliraju, niti za okolis, zbog ¢ega su takva rjeSenja vrlo zanimljiva
krajnjim korisnicima.

Sve ceS¢om primjenom viskoelasti¢nih prevlaka javila se i potreba za standardizacijom
istih, pa je u posljednjem izdanju standarda ISO 21809-3:2106 uvrSteno poglavlje 13.
“Non-crystaline low-viscosity polyolefin based coatings”, Sto ¢e sigurno doprinjeti razvoju
inovativnih rjeSenja na podrucju zastite od korozije.
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Sazetak

Prilikom odabira odgovarajuceg sustava zastite od korozije, kod industrijskih proizvoda,
potrebno je uzeti u razmatranje klasu korozivnosti, vrstu materijala koji treba zastititi te traZenu
trajnost sustava, kako bi se osiguralo najekonomicnije i tehnicki najbolje rjeSenje za opterecenje
u eksploataciji uslijed djelovanja korozijski agresivnog okoliSa. Zbog navedenih zahtjeva od velike
vaznosti je laboratorijska provjera sustava zastite od korozije, odnosno provedba ispitivanja
simulacijom realnih uvjeta u eksploataciji. U radu ¢e biti prikazana analiza rezultata ispitivanja
provedenog za klasu korozivnosti okolisa C5 za dugi vijek trajnosti sustava zastite od korozije (15-
25 godina trajnosti) prema ciklickom programu ubrzanog starenja, odnosno ubrzanog utjecaja
korozijskog okolisa, kombinacijom utjecaja suhe topline i UV zracenja, utjecaja slane magle te
utjecaja snizene temperature u ukupnom trajanju od 1680 sati. Ispitivanja su provedena na
razli¢itim vrstama sustava zastite od korozije apliciranim na razli¢ite supstrate: metalne prevlake
cinka na podlozi od celika, metalne prevlake srebra na podlozi od bakra, organski premazi na
metalnoj prevlaci od cinka na podlozi od ¢elika i na podlozi od aluminija, organski premazi na
spojnim i kontaktnim mjestima komponenti izradenih od aluminija i nehrdajuceg celika.

Kljucne rijeci: sustav zastite od korozije, organski premazi, metalne prevlake, ciklicko ubrzano
ispitivanje utjecaja okolisa.

Abstract

When choosing an appropriate corrosion protection system for industrial products, it is
necessary to take into consideration the corrosivity class, the type of material to be protected, the
required durability of the system to ensure the most economical and technically best solution due
to the load caused by the impact of a corrosively aggressive environment. Because of the
mentioned requirements, it is of great importance to check the quality of the corrosion protection
system, i.e., to carry out laboratory tests by simulating real conditions in exploitation. This paper
will present an analysis of the results of the test conducted for environmental corrosivity class C5
for the long life of the corrosion protection system (15-25 years of durability) according to the
cyclical program of accelerated aging, i.e. the accelerated impact of a corrosive environment,
through a combination of the influence of dry heat and UV radiation, the influence of salt fog and
the influence of reduced temperature for a total duration of 1680 hours. Tests were performed on
different types of corrosion protection systems applied to different substrates: metallic zinc
coatings on a steel substrate, metallic silver coatings on a copper substrate, organic coatings on a
metallic zinc coating on a steel substrate and on an aluminum substrate, organic coatings on
connection and contact spots on components made from aluminium and stainless steel.

Keywords: corrosion protection system, organic coatings, metallic coatings, cyclic accelerated
environmental impact testing
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1. INTRODUCTION

Depending on various climatic exploitation conditions, properties of corrosion
protection systems and materials should be defined and validated to assure quality and
resistance to harsh environmental influences. Industrial products and embedded
component are exposed to negative influence from atmosphere like solar radiation, high
and low temperature, humidity, high and low pressure, contaminated water, and
corrosion.

When choosing an appropriate corrosion protection system for industrial products, it is
necessary to take into consideration the corrosivity class, the type of material to be
protected and the required durability of the system to ensure the most economical and
technically best solution due to the load caused by the impact of a corrosively aggressive
environment. Because of the mentioned requirements, it is of great importance to validate
the quality of the corrosion protection system, i.e., to carry out laboratory tests by
simulating real conditions in exploitation [1], [2].

During the long working life of industry products and constant negative impacts from
atmosphere abnormal events could occur. Faults that may occur during operation could
be consequence of accelerated ageing of the embedded materials. To prevent negative
influence from environment components and products should be made of quality
materials that improve their resistance and durability. To avoid costly breakdowns,
damage, minimize downtimes and extend the lifespan of various industry products, an
extensive knowledge of the embedded materials as well as a specific and precise analysis
is fundamental.

This paper will present result analysis of tests conducted for environmental corrosivity
classes C3, C4 and C5 (15-25 years of durability range) according to the cyclical program
of accelerated aging. Accelerated impact of a corrosive environment through a
combination of the influence of dry heat and UV radiation, the influence of salt fog and the
influence of reduced temperature for a total duration of 480, 720 and 1680 hours will be
presented [3].

2. EXPERIMENTAL PROCEDURE

Experimental procedure was defined according to requirements for corrosion
resistance from standard HRN EN ISO 12944-6:2018, cyclic ageing test, ANNEX B [4].

The research was carried out for environmental corrosivity classes C3, C4 and C5 with
high durability of the corrosion protection system (15-25 years of durability) according
to the cyclical program of accelerated aging, i.e., the accelerated impact of a corrosively
aggressive environment. One test cycle consisted of three phases [5]:

e The influence of dry heat and UV radiation for a total of 30 days,
 The influence of salt fog for a total of 30 days,
¢ The influence of reduced temperature for a total of 10 days.

Influence of dry heat and UV radiation was performed according to the requirements from
standard HRN EN ISO 4892-2 [6], Method A, Cycle 1 with Black standard temperature of
+65 °C, irradiance of 60 W/m? and with periodically water spray (condensation).

Influence of salt fog was performed according to the requirements from standard HRN EN
ISO 9227 [7], Method NSS test, 5% solution of NaCl at temperature of +35 °C.
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Influence of reduced temperature was performed according to the requirements from
standard HRN EN 60068-2-1 [8] at temperature of -20 °C.

Atotal of 10 test cycles were carried out for a total duration of 1680 hours, with periodical
control of samples of corrosion protection systems after 480 hours and 720 hours.

A schematic representation of one test cycle lasting 7 days is shown in Figure 1.

Day 1 [ Day 2 [ Day 3 Day 4 | Day 5 [ Day 6 Day 7

UV/condensation — ISO 4892-2 Neutral salt spray — 1S0 9227 Low-temp.
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(-20+2)°C

Ay Ak

2 v 2

Vi

V“M@ )
.(J
%

B
&

Fig. 1: One weekly test cycle according to the cyclical accelerated aging program [4].

After corrosion resistance testing all samples of corrosion protection systems were
evaluated by following methods to determine their physical-chemical properties:

e Determination of the thickness of the corrosion protection system in the form of organic
and metal coatings using the magnetic induction and eddy current method according to

HRN EN ISO 2808 [9],

e Determination of the adhesion of organic coatings using the pull-off test method in the
delivery state and after conditioning according to the instructions from standard HRN
EN ISO 4624 [10],

e Determination of the adhesion of organic coatings using the cross-cut test method in
the delivery state and after conditioning according to the instructions from standard
HRN EN ISO 2409 [11],

e Determination of the adhesion of metal coatings using the thermal shock method
according to the instructions in standards ASTM B 571 [12] and HRN EN ISO 2819 [13],

e Visual control of test samples with organic coatings to assess the degradation
of the corrosion protection system in the form of blistering, rusting, cracking, and
peeling according to the standards HRN EN ISO 4628-2 [14], HRN EN ISO 4628-3 [15],
HRN EN ISO 4628-4 [16] and HRN EN ISO 4628-5 [17],

e Visual inspection of metal coatings after corrosion resistance testing according to the
instructions from standards HRN EN ISO 10289 [18] and ASTM B 537 [19].

Corrosion resistance laboratory tests were performed on different types of corrosion
protection systems applied to different substrates as follows:

e Metal zinc coatings on a steel substrate,

 Organic coatings on a zinc metal coating on a steel substrate,

e Organic coatings on a zinc metal coating on an aluminum substrate,
e Organic coatings on an aluminum substrate,

¢ Organic coatings on a steel substrate,

Specification of all tested corrosion protection systems are shown in Tables 1 to 5 below.
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Tab. 1: Specification of corrosion protection system of metal zinc coating on steel substrate

Test system Total dry film
Type of coating system
designation thickness
Corrosion protection
Hot dip metallic zinc coating 80 um

system 1

Tab. 2: Specification of corrosion protection system of organic coating on a zinc metal coating on

steel substrate

Test system Total dry film
Type of coating system
designation thickness
Corrosion protection
Hot dip metallic zinc coating / Powder coating 240 pm

system 2

Tab. 3: Specification of corrosion protection systems of organic coatings on zinc metal coating on

aluminium substrate

Test system Total dry film
Type of coating system
designation thickness
Corrosion protection 100
. . : um
system 3 Zinc flake coating / Epoxy coating
Corrosion protection
Zinc flake coating / Epoxy coating 60 um

system 4

Tab. 4: Specification of corrosion protection systems of organic coatings on aluminium substrate

Test system Total dry film
Type of coating system
designation thickness
Without technological preparation of the aluminum
Corrosion protection substrate (washing of factory primer + application of 3 60-90
system 5 layers of coatings) ovHm
Epoxy primer coating / PUR coating / *AGV
Corrosion protection Sandfng of the a.lummum .?ubsltrate (sanding ofthefactory
primer, washing + application of 3 layers of coatings) 60 - 90 um
system 6
Epoxy primer coating / PUR coating / *AGV
Corrosion protection Sanding of the aluminum substrate (sanding of the factory
primer, washing + application of 4 layers of coatings) 80-120 um

system 7

Wash primer / Epoxy primer coating / PUR coating / *AGV

Note: *AGV - Anti-graphite varnish
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Tab. 5: Specification of corrosion protection systems of organic coatings on steel substrate

Total dry film
Test system designation Type of coating system
thickness
Corrosion protection
Zinc rich organic coating 120 pm
system 8
Corrosion protection
Powder coating 160 um
system 9
Corrosion protection
Epoxy coating 100 ym
system 10
Corrosion protection
Epoxy coating 240 pm
system 11

Corrosion initiation of coated structures often occurs in areas where the coating was not
properly applied or suffered mechanical damage during transport and installation. This
degradation provides conditions that allow corrosion initiation earlier than expected. The
application process of the corrosion protection system is extremely important and should
be suitable for the substrate and the environment and applied carefully [20].

The use of corrosion protection systems is essential to reach the expected service life for
which a structure was designed. Different protection systems can be used to delay and
mitigate corrosion initiation and its related consequences such as safety, structural
integrity, and service life. A passive approach to corrosion protection involves depositing
a barrier layer that prevents contact of a material with the corrosive environment.
Active approaches reduce the corrosion rate when the protective barrier is already
damaged and corrosive agents meet the metal substrate. Only the combination of both
approaches can provide reliable protection against corrosion of metallic structures in
harsh environments for the entire exploatiation life [21].

3. RESULTS OF TESTING
3.1. Metal zinc coating on a steel substrate

The corrosion resistance of the corrosion protection system 1 (table 1) obtained by
the hot-dip galvanizing process is 720 hours of exposure to accelerated aging by the
method of cyclic corrosion testing in a chamber with salt fog, climatic chamber, and UV
chamber. Adhesion of the zinc metal coating on the steel substrate after cyclic corrosion
aging test determined by the thermal shock method is excellent, without cracking and
peeling of the metal coating. By visual inspection of the sample surface after the corrosion
resistance test, the appearance of white corrosion of zinc without the appearance of red
corrosion of the steel substrate material was determined. The appearance of the samples
of corrosion protection system 1 is shown in Figure 2.
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Fig. 2: Metal zinc coating on a steel substrate after 720 hours of cyclic corrosion aging test on
corrosion protection system 1

3.2. Organic coatings on a zinc metal coating on a steel substrate

The corrosion resistance of the corrosion protection system 2 on a steel substrate
(table 2) is 1680 hours of exposure to accelerated aging by the method of cyclic corrosion
testing in a salt fog chamber, climatic chamber, and UV chamber. Adhesion of the
corrosion protection system 2 after cyclic corrosion aging test determined by the pull-off
test method is poor with a mean value of adhesion 3,42 MPa. By visual inspection of the
sample surface after the corrosion resistance test, no bubbling, cracking, or peeling of the
coating was found, and no corrosion of the substrate material was observed. The
appearance of the samples of corrosion protection system 2 is shown in Figure 3.

Fig. 3: Organic coatings (powder coating) on a zinc metal coating on a steel substrate after 1680
hours of cyclic corrosion aging test on corrosion protection system 2

3.3. Organic coatings on a zinc metal coating on an aluminium substrate

The corrosion resistance of the corrosion protection systems 3 and 4 (table 3) is
1680 hours of exposure to accelerated aging by the method of cyclic corrosion testing in
a salt fog chamber, climatic chamber, and UV chamber. Adhesion of the corrosion
protection systems 3 and 4 after cyclic corrosion aging determined by the pull-off test
method is excellent. The mean value of the adhesion for corrosion protection system 3 is
17,30 MPa, and for the corrosion protection system 4 is 9,59 MPa. By visual inspection of
the sample surface after the corrosion resistance test, no bubbling, cracking, or peeling of
the coating was found, and no corrosion of the substrate material was observed on both
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corrosion protection systems. The appearance of the samples of corrosion protection
systems 3 and 4 is shown in Figure 5.

Fig. 4: Organic coatings on a zinc flake metal coating on an aluminium substrate after 1680 hours
of cyclic corrosion aging test on corrosion protection system 3 (left picture) and corrosion
protection system 4 (right picture)

3.4. Organic coatings on aluminum substrate

The corrosion resistance of the organic coatings on the aluminum substrate for
samples of corrosion protection systems 5, 6 and 7 (table 4) is 1680 hours of exposure to
accelerated aging by the cyclic corrosion test method in salt fog chamber, climatic
chamber, and UV chamber. Adhesion of the organic coating on the aluminum substrate
after cyclic corrosion aging, determined by the pull-off test method is good. The mean
value of the adhesion for corrosion protection system 5 is 3,59 MPa, for corrosion
protection system 6 is 2,42 MPa and for corrosion protection system 7 is 2,62 MPa.
Adhesion of the organic coating to the aluminum substrate after cyclic corrosion aging
determined by the cross-cut test method is excellent (Grade 0) for all three systems (table
4). By visual inspection of the sample surface afer the corrosion resistance test, no
bubbling, cracking, or peeling of the coating was found, and no corrosion of the substrate
material was observed on corrosion protection systems 5, 6 and 7. The appearance of the
samples of corrosion protection systems 5, 6 and 7 is shown in Figure 5.

.

]

Fig. 5: Organic coatings on aluminium substrate after 1680 hours of cyclic corrosion aging test on
corrosion protection systems 5 (left picture), 6 (middle picture) and 7 (right picture)

3.5. Organic coatings on steel substrate

The corrosion resistance of corrosion protection system 8 (table 5) is 480 hours of
exposure to accelerated aging by the method of cyclic corrosion testing in salt fog
chamber, climatic chamber, and UV chamber. Adhesion of the zinc rich organic coating on
the steel substrate after cyclic corrosion aging determined by the pull-off test method is
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poor with a mean value of adhesion 3,57 MPa. By visual inspection of the sample surface
no bubbling, cracking, or peeling of the coating was found, and no corrosion of the
substrate material was observed. The appearance of the test samples of corrosion
protection system 8 is shown in Figure 6.

Note: * Slight corrosion is present only on edges of test samples and on edges of holes which
are not taken under consideration for visual control of rusting because of sharp edge effect.

Fig. 6: Zinc rich organic coatings on steel substrate after 480 hours of cyclic corrosion aging test on
corrosion protection system 8

The corrosion resistance of the organic coating on the steel substrate for the sample of
corrosion protection system 9 (table 5) is 720 hours of exposure to accelerated aging by
the method of cyclic corrosion testing in salt fog chamber, climatic chamber, and UV
chamber. Adhesion of the corrosion protection system 9 on the steel substrate after cyclic
corrosion aging determined by the pull-off test method is poor with a mean value of
adhesion 3,25 MPa. By visual inspection of the sample surface after the corrosion
resistance test, no bubbling, cracking, or peeling of the coating was found, and no
corrosion of the substrate material was observed. The appearance of the samples of
corrosion protection system 9 is shown in Figure 7.

Note: * Slight corrosion is present only on edges of test samples and on edges of holes which
are not taken under consideration for visual control of rusting because of sharp edge effect.

Fig. 7: Organic coatings (powder coating) on steel substrate after 720 hours of cyclic corrosion
aging test on corrosion protection system 9

The corrosion resistance of the corrosion protection system 10 (table 5) is 1680 hours of
exposure to accelerated aging by the method of cyclic corrosion testing in salt fog
chamber, climatic chamber, and UV chamber. Adhesion of the organic coating on the steel
substrate determined by the pull-off test method is excellent. The mean value of adhesion
is 7,38 MPa. By visual inspection of the sample surface after the corrosion resistance test,
no bubbling, cracking, or peeling of the coating was found, and no corrosion of the

substrate material was observed.
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The appearance of test sample of corrosion protection system 10 is shown in Figure 8.
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Fig. 8: Organic coatings on steel substrate after 1680 hours of cyclic corrosion aging test on
corrosion protection system 10

The corrosion resistance of corrosion protection system 11 (table 5) is 1680 hours of
exposure to accelerated aging by the method of cyclic corrosion testing in salt fog
chamber, climatic chamber, and UV chamber. Adhesion of the organic coating on the steel
substrate determined by the pull-off test method is excellent. The mean value of adhesion
is 15,46 MPa. By visual inspection of the sample surface after the corrosion resistance test,
no bubbling, cracking, or peeling of the coating was found, and no corrosion of the

substrate material was observed. The appearance of test sample of corrosion protection
system 11 is shown in Figure 9.

Fig. 9: Organic coatings on steel substrate after 1680 hours of cyclic corrosion aging test on
corrosion protection system 11

4. CONCLUSIONS

By analyzing the obtained results of corrosion resistance testing on researched solutions
of the corrosion protection systems, the following conclusions were made:
e Corrosion protection system 1 - Metallic zinc coating (hot-dip galvanizing) on a steel

substrate in a thickness of 80 pm can be qualified for use in corrosion protection system
for corrosivity class C4 with a long service life of 15 to 25 years,
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 Corrosion protection system 2 - Organic coating (powder coating) on a metallic zinc
coating (hot-dip galvanizing) on a steel substrate with a total thickness of 240 pum can be
qualified for use in corrosion protection system for corrosivity class C5 with a long service
life of 15 to 25 years,

e Corrosion protection system 3 - Organic coating (Epoxy-primer) on a metallic Zinc flake
coating on an aluminum substrate in a total thickness of 100 pm can be qualified for use
in corrosion protection system for corrosivity class C5 with a long service life of 15 to 25
years,

» Corrosion protection system 4 - Organic coating (Epoxy primer) on a metallic Zinc flake
coating on an aluminum substrate in a total thickness of 60 um can be qualified for use in
corrosion protection system for corrosivity class C5 with a long service life of 15 to 25
years,

e Corrosion protection system 5 - Three-layer organic coating system on an aluminum
substrate in total thicknesses of 90 pm can be qualified for use in corrosion protection
system for corrosivity class C5 with a long service life of 15 to 25 years,

e Corrosion protection system 6 - Three-layer organic coating system on an aluminum
substrate in total thicknesses of 90 pm can be qualified for use in corrosion protection
system for corrosivity class C5 with a long service life of 15 to 25 years,

e Corrosion protection system 7 - Four-layer organic coating system on an aluminum
substrate in total thicknesses of 120 um can be qualified for use in corrosion protection
system for corrosivity class C5 with a long service life of 15 to 25 years,

e Corrosion protection system 8 - Zinc rich organic coating on a steel substrate with a total
thickness of 120 um can be qualified for use in corrosion protection system for corrosivity
class C3 with a long service life of 15 to 25 years,

« Corrosion protection system 9 - Organic coating (powder coating) on a steel substrate
with a total thickness of 160 pm can be qualified for use in corrosion protection system
for corrosivity class C4 with a long service life of 15 to 25 years,

e Corrosion protection system 10 - Organic coating (Epoxy-primer, yellow color) on a
stainless-steel substrate in a thickness of 100 pm can be qualified for use in corrosion
protection system for corrosivity class C5 with a long service life of 15 to 25 years,

e Corrosion protection system 11 - Organic coating (Epoxy primer, gray color) on a steel
substrate with a total thickness of 240 pm can be qualified for use in corrosion protection
system for corrosivity class C5 with a long service life of 15 to 25 years.

Besides choosing an appropriate corrosion protection system, in accordance with the
environmental conditions, and the verification of its class and durability by laboratory
testing, an extremely important factor is the application process. Corrosion initiation
often occurs in areas where the coating was not properly applied or suffered mechanical
damage during transport and installation. Sharp and irregular edges also present
corrosion initiation points. All mentioned factors provide conditions that allow corrosion
initiation earlier than expected and as shown in this work, the use of proper corrosion
protection system and its verification is essential to delay and mitigate corrosion
initiation and to reach the expected service life of industrial products.
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PREGLED POSTUPAKA MODIFICIRANJA I PREVLACENJA METALA

OVERVIEW OF METAL MODIFICATION AND COATING PROCESSES
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Croatia

Sazetak

Primarni cilj inZenjerstva povrsina je poboljsati povrSinska svojstva poput tvrdoce, otpornosti na
troSenje i otpornosti na koroziju. Metode modificiranja i prevlacenja metalnih povrSina
sistematizirane su na temelju fizikalnih i kemijskih principa ovih postupaka. U ovom radu opisane
su temeljne zakonitosti postupaka kojima je u cilju prvenstveno poveéanje otpornosti na trosenje
te trenutno stanje takvih postupaka i njihova primjena. Znanstvena istraZivanja i njihova
prakti¢na primjena izazov su zbog kojeg potice dopunsko obrazovanje u podrucju inZenjerstva
povrsina te usvajanje tehnika modifikacija i prevlacenja povrsina koje znacajno produljuju Zivotni
vijek metalnih komponenti strojeva i alata. Nove vrste postupaka su u stalnom razvoju, ¢ime se
daje znacajan doprinos podizanju kvalitete i funkcionalnosti proizvoda i povecanju ukupne
ucinkovitosti proizvodnje.

Kljuéne rijeci: inZenjerstvo povrsina, otpornost na trosenje, modificiranje, previlacenje.
Abstract

The primary goal of surface engineering is to improve surface properties such as hardness, wear
resistance, and corrosion resistance. Methods of modifying and coating metal surfaces are
systematized based on the physical and chemical principles of these processes. This paper
describes the basic principles of the processes whose goal is primarily to increase wear resistance,
as well as the current state of such processes and their application. Scientific research and its
practical application are a challenge that encourages supplementary education in the field of
surface engineering and the learning of surface modification and coating techniques that
significantly extend the life of metal components of machines and tools. Novel procedures are
continually under development, making a significant contribution to raising the quality and
functionality of products and increasing the overall efficiency of production.

Keywords: Surface Engineering, Wear Resistance, Modification, Coating.
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ISTRAZIVANJE ORGANIZACIJSKE KOMPETENTNOSTI U
LABORATORIJSKOM OKRUZEN]JU: HOLISTICKI PRISTUP

EXPLORING ORGANIZATIONAL COMPETENCE IN LABORATORY
ENVIRONMENT: A HOLISTIC APPROACH

Branimir Buntak, prof. dr.sc. Zeljko Alar
1 SveuciliSte u Zagrebu, Fakultet strojarstva i brodogradnje, 1. Luci¢a 5, Zagreb, Hrvatska

Sazetak

Kompetentnost je temeljna komponenta koja doprinosi odrZivom uspjehu svake organizacije. U
kontekstu laboratorijskih operacija, akreditacija od strane neovisne trece strane Cesto potvrduje
kompetentnost laboratorija za provodenje odredenih ispitivanja i zadataka. Tradicionalno,
norme kao Sto su ISO 17025 i ISO 9000 naglasavaju kompetentnost ljudskog potencijala.
Medutim, u posljednjem desetlje¢u, koncept organizacijske kompetentnosti stekao je na
vaznosti, nude(i integrativni i holisticki okvir za ocjenjivanje i upravljanje kompetentno$éu na
razini cijele organizacije. Ovaj koncept razmatra Ccetiri kljucne domene kompetentnosti:
kompetentnost ljudskog potencijala, tehnicku kompetentnost, tehnoloS8ku kompetentnost i
strukturnu kompetentnost. Ovaj poster ima za cilj predstaviti model organizacijske
kompetentnosti, elaborirati svaku od njegovih komponenti, i istaknuti vaznost holisticke analize
kompetentnosti u laboratorijskom okruZenju u svjetlu relevantnih ISO grupe normi 9000 i
17000. Prikaz ¢e omoguciti bolje razumijevanje kako norme i organizacijska kompetentnost
zajedno doprinose postizanju izvrsnosti u laboratorijskim operacijam.

Kljucne rijeci: organizacijska kompetentnost, kompetentnost laboratorija

Abstract

Competence is a fundamental component contributing to the sustainable success of any
organization. In the context of laboratory operations, accreditation by an independent third party
often validates the competence of laboratories in conducting certain tests and tasks. Traditionally,
standards such as 1SO 17025 and 1SO 9000 emphasize human potential competence. However, over
the past decade, the concept of organizational competence has gained importance, offering an
integrative and holistic framework for evaluating and managing competence at the organizational
level. This concept considers four key domains of competence: human potential competence,
technical competence, technological competence, and structural competence. This poster aims to
present the model of organizational competence, elaborate on each of its components, and
highlight the importance of holistic competence analysis in the laboratory environment in light of
relevant ISO standards groups 9000 and 17000. The display will provide a better understanding of
how standards and organizational competence together contribute to achieving excellence in
laboratory operations..

Keywords: organisational competence, laboratory competence
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