CONFERENCE PROCEEDINGS

ZBORNIK RADOVA

MECHANICAL TECHNOLOGIES AND STRUCTURAL
MATERIALS

STROJARSKE TEHNOLOGIJE I KONSTRUKCIJSKI
MATERIJALI

Split
Croatia / Hrvatska

21. - 22. September / rujan 2017.

ORGANIZED BY / ORGANIZATOR:
CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES, Croatia

HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE, Hrvatska

CO-ORGANIZERS / SURGANIZATORI:
UNIVERSITY OF SPLIT
FACULTY OF ELECTRICAL ENGINEERING, MECHANICAL ENGINEERING
AND NAVAL ARCHITECTURE
CROATIAN SOCIETY FOR MATERIALS AND TRIBOLOGY
DUBLIN INSTITUTE OF TECHNOLOGY

SLOVAK ACADEMY OF SCIENCE INSTITUTE OF MATERIALS AND MACHINE
MECHANICS

ROGANTE ENGINEERING OFFICE

UNIVERSITY OF SPLIT
UNIVERSITY DEPARTMENT OF PROFESSIONAL STUDIES



SPONSORS / SPONZORI:
UNIVERSITY OF SPLIT
SPLIT — DALMATIA COUNTY

MINISTRY OF SCIENCE, EDUCATION AND SPORTS OF THE REPUBLIC
OF CROATIA

EVN CROATIA PLIN d.o.o.

PUBLISHER / IZDAVAC:
CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES, Croatia
HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE, Hrvatska
c/o FESB, Rudera Boskovica 32, 21000 SPLIT
tel.: +385 21 305 910; fax.: +385 21 463 877

e-mail: info@strojarska-tehnologija.hr

http://www.strojarska-tehnologija.hr

EDITORS / UREDNICI:

PhD Sonja Jozi¢, Assistant Professor
PhD Branimir Lela, Associate Professor

ISSN 1847-7917

ISSUE / NAKLADA: 55


mailto:info@strojarska-tehnologija.hr
http://www.strojarska-tehnologija.hr/

ORGANIZING COMMITTEE:
ORGANIZACIJSKI ODBOR

- Sonja JOZIC (Croatia) - Chairman
- Branimir LELA (Croatia) — Vice Chairman

- Ante ALUJEVIC (Croatia)

- Ante BAROVIC (Croatia)

- Niksa CATIPOVIC (Croatia)
- Zvonimir DADIC (Croatia)

- Igor GABRIC (Croatia)

- Nikola GJELDUM (Croatia)

- Dario ILJKIC (Croatia)

- Jure KROLO (Croatia)

- Neven KUZMANIC (Croatia)
- Petar LJUMOVIC (Croatia)

- Zvonimir MRDULJAS (Croatia)
- Ivan PEKO (Croatia)

- Stipe PERISIC (Croatia)

- Slaven SITIC (Croatia)

- Mario VEIC (Croatia)

PROGRAMME AND REVIEW COMMITTEE:
PROGRAMSKI I RECENZIJSKI ODBOR

- Drazen ZIVKQVIC (Croatia) — President
- Drazen BAJIC (Croatia) — Vice President

- Boris ANZULOVIC (Croatia)

- Frane BARBIR (Croatia)

- Franjo CAJNER (Croatia)

- Goran CUKOR (Croatia)

- Vinko IVUSIC (Croatia)

- Zlatko JANKOSKI (Croatia)

- Jaroslav JERZ (Slovakia)

- David KENNEDY (Ireland)

- Zoran PANDILOV (Macedonia)
- Mladen PERINIC (Croatia)

- Massimo ROGANTE (Italy)

- Zdravko SCHAUPERL (Croatia)
- Frantisek SIMANCIK (Bratislava)
- Bozo SMOLJAN (Croatia)

- Goran SIMUNOVIC (Croatia)

- Katica SIMUNOVIC (Croatia)

- Matej VESENJAK (Slovenia)

- Ivica VEZA (Croatia)



CONTENT

. Tomislav BAZINA, Maja MARKOVIC, Dusko PAVLETIC, Zoran JURKOVIC
APPLICATION OF MACHINE VISION FOR INJECTION MOULDING
PRODUCTS DETECTION AND RECOGNITION 1

. Marina CRNJAC, Nikola GJELDUM, BoZenko BILIC, Marko MLADINEO
THE APPLICATION OF TAGUCHI METHOD FOR CHOOSING THE
OPTIMAL TABLE CONSTRUCTION 11

. Nik§a CATIPOVIC, Drazen ZIVKOVIC, Zvonimir DADIC, Marin VICEIC
INFLUENCE OF THE SALT BATH AGITATION AND

AUSTEMPERING TEMPERATURE ON THE

MICROSTRUCTURE OF AUSTEMPERED DUCTILE IRON 17

. Zvonimir DADIC, Draien ZIVKOVIC, Niksa CATIPOVIC,Josip BILIC
HIGH PRESSURE DIE CASTING MOULD REPAIR TECHNOLOGIES 23

. Mario DRAGICEVIC, Sonja JOZIC, Draien BAJIC

FINITE ELEMENT SIMULATION OF STRESSES DISTRIBUTION

AND TOOL DISPLACEMENT IN THE CUTTING TOOL DURING

HARD END-MILLING IN DIFFERENT MACHINING CONDITIONS 29

. Igor GABRIC, Anja MILAVIC, Ivan VRLIICAK

APPLICATION OF CRAFTS - LAMONT DIAGRAMS FOR

ASSESSING THE DISTRIBUTION OF HARDNESS AFTER

TEMPERING EN 42CRMO4 STEEL 37

. Fuad HADZIKADUNIC, Nedeljko VUKOJEVIC, Amra TALIC-CIKMIS
NUMERICAL ANALYSIS OF THE STRESS-DEFORMATION
STATE OF SIGMA PROFILE OF SCRAPER CONVEYOR 43

. Jaroslav JERZ, Frantisek SIMANCIK, Jaroslav KOVACIK, Jin SPANIELKA
ALUMINIUM FOAM FOR THERMO-ACTIVE PITCHED ROOFS
OF NEARLY ZERO-ENERGY BUILDINGS 49

. Mate JURJEVIC, Zarko KOBOEVIC, Niksa KOBOEVIC, Dragan BEBIC
IMPROVEMENTS ON THE DIESEL ENGINE EXHAUST VALVE
TO EXTEND TIME TO MAINTENANCE 59

. Jaroslav KOVACIK, Natilia MINARIKOV A, Peter SUGAR, Jana SUGAROV A,
Martin FRNCIK, Stefan EMMER, José RODRIGUEZ, Inmaculada CANADAS,
Joana KULASA, Szymon MALARA, Marcin LIS
GAS NITRIDING OF TITANIUM IN SOLAR FURNACE 65



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jure KROLO, Branimir LELA, Petar LIUMOVIC
ELECTRICAL CONDUCTIVITY AND MECHANICAL
PROPERTIES OF THE SOLID STATE

RECYCLED EN AW 6082 ALLOY

Marko MLADINEQO, Ivica VEZA, Slavica JURCEVIC, Ivan ZNAOR
PERFORMANCE ANALYSIS OF THE RFID-ENABLED
MANUFACTURING EXECUTION SYSTEM

S'tefan NAGY, Pavol STEFANIK, Ivo VAVRA, Martin NOSKO, Lubomir
OROVCIK, Andrej OPALEK, Karol IZDINSKY, Stanislav KUDELA Jr.,
Frantisek SIMANCIK

METHODICS OF SAMPLE PREPARATION OF MG/CARBON

FIBER COMPOSITE FOR TEM AND CHARACTERIZATION OF THE
INTERFACE

Iva NAKIC, David ISTOKOVIC, Mladen PERINIC, Goran CUKOR
IMPLEMENTATION OF ADDITIVE TECHNOLOGY IN MEDICINE

Lubomir OROVCIK, Martin NOSKO, Alica ROSOVA
EBSD OF ALUMINIUM POWDER COMPACTS - PREPARATION
METHOD FOR OBSERVATION IN DEPENDENCE ON POWDER SIZE

Ivan PEKO, Jure KROLO, Petra BAGAVAC, Stefan DURI C,

Nikola KOSTIC, Andrej BASIC

MODELING AND OPTIMIZATION OF TENSILE STRENGTH

OF ABS PARTS MANUFACTURED BY THE FUSED DEPOSITION
MODELING PROCESS

Massimo ROGANTE, Pavol MIKULA, Pavel STRUNZ,
Anatoliy ZAVDOVEEV

RESIDUAL STRESS DETERMINATION BY NEUTRON
DIFFRACTION IN LOW-CARBON STEEL WIRES WITH
ACCUMULATED SHEAR DEFORMATION

Massimo ROGANTE, Imre KOVACS, Emilio NOTTI, Antonello SALA,
Zoltin SZOKEFALVI-NAGY

FEASIBILITY STUDY FOR PIXE AND NEUTRON BEAM
TECHNIQUES ON FISHING NETS MADE OF

POLYMERIC MATERIALS

Laszlo ROSTA, Massimo ROGANTE
NEUTRONS FOR MATERIALS RESEARCH

Bo¥o SMOLJAN, Dario ILJKIC, Sunéana SMOKVINA HANZA,
Lovro STIC, Andrej BORIC, Bojan SENCIC, Robert VERTNIK
NUMERICAL MODELLING AND SIMULATION OF
CONTROLLED COOLING OF HOT ROLLED STEEL

71

77

83

89

99

103

111

117

123

133



21. Katica SIMUNOVIC, Sara HAVRLISAN, Tomislav SARIC, Ilija SVALINA, Roberto

22,

23.

LUJIC, Goran SIMUNOVIC,

EFFECT OF SAMPLE DIMENSIONS AND FUSING TEMPERATURE
ON COATING/BASE MATERIAL STRUCTURE OBTAINED BY
FLAME SPRAYING

Mario VEIC, Drazen BAJIC, Sonja JOZIC

DEVELOPMENT AND OPTIMIZATION OF SURFACE ROUGHNESS
PREDICTIVE MODELS IN TURNING SUPER DUPLEX STAINLESS
STEEL BY USING ARTIFICIAL INTELLIGENCE METHODS

Ladislav VRSALOVIC, Marko MATULIC, Stjepan KOZUH,
Ivana IVANIC, Mirko GOJIC

EFFECT OF PH ON CORROSION OF CUALMN ALLOY
IN 0.9% NACL SOLUTION

24. Anatoliy ZAVDOVEEYV, Valeriy POZNIAKOV, Massimo ROGANTE,

Sergey JDANOV, Andrey MAKSIMENKO
WELDABILITY OF S460M HIGH STRENGTH LOW-ALLOYED STEEL

141

149

159

163



ORAL CONTRIBUTION

Phase field modeling of the microstructure formation during
additive manufacturing of Ni superalloys

Toni Ivas!

'Empa-Swiss Federal Laboratories for Materials Science and Technologies, Ueberlandstrasse
129, Switzerland

Ni-based superalloys are state-of-art materials used for stationary gas turbine or aero-engine parts.
Additive manufacturing (AM) enables unique freedom in shape design and functionality. However,
the microstructures of AM processed Ni superalloys are very complex. Modeling and simulation of
the microstructure formation may help in optimizing not only the AM process but also the alloy
compositions.

In this work, the thermal history in the AM parts during by selective laser melting of the commercial
Ni-superalloy CM247LC were modeled and simulated using finite element methods. During the
process cooling rates between 10® and 105 K/s. This rapid solidification of the melt pool may lead to
solute trapping and phase transformations far away from equilibrium. The finite interphase
dissipation phase field model developed by Steinbach et al. [1,2] addresses the problem of solute
trapping by introducing additional kinetic equation that describes the redistribution of the species
between the phases. This model has been adapted and phase field simulation results of Ni-Al as a
simplified binary model alloy under AM conditions will be presented. The computational analysis is
then compared to the experimental results obtained by Electron Microscopy and X-ray diffraction
study on additively manufactured CM247LC alloy .

[1] I Steinbach, L. Zhang, M. Plapp, Phase-field model with finite interface dissipation, Acta Mater.
60 (2012) 2689-2701.

[2] L. Zhang, M. Stratmann, Y. Du, B. Sundman, I. Steinbach, Incorporating the CALPHAD
sublattice approach of ordering into the phase-field model with finite interface dissipation, Acta
Mater. 88 (2015) 156—-169.
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1. Uvod (engl. Introduction)

Strucni ¢lanak
Sazetak: Strojni vid je pronasao Siroku primjenu u industriji, posebice u
podru¢ju mjerenja i kontrole kvalitete, te automatskoj manipulaciji
robotom. U radu je dan pregled osnovnih pojmova vezanih za obradu slike,
kao temelj za primjenu strojnog vida. Kroz teorijsku razradu, uz primjere
upotrebe, prikazane su metode analize slike, te metode detektiranja i
prepoznavanja objekata. Prikazano je i programsko rjeSenje, temeljeno na
programskom jeziku Python i raunalnim paketima OpenCV i NumPy,
koristeno kod detektiranja i prepoznavanja proizvoda dobivenih u procesu
ubrizgavanja plastike u kalup. Ucinkovitost programskog rjeSenja pri
prepoznavanju predmeta, te odredivanju njihove konture, pozicije i
orijentacije, testirana je na nizu slika prikupljenih industrijskom kamerom.

Application of Machine Vision for Injection Moulding Products
Detection and Recognition

Professional paper
Abstract: Machine Vision is found useful in industry, especially at
facilities where measuring and quality control are of key importance. Also,
where there is requirement for automatic robot manipulation Machine
Vision is very valuable. This paper presents an overview of fundamental
concepts related to image processing, as a basis for the application of
Machine Vision. Different methods of digital image analysis and detection
or recognition of objects are presented in this work paper together with their
application examples supported by theoretical elaboration. Python
programming language and the OpenCV and NumPy program packages,
were used for development of software solution for detection
and recognition of products manufactured in the plastic injection molding
process. The efficiency of the software solution in object
recognition, contour detection, position and orientation definition is tested
on a series of images obtained with an industrial camera.

upotrijebiti ¢itav niz medusobno komplementarnih

Danasnje industrijske kamere su vrlo pristupacne
cijenom i kao takve mogu imati znafajnu ulogu u
proizvodnoj industriji, a sam strojni vid (MV) se sve
CeS¢e implementira u proizvodne procese. Strojni vid je
skup tehnologija za automatsku analizu baziranu na
obradi slika, te je svoju primjenu pronasao u industriji,
poglavito za automatsko navodenje robota, mjerenje i
kontrolu kvalitete, te kontrolu procesa. Temeljen je na
racunalnom vidu kao racunarskoj znanosti, a sam strojni
vid spada u inZenjerske discipline. Ovaj rad obuhvaca
teorijski dio  popracen konkretnim  primjerom
implementacije strojnog vida u praksi. U prvom dijelu
rada objasnjene su koriStene metode pri analizi slike
prema [1-3]. Detektiranje i prepoznavanje predmeta u
prostoru je jedan od velikih izazova MV-a, a pod tim
pojmovima se podrazumijeva sposobnost programa da
otkrije nalazi li se objekt u zadanom interesnom
podru¢ju, te njegova identifikacija. Za uspjeSno
detektiranje 1 prepoznavanje predmeta nuzno je

tehnika prema [4-17], koje su pojasnjene u drugom dijelu
rada. U svrhu prepoznavanja i detektiranja proizvoda
dobivenih u procesu ubrizgavanja plastike u kalup,
konkretno ¢epa i koljena cijevi, izradeno je programsko
rjeSenje u programskom jeziku Python. Pri izradi rjeSenja
koristeni su programski paketi za racunalni vid OpenCV
[18] i za znanstveno ra¢unalno programiranje NumPy, a
sam algoritam i testiranje programskog rjesenja prikazani
su u treCem dijelu rada.

2. Metode analize slike (engl. Image

analysis methods)

Slika se, u svrhu analize, prikazuje u matricnom zapisu u
blue-green-red formatu. Svaki piksel slike ima
pripadaju¢i intenzitet boje, kojim se odreduje udio svake
od tri navedene boje. Matricni zapis slike se moze
pojednostaviti na nacin da se tri vrijednosti svakog
piksela, koje predstavljaju udjele plave, zelene i crvene
boje, zamijene jednom vrijednosc¢u. Na taj nacin se
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Oznake/Symbols
- povrSina unutar konture .
Ax P Grcka slova/Greek letters
- contour area
b - parametar funkcije odluke - parametar funkcije odluke
- decision function parameter i - decision function parameter
- regulacijski parametar - kut orijentacije objekta, rad
(o o Ok . . .
- regularization parameter - object orientation angle
c. c - koordinate centroida konture - centralni moment slike reda (p+q)
e - contour centroid coordinates Hpa - (p+q)-th central image moment
- funkcija odluke . .
D(X) . .J . Indeksi/Subscripts
- decision function
- funkcija gustoce raspodjele intenziteta - red momenta slike
fx,3) - density distribution function of intensity ~ ™* image moment order
- broj grupa znacajki L. L.
k - Skracenice/Abbreviations
- number of feature clusters
KXX) kernel presjeka histograma BOVW - model zbirki znacajki
X:X) histogram intersection kernel Bag of visual words
; - broj vektora znacajki za ucenje algoritma C.SVC - C-klasifikacija potpornih vektora
- number of training feature vectors ) C-Support Vector Classification
- dimenzija vektora znacajki - Fast Library for Approximate Nearest
m . . FLANN .
- feature vector dimension Neighbors
Iy - moment slike reda (p+q) MV - strojni vid
Pl - (p+q)-th image moment - machine vision
- indeks reda momenta slike - potiskivanje nemaksimalnih vrijednosti
P 9q : . NMS . .
- image moment order subscript - Non-maximum suppression
- koordinate slike - interesno podrucje slike
X,y . . ROI . .
- image coordinates - region of interest
- vektor znacajki za testiranje algoritma
X . ! Jeas SURF - Speeded-Up Robust Features
- testing feature vector
- vektor znacajki za testiranje algoritma - Metoda potpornih vektora
Xi . SVM .
- training feature vector - Support vector machines
- pokazatelj klase
@ - class indicator
dobiva prikaz slike u nijansama sive. U sljede¢ih  bilateralnog zamagljivanja [1]. Za razliku od
nekoliko poglavlja su pojasnjene metode analize slike  tradicionalnog  zamagljivanja, pri  bilateralnom

koje su koriStene u programskom rjeSenju za detektiranje
i prepoznavanje predmeta:

— Bilateralno zamagljivanje,

— Morfoloske transformacije,

— Detektiranje rubova,

— Detektiranje konture.

2.1. Metoda Bilateralnog zamagljivanja (engl.
Bilateral filtering)

Zamagljivanje se koristi za uklanjanje nepozeljnog Suma
sa slike. Posljedica uklanjanja Suma je i zamagljivanje
rubova promatranih predmeta. Pri tradicionalnom
zamagljivanju se za filtriranje pojedinog piksela koriste
samo okolni pikseli, odnosno vrijednost izlaznog piksela
je samo funkcija prostora.

Kako bi se istovremeno rubovi ocuvali ostrima i uklonio
Sum sa slike, u programskom rjeSenju se koristi metoda

zamagljivanju se koristi i slicnost pojedinog piksela sa
okolnim po vrijednosti, odnosno fotometrijska sli¢nost.
Vrijednost izlaznog piksela je funkcija prostora i razlike
u intenzitetu. Pri zamagljivanju se u obzir uzimaju samo
pikseli sli¢nog intenziteta. Kako su na rubovima prisutne
velike razlike u intenzitetu piksela, oni se ne zamagljuju.
Posljedi¢no, zbog potrebe za dodatnim proracunima,
proces bilateralnog zamagljivanja je znatno sporiji od
postupaka tradicionalnog zamagljivanja.

2.2. Metoda morfoloske transformacije (engl.
Morphological transformations)

Morfoloske transformacije su jednostavne operacije, koje

se izvr§avaju na binarnim slikama. Binarne slike su takve

slike, ¢iji pikseli mogu poprimiti samo dvije vrijednosti,

odnosno crnu i bijelu. Za morfolosku transformaciju je,

osim binarne slike, potrebno definirati i veli¢inu i oblik
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okolnog podrucja koje odreduje izlaznu vrijednost
svakog piksela, tj. kernel.

U programskom rjesenju se koristi morfoloska operacija
zatvaranja za kompletiranje konture detektiranog
objekta.  Zatvaranje  je  slozena  morfoloska
transformacija, koja se sastoji od dilatacije, te zatim
erozije, kako prikazuje slika 1.

——

{ Dilatacija/Dilation ]

. 4

[ Erozija/Erosion ]

Zatvaranje/

Closing

—

Slika 1.  Morfoloska transformacija zatvaranja
Figure 1. Morphological transformation closing
Dilatacija  se, kao  jednostavna  morfoloska

transformacija, koristi za spajanje prekinutih dijelova
objekta, odnosno za zatvaranje konture. Posljedica toga
je povecana povrSina objekta, te je zato potrebno
primijeniti morfolosku operaciju erozije. Erozija
smanjuje povrSinu objekta na pocetnu, a rezultat je
cjeloviti predmet.

2.3. Detektiranje rubova (engl. Edge detection)

Detektiranje rubova na slici je jedan od glavnih zadataka

MV-a. Rubovi su definirani kao linije na kojima je

prisutna velika razlika u intenzitetu piksela u odnosu na

okolna podru¢ja. Koriste se pri odredivanju konture

pojedinih predmeta, te detektiranju i opisivanju znacajki

objekata. U praksi postoji nekoliko algoritama za

detektiranje rubova od kojih ¢e u nastavku biti pojasnjen

Canny algoritam.

Canny detektor rubova je primijenjen u programskom

rjeSenju zbog svoje visoke uéinkovitosti. On se sastoji od

pet koraka [2]:

— Gaussovo zamagljivanje slike u svrhu uklanjanja
Suma,

— Odredivanje gradijenta intenziteta slike, te njegovog
smjera,

— Potiskivanje zona u kojima nije maksimum gradijenta
intenziteta,

— Filtriranje jakih i slabih rubova pomocu dvije
grani¢ne vrijednosti,

— Pracenje slabih rubova i njihove povezanosti sa jakim
rubovima pomocu histereze.

Standardna implementacija algoritma je izmijenjena na

na¢in da je u prvom koraku umjesto Gaussovog

zamagljivanja upotrebljeno bilateralno zamagljivanje

radi oCuvanja rubova. Na slici 2 je prikazan primjer

detektiranja rubova cijevnog cepa i cijevnog koljena

Canny algoritmom.

9

Slika 2.  Rubovi ¢epa i koljena cijevi detektirani Canny
algoritmom

Figure 2. Pipe cap and elbow edges detected with Canny
algorithm

2.4. Detektiranje konture (engl. Contour detection)
Konture su kontinuirane linije koje spajaju sve tocke
istog intenziteta boje. Konture se u sklopu MV-a koriste
za odredivanje pozicije objekta, njegove orijentacije,
aproksimacije oblika, odredivanja interesnog podrucja
slike (ROI), te prepoznavanja i pracenja predmeta.

U svrhu odredivanja pozicije, orijentacije i povrSine
objekta omedenog konturom potrebno je odrediti
momente slike. Moment slike je tezinski prosjek
intenziteta piksela slike. Dvodimenzionalni momenti
(p+q)-tog reda slike, ¢ija je funkcija gustoée raspodjele
intenziteta piksela f{x, y), raCunaju se prema izrazu [3]:

M =[]

—o0—00

v? f (o, y Hxdy,

Budu¢i da se momenti racunaju pomocu konture,
potrebno je, pomocéu Greenovog teorema, prevesti plosni
integral iz jednadzbe (1) u krivuljni integral po
zatvorenoj konturi.

Pozicija predmeta se moze odrediti pomocu geometrijske
sredine konture, odnosno centroida, prema [3]:

C — MIO MOI
x MOO

p,q=0L2A . 1)

C, = 2
M, O 2
PovrSina unutar konture, koja sluzi kao kriterij za
odbacivanje netocno detektiranih kontura, odredena je
relacijom [3]:

A =M. 3)

Za odredivanje orijentacije objekta, nuzno je odrediti
centralne momente slike reda (p+¢q) prema jednadzbi [3]:

T T y=C, ) (. ). @)

Jednadzbu (4) je takoder potrebno prevesti u krivuljni
integral po zatvorenoj krivulji pomocu Greenovog
teorema. Kut orijentacije objekta unutar konture racuna
se pomocu izraza [3]:
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Kako bi se tofno odredila pozicija i orijentacija
promatranog objekta, od iznimne je vaznosti to¢no
opisivanje konture oko istog. Slika 3 prikazuje cijevni
¢ep 1 koljeno s odredenom konturom, centroidom i
koordinatnim osima.

Slika 3.  Kontura, centroid i koordinatne osi cijevnog &epa i

koljena
Figure 3. Pipe cap and elbow contour, centroid and axes

3. Metode detektiranja i prepoznavanja
predmeta (engl. Object detection and
recognition methods)

Pod pojmom detektiranje predmeta se podrazumijeva
sposobnost programa da otkrije nalazi li se neki objekt u
odredenom ROI-u, a pod pojmom prepoznavanje
predmeta se podrazumijeva identifikacija pronadenog
objekta. Za uspjesno detektiranje i prepoznavanje
predmeta nuzno je upotrijebiti Citav niz medusobno
komplementarnih tehnika, koje ¢e biti pojasnjene u
nastavku [4]:
— Detektiranje i opisivanje znacajki slike/Image
features detection and description,
— Usporedivanje znacajki slike/Matching image
features,
— Piramida slika/Image pyramid,
— Klizaju¢i prozori/Sliding windows,
—  Non-maximum suppression (NMS),
— Metoda potpornih  vektora/Support
machines (SVM),
— Bag of visual words model (BOVW)),
— Grupiranje k-sredina/k-means clustering.

vector

3.1. Detektiranje i opisivanje znacajki slike (engl.
Image features detection and description)
Znacajke slike su jedinstvena i lako prepoznatljiva
podrucja slike, poput kutova i rubova, koja se znatno
razlikuju od ostatka slike. One imaju kljuénu ulogu u

prepoznavanju i razlikovanju promatranih predmeta. Za
medusobnu usporedbu znacajki, prvo ih je potrebno
detektirati, a zatim i opisati. Znacajke se opisuju na nacin
da se odabere prikladno podruéje na slici, koje okruzuje
detektiranu znacajku, a zatim se to podrucje pronalazi na
drugim slikama.

U programskom rjeSenju je, za pronalazenje i opisivanje
znacajki slike, primijenjen algoritam pod nazivom
Speeded-Up Robust Features (SURF) [5]. SURF
detektor znadajki je baziran na Hesseovoj matrici,
odnosno na matrici koja sadrzi parcijalne derivacije
drugog reda intenziteta piksela slike. Za ubrzano
filtriranje slike potreban je brz izracun sume intenziteta
piksela slike, pri ¢emu je iskoriSten koncept integralne
slike [6]. Znacajke slike se pronalaze na podrucjima
slike, gdje je iznos determinante Hesseove matrice
maksimalan. Objekti koji se medusobno usporeduju su
Cesto u razli¢itim mjerilima, stoga je potrebno i znacajke
slike detektirati u razli¢itim mjerilima. Pritom se koristi
koncept slican metodi piramida slika, odnosno prikazu
slike u vise razli¢itih mjerila, koji je detaljnije pojasnjen
u poglavlju 3.3. Jedina razlika je u tome, $to se umjesto
skaliranja slike mijenja veli¢ina filtera za detektiranje
znacajki. Za zadrzavanje samo najizrazenijih znacajki
primijenjena je NMS metoda prema [7]. Nakon
detektiranja, znacajke se opisuju na nacin da im se prvo
odredi orijentacija, kako bi se iste znacajke mogle
prona¢i pri razli¢itim orijentacijama promatranog
objekta. Orijentacija se odreduje pomocu kruznog
podrucja oko znacajke, ¢ija veli¢ina ovisi o mjerilu pri
kojem je znacajka pronadena. Pronadena i opisana
znacajka se sprema u obliku 64-dimenzionalnog vektora
na nacin da se oko znacajke opiSe orijentirani kvadrat sa
16 potpodrucja. Svako potpodruéje je opisano 4-
dimenzionalnim vektorom koji predstavlja temeljni
intenzitet tog podrucja. Znacajke Cepa i koljena cijevi
detektirane SURF algoritmom, zajedno s njihovom
veli¢inom i orijentacijom, prikazane su plavom bojom na
slici 4.

Slika 4.  SURF znacajke Cepa i koljena cijevi
Figure 4. Pipe cap and elbow SURF features

3.2. Usporedivanje znacajki slike (engl. Matching
image features)

Usporedivanje znacajki je jedna od nuznih metoda za

detektiranje i razlikovanje predmeta. Znacajke opisane

SURF algoritmom su 64-dimenzionalni vektori, stoga

njihovo usporedivanje spada u problem pretrazivanja

visoko-dimenzionalnih prostora. Za pretrazivanje se
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najéesce koriste aproksimativne metode zbog svoje
brzine i zadovoljavajuce tocnosti.

U ovom radu je upotrebljena metoda Fast Library for
Approximate Nearest Neighbors (FLANN) [8]. Ova
metoda je sastavljena od dva algoritma bazirana na k-
dimenzionalnim stablima. k-dimenzionalna stabla su
poseban tip podataka za uredivanje informacija u k-
dimenzionalnom  prostoru, nuzan za efikasno
pretrazivanje znacajki. Pretraziuje se pomocu algoritma
nasumi¢no  generiranih  k-dimenzionalnih  stabala,

uéinkovitim pri nizem broju dimenzija ili algoritma
hijerarhijski strukturiranih stabala k-sredina. Odabir
algoritma ovisi o preciznosti pretrazivanja i tome postoji
li korelacija izmedu detektiranih znacajki.

Slika 5.  Usporedba SURF znacajki ¢epa i koljena cijevi
FLANN metodom
Figure 5. FLANN based matching of pipe cap and elbow

SUREF features

Algoritmi su samooptimirajuéi, kombinacija parametara
koja pruza najbolje rjeSenje se automatski odabire prema
ustroju ulaznih podataka.

Na slici 5 je prikazana usporedba SURF znacajki ¢epa i
koljena cijevi FLANN metodom. Znacajke su pronadene
na dvije slike, onoj izvorne veli¢ine i onoj uvecanoj za
20%. Podudaranje znacajki je prikazano zelenom bojom.

3.3. Piramida slika (engl. Image pyramid)

Piramida slika je prikaz slike u vi$e razli¢itih mjerila [9].
Tehnika je razvijena u sklopu MV-a kako bi se
omogucilo detektiranje predmeta u razlic¢itim mjerilima.
Piramida se konstruira na nacin da se pocetna slika
smanji odredenim proizvoljnim faktorom, te se zamagli
kako bi se ublazili prijelazi.

Postupak se nastavlja sve dok se ne dostigne odredena
minimalna veli¢ina slike, kako je prikazano na slici 6.

U poglavlju 3.6. je objaSnjen postupak ucenja algoritma
za detektiranje i prepoznavanje predmeta pomocu slika.
Koncept piramide slike je nuzan, obzirom da je vrlo malo

vjerojatno pojavljivanje objekata na slici upravo iste
velic¢ine kao i na setu slika za u€enje algoritma.

Originalna slika/Original image

Smanjena slika/Resized image

Zamagljena slika/Blurred image

Slika 6.
Figure 6.

Metoda piramide slike
Image pyramid method

3.4. Klizajudi prozori (engl. Sliding windows)
Primjenom metode klizaju¢ih prozora omogudéuje se
pretrazivanje manjih podrucja slike (ROI). Prozor
odredenih dimenzija se za proizvoljni korak pomice po
slici s lijeva na desno, te po zavrSetku analize reda spusta
za proizvoljni korak prema dolje i nastavlja analizu. U
podrucju slike koje obuhvaca prozor se detektiraju i
usporeduju znacajke, te se na taj nacin moze odrediti gdje
se nalazi trazeni objekt. Kombinacijom metoda piramide
slike i klizaju¢ih prozora se moze to¢no detektirati ROl u
kojem se nalazi predmet, i to u odgovaraju¢em mjerilu.
Problem koji nastaje primjenom metode klizajucih
prozora je preklapanje prozora unutar kojih postoji
odredena vjerojatnost pojave trazenog objekta. Pri
rjeSavanju tog problema pomaze Non-maximum
suppression metoda.

3.5. Potiskivanje nemaksimalnih vrijednosti (engl.
Non-maximum suppression (NMS))
Non-maximum suppression (NMS) metoda se, u sklopu
MV-a, koristi za potiskivanje podrucja slike u kojima su
detektirani predmeti, a preklapaju se u odredenoj mjeri.
Preklapanje ukazuje na to da je isti objekt detektiran vise
puta, pa je potrebno zadrzati samo ono podrucje u kojem
je vjerojatnost pronalaska objekta najvisa. Postoji poveci
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broj NMS metoda, od kojih je u programskom rjesenju

primijenjena vrlo brza verzija prema [10]. Princip metode

je prikazan u sljede¢ih nekoliko koraka:

— Sakupljanje podrucja slike u kojima je objekt
detektiran zajedno s njihovim vjerojatnostima,

— Izracun povrsine svakog podrucja,

— Odabir podrucja s najviSom vjerojatnoscu i izracun
postotnog preklapanja povrSine sa svim ostalim
podrucjima,

— Potiskivanje svih podruéja, ¢&ije je postotno
preklapanje s odabranim podruc¢jem vise od
proizvoljno odredene granice,

— Odabir sljede¢eg podrucja po iznosu vjerojatnosti i
ponavljanje postupka, naravno, bez potisnutih
podrucja.

Rezultat obrade podrucja slike u kojima su detektirani

objekti od interesa NMS metodom je slika na kojoj su

naznatena samo podrucja maksimalne vjerojatnosti
pojave objekta i to bez znatnih preklapanja.

3.6. Metoda potpornih vektora (engl. Support vector
machines (SVM))

Metoda potpornih vektora (SVM) se, kao metoda
strojnog ucenja, koristi za klasifikaciju podataka u
visoko-dimenzionalnom prostoru. Za klasifikaciju je
potreban set podataka za ucenje kako bi se odredili
parametri klasifikacijskog modela. Od niza razli¢itih
SVM modela, u programskom rjeSenju je upotrebljen
model pod nazivom C-klasifikacija potpornih vektora (C-
SVC) [11], [12]. Podaci za ucenje algoritma su 64-
dimenzionalni vektori SURF znacajki X; i pokazatelj
klase z; [11]:

(Xl’zl )9(X2322 )’(szs )sK ,(X,,Z, )> i=LK,l, (6)
gdje / oznafava ukupan broj vektora znacajki, dobivenih
sa slika za ucenje algoritma. Pokazatelj klase z; poprima
vrijednost 1, ako vektor znacajki X; pripada ¢epu, a -1
ako pripada koljenu [11]:

1, ako je X, eklase A - Cep

—1, ako je X, eklase B - koljeno.

O]

z P =
Pomocu vektora znacajki X; i pripadnih pokazatelja klase
z; odreduje se funkcija odluke D(X) tijekom faze uéenja
algoritma [11]:

!
D(X)=Y o, K(X,.X)+b,
i=1

D(X) >0, ako je X eklase A -cep, ®)
D(X)S 0, ako je X eklase B - koljeno,

gdje je X detektirani vektor znaCajki na slikama za
testiranje algoritma, a o; i b parametri funkcije odluke,
koji se odreduju na temelju podataka za ucenje prema
izrazu (6). Funkcija K(Xi, X) oznacava kernel, koji
odreduje na koji nacin ¢e biti razdvojene znacajke
razlicitih klasa. Na temelju strukture ulaznih podataka je
potrebno  odabrati  pravilan oblik kernela. U
programskom rjesenju je koriSten kernel presjeka
histograma oblika [13]:

K(X,.X)= Y min(X,.X, ) ©)

gdje m oznadava dimenziju vektora SURF znacajki X i
X, tj. 64. Kernel presjeka histograma je baziran na
histogramu boje slike, odnosno reprezentaciji slike
pomocu raspodjele boje. Svaki interval histograma sadrzi
broj piksela, ¢iji intenzitet boje se nalazi u zadanom
rasponu. Upravo je taj kernel odabran zbog svoje brzine,
jednostavnosti i visoke stope prepoznavanja predmeta
[13]. Problem odredivanja parametara funkcije odluke o;
i b se svodi na problem optimizacije [12].

Vektore znacajki X; u visoko-dimenzionalnom prostoru
je potrebno odvojiti optimalnim hiper-ravninama,
odnosno potprostornim podruéjima, ¢ija dimenzija je za
jedan niza od prostora u kojem se nalaze. Optimalne
hiper-ravnine se postavljaju tako da je marginalno
podrucje, koje dijeli znacajke razlicitih klasa, Sto vece
[11]. Pri optimizaciji je vazno podesiti vrijednost
regulacijskog parametra C. Pomodu njega se odreduje
ostrina algoritma, odnosno osjetljivost na pojavu greske.
Pri visokim vrijednostima parametra C je vjerojatnost
pogresne klasifikacije predmeta niza, ali je mogud
izostanak detektiranja objekta [4].

Za prihvaéanje, odnosno odbacivanje detektiranih
predmeta je upotrebljenja vrijednost funkcije odluke
D(X) prema izrazu (8). Dobivena vrijednost predstavlja
udaljenost pronadenih znacajki od hiper-ravnine
razgrani¢enja klasa. Sto je ta udaljenost veéa, po
apsolutnoj vrijednosti, to je vjerojatnost pronalaska
objekta u tom podrucju visa [12].

3.7. Model zbirki znacajki (engl. Bag of visual words
(BOVW))

Bag of visual words (BOVW) [14] je metoda
kategorizacije znacajki slike u tzv. rjecnike. Rjecnik je
sacinjen od grupiranih znacéajki sa slika za uc¢enje. Grupe
su oblikovane metodom grupiranja k-sredina/k-means
clustering [15]. To je aproksimativna metoda, kojom se
znacajke grupiraju prema najvi$oj lokalnoj slicnosti.
Postupak zapocinje stvaranjem k grupa i odredivanjem
njihovog srediSta. Svaka znacajka se dodjeljuje grupi,
¢ije srediSte joj je najblize. Nakon toga se ponovno
odreduju sredista grupa. Metoda je iterativna, a postupak
se prekida kad se srediSta prestanu mijenjati.

Nakon grupiranja k-sredina, svaka grupa znacajki je
reprezentirana posebnom vizualnom rije¢i, odnosno
vektorom iste dimenzije kao i znacajke. Velicina BOVW
rjeCnika je jednaka broju grupa znacajki, odnosno broju
vizualnih rije¢i. Grupiranjem sli¢nih znacajki sa slika za
ucenje se znatno smanjuje broj vektora za kasniju
usporedbu, a da se pritom odrzava visok stupanj
reprezentativnosti. Naravno, kako bi se odrzala dovoljna
raznolikost vizualnih rijeci, vazno je odabrati prikladan
broj k grupa. Pri visokom broju k grupa se znatno
usporava proces usporedivanja znacajki, a pri niskom se
smanjuje reprezentativnost.

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE
CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES 6



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

U praksi je odredivanje broja k grupa kompromis izmedu
tocnosti 1 brzine izvodenja, tako da se veli¢ine BOVW
rjecnika mogu kretati od 200 do 320 000 [16]. Postoji
nekoliko pristupa odredivanju broja k grupa, od kojih je,
za procjenu minimuma, koriSten jednostavan prema [17]:

k=~ —, 10
5 (10)

gdje je / ve¢ spomenuti broj znacajki, dobivenih sa slika
za ucenje algoritma.

4. Programsko rjeSenje za detektiranje i
prepoznavanje predmeta (engl. Object

detection and recognition software)

U svrhu prepoznavanja i detektiranja proizvoda dobiveni
ubrizgavanjem u kalup, odnosno cijevnog ¢epa i cijevnog
koljena, izradeno je programsko rjesenje u programskom
jeziku Python. Koristeni su programski paketi za
racunalni vid OpenCV [18] i za znanstveno ra¢unalno
programiranje NumPy, a dijelovi programskog koda su
preuzeti iz [4].

4.1. Algoritam programskog rjeSenja (engl. Software
algorithm)
Postupak  rjeSavanja  problema  detektiranja i
prepoznavanja predmeta je prikazan na slici 7. Algoritam
zapoCinje prikupljanjem slika za ucenje. Slike su
prikupljene pomoc¢u industrijske kamere Basler
acA2500-60uc s pripadaju¢om programskom podr§kom
za upravljanje pod nazivom pylon. Radno okruzenje
prikazano je na slici 8. Pri prikupljanju slika posebna je
paznja dana kontroliranju koli¢ine svjetlosti i nastanka
sjene. Baza slika za uc¢enje algoritma je stvorena pomocu
skripte, koja slike iz kamere smanjuje na 256 x 179
piksela, pobrojava ih i zapisuje u nijansama sive.
Snimljene su 423 slike cijevnog koljena i isti broj slika
cijevnog ¢epa, od kojih je nekoliko prikazano na slikama
2,3,415. Podrucje snimanja kamere je odabrano tako da
obuhvati cijeli objekt, koji je blago rotiran izmedu
uzastopnih slika, kako bi se pokrilo $to vise moguéih

orijentacija. Prikupljene slike su iskoriStene za
detektiranje 1 opisivanje 29357 znaCajki SURF
algoritmom.

Opisane znacajke su grupirane u BOVW rje¢nik sa 2048
grupa. Broj grupa je odreden iz jednadzbe (10), ali je
znatno povecan zbog bolje reprezentativnosti. Nakon
grupiranja slijedi ucenje SVM algoritma. Regulacijski
parametar C je postavljen na vrijednost 28, §to je
odabrano kao najpogodnija vrijednost nakon testiranja
algoritma. Radi kasnije upotrebe, BOVW rjecnik i SVM
algoritam su pohranjeni u XML datoteke.

Pri testiranju programskog rjeSenja, ucitana je slika za
testiranje, veliCina klizajueg prozora je postavljena na
160 x 160 piksela, a korak prozora na 8 piksela. Faktor
skaliranja piramide slike postavljen je na vrijednost 1,1.
U podrucju slike, iznad kojeg se nalazi klizajuéi prozor,
vr$i se detektiranje i opisivanje znacajki, te na temelju

njih detektiranje 1 prepoznavanje predmeta naucenim
SVM algoritmom. Podrudja, ¢ija je vrijednost funkcije
odluke D(X), prema izrazu (8), visa od odredene
vrijednosti se zadrzavaju. Visoka apsolutna vrijednost
funkcije odluke ukazuje na visoku vjerojatnost
pronalaska objekta unutar tog podrucja.

Podrucja, ¢ije se povrSine preklapaju vise od 15%,
potiskuju se NMS metodom i preostaju samo podrucja
maksimalne vjerojatnosti pojave predmeta. Ta podrucja
se prikazuju na slici za testiranje. Nakon toga slijedi
detektiranje rubova predmeta unutar podruéja Canny
algoritmom 1 spajanje prekinutih rubova morfoloskom
transformacijom zatvaranja. Pomocu detektiranih rubova
odredena je kontura prepoznatih predmeta, a preko izraza
(2) i (5) pozicija i orijentacija predmeta, te su oni
prikazani na slici za testiranje.

4.2. Testiranje programskog rjesenja (engl. Software
testing)
Programsko rjesenje je testirano uz pomo¢ 48 slika, na
kojima je mijenjan broj predmeta za detektiranje od
jednog do Cetiri. Ispitana je efikasnost detektiranja i
prepoznavanja pri promjeni pozicije, orijentacije i
raznolikosti detektiranih objekata. Slike za testiranje su
veli¢ine 538 x 660 piksela. Vrijeme izvodenja algoritma
je u prosjeku 1,5 minuta, a znatno ovisi o koraku
klizajuceg prozora, faktoru skaliranja piramide slike,
broju detektiranih znacajki i veli¢ini slike. Rezultati
testiranja programskog rjeSenja pri prepoznavanju
pojedinacnih predmeta prikazani su na slici 9. Podrucja
slike unutar kojih je detektiran cijevni ¢ep su oznacena
narancastom bojom, a podrucja unutar kojih je pronadeno
cijevno koljeno rozom bojom. Konture predmeta su
oznaene istom pripadajuom bojom. Ishodiste
koordinatnog sustava odreduje poziciju, a koordinatne
osi orijentaciju objekta.
Iznad svakog podrucja slike je upisana apsolutna
vrijednost funkcije cilja D(X) kao mjera pouzdanosti
rezultata. Prihvatljive vrijednosti funkcije cilja se
razlikuju od slucaja do slucaja. Iz rezultata detektiranja i
prepoznavanja pojedinacnih proizvoda sa slike 9 se moze
zakljuciti da se cijevni Cepovi pouzdanije raspoznaju.
Podrugje slike bolje opisuje pronadeni cijevni ¢ep, nego
koljeno. Kontura i orijentacija predmeta je to¢no
odredena. Rezultati sa ostalih slika za testiranje
pojedinacnih predmeta ukazuju na sli¢ne pojave.
Na slici 10 su prikazani rezultati pri prepoznavanju
nekoliko cepova, odnosno koljena. Cijevni Cepovi,
zajedno sa svojom konturom, to¢no su detektirani u
velikoj veéini slucajeva, odnosno pri gotovo svim
ispitivanim pozicijama 1 orijentacijama. Prilikom
detekcije koljena, veci broj znacajki je koncentriran na
prosirenom dijelu, stoga se moze dogoditi da koljeno nije
potpuno obuhvaceno detektiranim podrucjem slike. To
uzrokuje i nemogucénost opisivanja konture detektiranog
koljena. Kako bi se povisila toCnost detektiranja i
prepoznavanja, potrebno je povecati bazu slika za ucenje
algoritma.
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Prikupljanje slika Detektiranje i opisivanje SURF Grupiranje znafajki u BOVW rjeénik metodom

za ucenje/Training

znadajki slika/SURF features grupiranja k-sredina/BOVW vocabulary

image acquisition detection and description

construction using A-means clustering

Odredivanje parametara klizajuéih prozora Utitavanje slike za testiranje Udenje SVM algoritma za

i piramida slika/Specifying sliding windows algoritma/Loading Klasifikaciju/Training SVM

and image pyramid parameters algorithm test image classification algorithm

Detektiranje znatajki u interesnom Prepoznavanje predmeta u interesnom podruéju slike pomoéu

podruéju slike/Feature extraction from ROI SVM algoritma/Object recognition using SVM within ROI

Potiskivanje preklapajucih podrucja

Zadrzavanje podruéja slike sa odredenom

slike NMS metodom/Suppressing razinom pouzdanosti/Retaining multiple

overlapping ROIs using NMS method ROIs with certain confidence level

Detektiranje rubova predmeta Spajanje prekinutih rubova predmeta morfoloskom

Canny algoritmom/Detecting object transformacijom zatvaranja/Joining broken object

edges using Canny algorithm edges using morphological transformation elosing

Odredivanje konture, pozicije i orijentacije objekta/

Defining object contour, position and orientation

Slika 7. Algoritam programskog rjeSenja za detektiranje i prepoznavanje predmeta
Figure 7. Object detection and recognition software algorithm

Slika 8.  Radno okruzenje za prikupljanje slika
Figure 8. Working environment for image acquisition
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i
. :

Slika 9. Detektiranje i prepoznavanje pojedinacnih objekata od interesa
Figure 9. Detection and recognition of individual objects of interest

Slika 10. Detektiranje i prepoznavanje nekoliko objekata od interesa
Figure 10. Detection and recognition of several objects of interest

.. . rezultiraju izvodenjem algoritma u trajanju od oko 1,5
5. Zaklju¢ak (engl. Conclusion) minute, $to je previse za analizu u trenutku (engl. real-
Kroz rad su prikazane koristene metode analize slike koje  ime) stoga bi se u daljnjem istrazivanju trebao koristiti
dovode do detektiranja objekata u interesnom podrucju,  noviji i brzi detektor znadajki poput Oriented FAST and
te njegove identifikacije, odredivanja pozicije 1 posated BRIEF (ORB) detektora, koji kombinira tehnike
orijentacije. U tu svrhu koristi se mnogo tehnika koje  ro pures from Accelerated Segment Test (FAST)
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detektora kljucnih tocaka i Binary Robust Independent
Elementary Features (BRIEF) deskriptora. Takoder,
ORB deskriptori bolje opisuju znacajke od SURF
deskriptora [19]. Daljnje povecanje brzine izvodenja
algoritma se moze posti¢i koriStenjem graficke
procesorske jedinice (GPU) za intenzivne izracune. U
prethodnim istrazivanjima se broj znacajki kretao od
100 000 [8], preko 640 000 [14], pa sve do 1 000 000
[16], §to je znatno vise od oko 30 000 znacajki cijevnog
¢epa i koljena sa slika za ucenje koristenih u ovom radu.
Kako bi se izradio reprezentativniji BOVW rjecnik,
potrebno je povecati broj znacajki, tj. prikupiti ve¢i broj
slika za u€enje. Time bi se poboljsalo i samo detektiranje
i prepoznavanje objekata prilikom analize slike. Daljnje
istrazivanje ide u smjeru implementacije programskog
rjeSenja u proizvodni sustav, podrazumijevajuéi pritom i
povezivanje s robotom u svrhu sortiranja i kontrole
kvalitete (odnosno odvajanja defektnih proizvoda,
upozorenja nakon odredenog broja takvih proizvoda i
dr.). Takoder, planirana je i usporedba s postojeéim
komercijalnim rjeSenjima 1 analiza izvedivosti i
isplativosti implementacije.
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1. Introduction

Today every organization tries to find different methods
to increase their productivity, reduce
maximize profits. The project Innovative

losses and

Original scientific paper
Abstract: New trends in the world show that 3D modeling and simulation
of different variants of the product are very often used during the
development phase and design of the product. It is very important to shorten
the time spent on development and construction of product in today’s
market conditions. Modelling and simulation can contribute to this. This
paper shows the application of the Taguchi method in order to model the
table for machining. The table for machining will be used in Lean Learning
Factory at Faculty of electrical engineering, mechanical engineering and
naval architecture (FESB). The Taguchi method is often used to solve
engineer problems, especially in the area of product quality. By using the
Design Expert software, a plan for experiments was made for three different
versions of the table. According to the plan of experiments, different
versions of the table were drawn in the NX Siemens software. The
simulations have been made to determine a displacement of each table
during the action of vertical and horizontal force. The analysis of
displacement and mass was made and the optimal solution was proposed.

Izvorni znanstveni rad
Sazetak: Novi trendovi u svijetu danas pokazuju da se vrlo Cesto prilikom
razvoja i konstruiranja proizvoda koristi 3D modeliranje i simuliranje
razliitih izvedbi proizvoda. S obzirom na vrlo turbulentno trziste, vrlo
vazno je skratiti ciklus proizvodnje. Modeliranje i simulacija mogu u tome
mnogo doprinijeti. U ovom radu je prikazano koristenje Taguchi metode u
modeliranju stola za strojnu obradu. Stol za strojnu obradu ¢e biti koriSten
u Tvornici za u¢enje na Fakultetu elektrotehnike, strojarstva i brodogradnje
(FESB). Metoda je Cesto koriStena za rjeSavanje inZenjerskih problema,
posebno u podrucju kvalitete proizvoda. Primjenom programskog paketa
Design Expert je napravljen plan pokusa za tri razli¢ite izvedbe stola. Prema
planu pokusa, nacrtane su izvedbe stolova u programskom paketu NX
Siemens i napravljene su simulacije kako bi se utvrdio progib pojedine
konstrukcije prilikom djelovanja vertikalne i horizontalne sile. Cilj je bio
pronaci konstrukciju stola koja ima minimalan progib i minimalnu masu.
Provedena je analiza progiba i mase konstrukcije te je predlozeno optimalno
rjesenje.

Factory as part of Lean Learning Factory. The main aim
is to “see” the product before it is produced, or production
system before it is made [2]. There is special equipment
Smart that enables students to learn about real processes

Enterprise (INSENT) was launched to find different ~through simulations. The Taguchi method, 3D modeling,

methods for improvement of the production process and
product development. Since 2009, Lean Learning
Factory has been establishing at Laboratory for Industrial
Engineering at Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture (FESB)
in Split. Lean Learning Factory at FESB is based on a
didactical concept emphasizing experimental and
problem based learning using tools and methods from
Lean management [1]. This concept of Lean Learning
Factory presents a simulation of real factory
environment. It is also important to establish Digital

and simulations are used for learning purposes. Whole
process is used to show students how different methods
and software solutions can help organizations to reduce
the time for development and construction and thereby
choose an optimal variant of the product. Here in this
paper whole process is shown on simple product — table.
With optimal construction, it is possible to avoid an
oversized product that results with inappropriate weight
and higher construction costs. There are three important
design stages in the Taguchi method [3]:
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1. System Design is characterized by definition of the
problem and application of knowledge and achievements
to develop a prototype that represents the initial state of
the product or process features.

2. Parameter design determines the initial states of all
features, which will minimize product or process
variations. The orthogonal field is selected depending on
the number of controlled parameters, the experiments are
performed based on the orthogonal field, the data are
analyzed and the optimal state is identified.

3. Tolerance design determines the tolerances of features,
which will minimize product or process variations.

Part of Taguchi's method, related to parameter design is
a systematic method that applies statistical procedures
and tests for shaping function and optimization of shape.
P-diagram is used as the base model for Taguchi method,
it is shown in figure 1.

control factors

Vo

product or process

Pt

noise factors

signal

factor (M) —response (Y)

—p

Figure 1. P-diagram [1]
Slika 1. P-dijagram [1]

There are several stages in the planning of experiment:

1) Clear definition and formulation of the problem

2) Review and analysis of all available information
about the problem

3) Preparation and selection of the strategy (model use,
factor selection, plan of experiments)

4) Performance of first experiment (test)

5) Corrections

6) Performance of other experiments

7) Evaluation of results and comparison with similar
research

8) Interpretation of results

9) Conclusion

In this paper, Taguchi method is used to find the optimal

construction. The orthogonal arrays are used to organize

collected information about effects of controlled factors

and about effects of uncontrolled factors and their

required levels. With orthogonal arrays and analysis, it is

possible to find optimal construction for the table. The

optimal construction includes the minimal weight of the

table and minimal displacement during the action of

vertical and horizontal force. The oversize of

construction and big displacement present problems so

optimization will be done between three table variants.

The basic procedure of this method is by varying the

levels of controlled factors, observe their impact on a

system response. This approach reduces time and costs

of experimenting. The optimization with Taguchi method

will be realized through several steps:

1) Defining target values for table construction

2) Determination of control factors

3) Selection of appropriate orthogonal arrays for
defined factors that affect table construction
(Selection of orthogonal array depends on a number
of factors and their levels. In this case, the standard
orthogonal array is used but if factors and their levels
are not appropriate for standard array there are rules
for modification of standard arrays.)

4) Performance of experiments according to conditions
in selected orthogonal arrays (Collection of data
about influence of selected factors and their levels on
defined problems)

5) Analysis of data to select optimal solution

The aim is to achieve a minimal total weight of the table

and minimal deflection of the table during the action of

horizontal and vertical force.

2. Definition of factors and creation of plan

for experiments
According to the defined problem (or target values of the
construction), factors of construction are determined.
Factors that have the biggest influence on achieving the
aim are being considered. They are shown in table 1.

Table 1. Factors and each level

Tablica 1. Parametri i svaka razina

factors level 1. | level 2. | level 3.
A — frame dimension 80 100 120
B — leg dimension 40 50 60
C — stiffener dimension 40 50 60

The table material is not taken as a factor because it is
predefined as well as table height. Table material is
constructional steel (St 44-2) and table hight is 900 mm.
There are three factors with three levels so orthogonal
array L9 is selected. It means that is necessary to do 9
experiments. The software package Design Expert was
used for planning experiments and analysis [4]. Three
table variants are taken for analysis, the variants are
shown in figure 2.

e S P

Figure 2. Table variants, experiment 1
Slika 2. Izvedbe stola, pokus broj 1
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Three different table variants have been considered, each
variant has 9 experiments so there will be 27
experiments. The experiment plan for each table variant
is shown in table 2. All data mentioned later in the paper
are data relating to the first table variant because of
clarity. The procedure is equally done for each other
variant in order to find the optimal solution.

Table 2. The plan of experiments
Tablica 2. Plan pokusa

Factor 1 Factor 2 Factor 3
Ach dim frame| B:B: dim.leg |C:C: dim.stiffene
mm mm mm

a0 40 40

20 50 50

80 60 60

100 40 50

100 50 60

100 60 40

120 40 60

120 50 40

120 80 50

Each experiment has three factors: frame dimension, leg
dimension and stiffener dimension. The frame of the
table is made with tubes that have a rectangular cross
section, legs and stiffeners are made with tubes that have
a quadratic cross section, where thickness is pre-defined
and its amount is 2 mm. The table high is defined in
advance and it affects the smaller dimension of
rectangular cross section, which is always equal to 60
mm. For each table variant displacement and mass are
calculated by using the NX Siemens 10.0 software. The
first step is a construction of the 3D model in software
module for modeling and the second step is a simulation
by using the Finite Element Method — FEM. The Finite
Element Method has a wide application in various
engineering tasks [5]. The Finite Element Method divides
the body into the finite number of simple shape elements
that are merged in nodes, figure 3. The displacement in a
node is unknown but it is determined by interpolation [6].

Figure 3. The body of the table divided into the finite
number of simple shape elements

Slika 3.  Tijelo stola podijeljeno na konacne elemente

The forces for the table load are taken as an example, so
vertical force is 1000 N and horizontal force is 300 N.
The fixed constraint is set on the surface of legs that lay
on the floor. The 27 simulations are completed in the
program package NX Siemens 10.0, so the results about
displacement and mass were obtained. The results of
FEM analysis and displacement are shown in Figure 4.

Figure 4. The FEM analysis of different variants, experiment
number 1

Slika 4.  FEM analiza razlicitih izvedbi, pokus broj 1

The results collected from analysis were entered in
program package Design Expert 10.0.3. The program
uses Taguchi method to find the optimal factors and
optimal table variant. The collected data about
displacement and mass, as well as dimension of the
construction profile are shown in Table 3.

Table 3. The data entered in Design Expert 10.0.3. for

second table variant

Tablica 3. Podaci uneseni u Design Expert 10.0.3. za drugu
izvedbu stola

Factor 1 Factor 2 Factor 3 Response 1 | Response 2
|44 dim.framg B:B: dim.leg |C.C: dim.stiff..| R1 dizplace... R2 mazs
mm mm mm mm kg

20 40 40 026 23.48

20 50 50 0157 26.42

80 60 60 0.1075 25.24

100 40 50 0.237 311

100 50 60 0.144 33.82

100 60 40 0.142 30.36

120 40 60 0.214 35.2

120 50 40 0.185 3067

120 60 50 0.131 3297

3. Analysis and results

The results of experiments are analyzed through
determination of the influence of certain factor on a
response, depending on which level factor is observed.
The analysis of variance (ANOVA) verifies the influence
on system response when factors are changing [7]. When
all data are entered, the program shows design summary
of the process. Figure 5. shows the minimum and
maximum level of each factor A, B and C. The "Main
effects" model is selected although the program offers
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more features. The reason for choosing a “Main effects”
model is that the system factors are not interdependent.
The "Main effects" model is selected although the
program offers more features.

The analysis of variance for displacement shows the
probability of 1.21% that value “F” could appear because
of noise, figure 7. The value “F” is 81.89, what implies
that the model is significant. Values of "Prob > F" less
than 0.05 indicate that model terms are significant, so
here are significant terms B and C, while A is not
significant.

Study Type Factorial Subtype Randomized
Design Type Taguchi OA Runs 9
Design ModeMain effects Blocks No Blocks
Center Point [
Factor Name Units Type Subtype Minimum Maximum
A A dim.frame  mm Categoric Nominal 80 120
B: dimleg mm Categoric Nominal 40 80
] C: dim.stiffene mm Categoric Nominal 40 80
Response MName Units Obs Analysis Minimum Maximum
R1 R1 displaceme mm g Factorial 0.1075 026
R2 R2 mass kg 9 Facterial 2349 352

Figure 5. Design summary, for the second table variant
Slika 5.  Sazetak podataka, za drugu izvedbu stola

Analysis of variance table [Classical sum of squares - Type l]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Wodel 0.021 6 3.578E-003 41.89 0.0121
A-A- dirm.fran 9.056E-006 2 4.528E-008 G10 09067
B-B: dim.leg 0.018 2 9.489%E-003 217.40 0.0046
C-C-dim.stifi 2 461E-003 2 1.230E-003 28.16 0.0343
Residual 8 T39E-005 2 4389E-005
Cor Total 0.022 3
Figure 6. Analysis of the variance for displacement, for the
second table variant
Slika 6.  Analiza varijance za progib, za drugu izvedbu stola

Each model has "AdeqPrecision" or "S-N" ratio greater
than 4, what means that each model can be used to
navigate the design space. A main effect plots are shown
graphically in figure 7. for each factor. The first graph in
figure 7. shows that A is not a significant factor.

The analysis of variance for mass shows that factors with

value "Prob > F" less than 0.05 indicate that model terms
are significant, so here are significant terms A and C,
while B is not significant, figure 8. There is
"AdeqPrecision" or "S-N" ratio greater than 4, what
means that signal is adequate, so the model can be used
to navigate the design space. Graphical display of each
factor for response mass, depending on the level, is in
figure 9. It is visible on the second graph, in figure 9., that
factor B is not significant.

4. Optimization between table variants

The main aim of this optimization is to find out how
different combination of factors influences on the
construction of the table, if there are responses mass and
displacement that should be minimum. The used method
does not provide a mathematical function that describes
a problem, it provides an optimal combination according
to a given targets, figure 10. The used method and
mentioned analysis resulted with three table variants that
are optimal, figure 11. For each table variant, nine
experiments were carried out and the best solution was
chosen. The third table variant is chosen for Lean
Learning Factory, that variant has optimal mass with
minimum displacement, figure 12. The table will be
integrated into the assembly line that exists already in
Lean Learning Factory. It is an assembly line for karet.

£oas| 1 t £ pas{?
E E
s E
50z 5 -
2 = L]
- * fr= -
Bnas 2 s
g O = ol +
0.1 | 0.1 q
B0 100 130 40 0 &0
AcA dun frame (o) B:B dim leg {mum}
0
£ a2l ? ;
- -
5 - .
£ )
3
B
£ 5
5 01
0.1
n W0 &0
C:C dim stiffener (mm)

Figure 7. Main effects for response displacement, change of
each factor depending on level

Graficki prikaz promjena pojedinog faktora ovisno
0 razinama, osnovne znacajke za odziv progib

Slika 7.

Analysis of variance table [Classical sum of squares - Type Il]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 106.36 6 17.73 73.20 0.0135
A-A° dim fran 7342 2 3871 151.59 0.0068
B-B: dim.leg 1.30 2 0.65 267 02721
C-C: dim.stif 3164 2 15.82 65.33 0.0151
Residual 048 2 0.24
Cor Total 106.84 8

Figure 8. Analysis of the variance for mass, for the second
table variant

Slika 8.  Analiza varijance za masu, za drugu izvedbu stola
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Figure 9. Main effects for response mass, change of each

Slika 9.

factor depending on level
Graficki prikaz promjena pojedinog faktora ovisno
0 razinama, osnovne znacajke za odziv masa
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Slika 10.

is minimization
Primjer granica za progib i masu, cilj mimimzacija

Number A: dim.frame

B: dim.leg C: dim.stifferR1 displacem

R2 mass Desirability

1 g0 g0 a0 Q147 24684 o887
Constraints
Lower Upper Lower Upper
Hame Goal Limit Limit Weight Weight Importance
Ak dimframe s inrange 80 120 1 1 3
BB dim leg s in range 40 80 1 1 3
C:C: dimstiffer ks in range 40 &0 1 1 3
R1 displaceme  minimize 0.0758 0.155 1 1 3
A2 mass mnimize 2176 2819 1 1 3
Soluti for 27 s of categoric factor levels
Number A: dim.frame B:dim.leg C: dim stifferR1 displacem  R2 mass Desirability

-

=0 0

0.112 ZLIE' 0E92
= =

Figure 11. Solutions for each table variant
Rjesenja za svaku varijantu stola
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Figure 12. Solution for Lean Learning factory
Slika 12.  RjeSenje za Lean Learning factory
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5. Conclusion

The Lean Learning Factory is a simulation of the real
factory environment. This paper presents methods used
for the improvement of equipment in Lean Learning
Factory. Table variant that is chosen will be integrated
into existing karet assembly line.

The first step for the whole process was the definition of
factors. The second step was Taguchi method and design
of experiments, so after that step FEM analysis for each
combination of factors was made according to the plan of
experiments.

The mentioned process resulted with optimal table
variant that will be used in Lean Learning Factory. The
purpose of this paper is to find out best solutions for
improvement of equipment using several methods and
software support.
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Original scientific paper
Abstract: In this paper the influence of austempering temperature and salt
bath agitation on the final microstructure of the ferritic ductile iron has been
studied. 17 samples have been subjected to different process parameters.
Different microstructures have been recorded upon the completion of the
tests. From the obtained micro images, it is obvious that both the
austempering temperature and salt bath agitation affect the final
microstructure of the austempered ductile iron. Lower austempering
temperatures and salt bath agitation produce more ausferrite in the
microstructure hence the harder and tougher phases are present. It is
expected to be confirmed through further research of the mechanical
properties tests of heat-treated samples.

Izvorni znanstveni rad
Sazetak: U ovom radu ispitivan je utjecaj temperature izotermi¢kog
poboljsavanja i mijesanja solne kupke na mikrostrukturu feritnog Zilavog
lijeva. 17 uzoraka je podvrgnuto razli¢itim parametrima obrade. Snimljene
su i razlic¢ite mikrosturkture po zavrSetku ispitivanja. Iz dobivenih snimaka
vidljivo je da i temperatura izotermi¢kog poboljSavanja i mijeSanje kupke
utjecu na kona¢nu mikrosturkturu izotermicki poboljSanog zilavog lijeva.
Nize temperature i mijeSanje kupke daju vise ausferita u mikrosturkturi pa
samim time i tvrde i ¢vrsée faze. Ocekivati da se to potvrdi kroz nastavak
ispitivanja mehanickih svojstava na toplinski obradenim uzorcima.

1. Introduction

Over the last years, the market has been facing huge
demand for tough, durable and economically viable
materials. Ductile cast iron is one such material. When
ductile iron is subjected to the isothermal heat treatment
a completely new material is produced, known as
austempered ductile iron — ADI. ADI has significantly
better mechanical properties than plain ductile iron, [1].
Austempered  ductile iron possesses a unique
microstructure called ausferrite which is a mixture of fine
acicular ferrite and stable, high carbon enriched retained
austenite, [2, 3]. That new microstructure results with
properties that are superior to many iron and aluminium
alloys. Compared with perlitic, ferritic or martensitic
microstructures, ausferrite exhibits twice the strength for
the given ductility level obtained by the conventional
heat treatment, [3]. The mechanical properties of the
austempered ductile iron depend on its ausferritic

microstructure. Austempered matrix provides a better
tensile strength and ductility ration than any other type of
ductile cast iron. Different combinations of mechanical
properties, as a result of ausferritic microstructure of the
austempered ductile iron, can be obtained by
combination of heat treatment parameters and alloying
elements, [4].

Heat treatment of the austempered ductile iron consists
of austenitization of the ductile iron, quenching in the
austempering medium and holding on the austempering
temperature and then cooling to the room temperature,
[5], Fig. 1.

Several authors, [2, 3, 6], have correctly stated that during
the austempering process, ADI undergoes the two stage
transformation process. In the first stage of the
transformation, the austenite (y) decomposes into bainitic
ferrite (o) and carbon enriched retained austenite (yc), so-
called ausferrite. In the second stage of the
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transformation, the carbon enriched retained austenite
(vic) further decomposes on ferrite (@) and carbides. This
decomposition will occur if the ductile iron is held for too
long at the austempering temperature, [2]. The
occurrence of the carbides in the microstructure makes
the material brittle and such reaction should be avoided.
Therefore, the optimal mechanical properties of ADI are
achieved upon the completion of the first stage of the
transformation but before the beginning of the second
stage of the transformation, i.e. within the so-called “time
window”, [7, 8].

Stable austenite

{ Upper critical temperature

Unstable
austenite

1%

Pearlite

Temperature, [°C]

D=

Ausferrite
(a+y) ¥

Time, [h]

Figure 1. Austempering heat treatment of the ductile
iron, [5]

Toplinska obrada izotermi¢kog pobolj$avanja
zilavog lijeva, [5]

Slika 1.

2. Salt bath

The austempering medium most commonly used is salt
bath composed of sodium and potassium nitrate (NaNO3
+ KNO;3) in the 50% : 50% ratio. The operating
temperature range of this salt composition is between
160°C and 550°C, depending on the chemical
composition of the salt. The austempering conversion can
be done in lead bath, but since lead has melting point at
327°C that narrows the temperature range of the heat
treatment process. An oil bath can be exceptionally used,
but with high dose of caution, [9, 10].

Salt baths are most often used for austempering heat
treatment. They are also used for: tempering, annealing,
austenitization, quenching, etc. Chemical composition of
the salt baths plays a key role during the heat treatment.
Molten salts are completely dissolved on cations and
anions, which are thermally very stable. They have low
vapour pressure and excellent thermal and electrical
conductivity. Workpieces deformations are very small, if
they occur at all, because the heat dissipation is very fast
and uniform. Those salts have low viscosity but high

solubility. The ability to dissolve the gases is good and
increases with rising temperatures. Some molten salts can
even dissolve metals, [11].

The salt bath is most commonly used medium for
austempering of ductile iron because, [10, 11]:

e the bath working temperature ranges are from
160°C to 550°C,

e it can be used for quenching processes with
discontinuous change in cooling rate,

e it conducts heat very fast and it is not
flammable,

e it eliminates the problem of the vapour bubble
at the initial cooling stage,

e its viscosity is uniform through a wide range of
temperatures,

e its viscosity is low at austempering
temperatures (almost as the viscosity of water
at room temperature), which reduces losses
during the removal of the workpiece,

e it remains stable at working temperatures and
is completely water-soluble, which eases
subsequent cleaning,

o the salt can easily be extracted from the water
used for cleaning using evaporation methods,

e by changing the working temperature, agitating
and adding water cooling intensity can be
significantly affected. It is common that at a
working temperatures from 160°C to 290°C the
water content is from 0,5% to 2%.

The table 1. shows the compositions and characteristics
of the two variations of the most commonly used salt
baths. A narrow range salt is only used for austempering
heat treatment, while a wide range salt is used for
tempering, martempering and other tempering processes.

Table 1. Compositions and characteristics of austempering
salt baths, [10]
Tablica 1.Sastav i karakteristike soli za izotermicko
poboljsavanje, [10]
Narrow Wide
range range
Sodium nitrate, % 45— 55 0-25
Calcium nitrate, % 45— 55 4555
Sodium nitrite, % L. 25-55
Melting point, T [°C] 220 150 — 165
Working temperature, T [°C] 260 — 595 175 - 540

Salts for salt baths are easily available from specialized
manufacturers who specializes in heat treatment of
metals. One of those manufacturers is ,, Hef Durferrit*
[12], which offers a variety of salts, depending on their
specific application.
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Figure 2.1. Salt AS 140 and salt bath ready for experiments
Slika 2.1. Sol AS 140 i solna kupka soremne za pokuse

3. Experimental work

The task of this paper was to investigate the effect of salt
bath agitation and austempering temperature on the final
microstructure of the ADI. The characteristic
microstructure of ADI is called ausferrite and in previous
section is explained how it is obtained.

Based on previous studies, [13, 14], and available
literature, [15, 16, 17, 18], these heat treatment
parameters have been chosen: austenitization
temperature of 900°C, holding time at austenitization
temperature of 1 h, holding time at the austempering
temperature of 1 h while the austempering temperature
ranged from 230°C to 450°C. Experiment plan has been
developed using “Design Expert” software, which
resulted in 17 experiments.

As a starting material, ductile cast iron has been obtained
from Split Shipyard. The samples chemical composition
is given in Table 2.

Table 2. Chemical composition of the ductile iron
Tablica 2.Kemijski sastav zilavog lijeva

C Si | Mn | P S Cu | Mg
) | o) | B) | B | ) | (%) | (%)

Label

NL40-
KF

3,63 | 2,52 | 0,20 | 0,04 | 0,008 | 0,04 | 0,047

From the starting Y-blocks, Fig. 3.1., Charpy test
samples have been cut out, Fig. 3.2. After microstructural
analysis the hardness and toughness measurement tests
were performed. Samples have been made in accordance
with ISO 148-1 norm.

Figure 3.1. Y-blocks of ductile iron obtained from Split
Shipyard

Slika 3.1. Y-blokovi zilavog lijeva dobiveni iz
Brodogradilista Split

Figure 3.2. Standardized Charpy samples ready for
experiments

Slika 3.2.  Standardizirane Charpy epruvete spremne za
pokuse

Prior to the start of the experimentation, the initial
microstructure of the ductile iron has been taken Fig. 3.3.
The figure shows ferrite ductile iron with very small
amount of perlite in the microstructure.
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Figure 3.3. As cast microstructure, magnification 200x Figure 4.2. Austempered at 307°C with salt bath agitation,
Slika 3.3.  Pocetna mikrostruktura, pove¢anje 200x magnification 200x

Slika 4.2.  Izotermicki poboljSano na 307°C sa mijeSanjem
4. Results solne kupke, poveéanje 200x

After the heat treatment was conducted, all of the samples
were prepared for the microstructural analysis. The
preparation relates to the sample surfaces adaptation for
microstructural analysis after the austempering. Samples
have been ground on the abrasive stripes of different
grain sizes. The roughness of thus prepared surfaces has
been further reduced on the mechanical polishing wheel.
As an abrasive agent on the wheel, emulsion with clay as
a polishing medium has been applied (aluminium oxide
+ water). Final step of the surface preparation consisted
of etching it with nital (mixture of alcohol and 3% nitric
acid). The light microscope is connected to a computer
that projects a microstructure on the computer screen via
the ,,DinoCapture,, program package.

The following figures show different microstructures
obtained with respect to the austempering temperature
and salt bath agitation. Figures 4.1. - 4.4. show
microstructures  after austempering at different
temperatures with salt bath agitation.

Figure 4.3. Austempered at 352°C with salt bath agitation,
magnification 200x
Slika 4.3.  Izotermicki poboljSano na 352°C sa mijeSanjem
solne kupke, povecanje 200x

Figure 4.1. Austempered at 230°C with salt bath agitation, Figure 4.4. Austempered at 423°C with salt bath agitation,
magnification 200x magnification 200x

Slika 4.1.  Izotermicki poboljsano na 230°C sa mijeSanjem Slika 4.4.  Izotermicki poboljSano na 423°C sa mijeSanjem
solne kupke, povecanje 200x solne kupke, povecanje 200x
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Figures 4.5. - 4.8. show microstructures after
austempering at different temperatures without salt bath
agitation.

Figure 4.5. Austempered at 258°C without salt bath
agitation, magnification 200x
Slika 4.5.  Izotermicki poboljsano na 258°C bez mijeSanja

solne kupke, povecanje 200x

Figure 4.7. Austempered at 395°C without salt bath
agitation, magnification 200x
Izotermicki poboljSano na 395°C bez mijeSanja

solne kupke, povecanje 200x

Slika 4.7.

Figure 4.6. Austempered at 368°C without salt bath
agitation, magnification 200x
Slika 4.6.  Izotermicki poboljsano na 368°C bez mijesanja

solne kupke, povecanje 200x

5. Conclusion

From the obtained microstructure images, it is clear that
there has been a significant change in relation to the
initial microstructure before the heat treatment.

It is noticed that at the lower austempering temperatures
the microstructure is finer than at the higher
austempering temperatures, regardless of whether the salt
bath was agitating or not.

Figure 4.8.

Austempered at 450°C without salt bath
agitation, magnification 200x

Izotermicki poboljsano na 450°C bez mijeSanja
solne kupke, povecanje 200x

Slika 4.8.

It is also apparent that there is more ausferrite phase in
the samples that have been quenched in the agitating salt
bath, unlike the samples that have been quenched in calm
salt bath.

However, the fraction of the ausferrite phase in all of the
samples is smaller than expected, which means that
chemical composition of the ductile iron is questionable.
It is possible that carbon content is lower than what is
presented in the chemical composition.
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Also, the holding time at the austempering temperature
should be somewhat greater, up to 2 hours, so that more
ausferrite is produced.
The further tests will be based on the confirmation of
those conclusions through the hardness and toughness
tests for each sample.
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1. Introduction

Most complex and most expensive component of the high
pressure die casting process is the mould. The mould
material must maintain mechanical properties at elevated
temperatures, with great mould closing forces reaching
up to 40 kN [1]. At the same time, the surface of the
mould must resist the erosion by the molten casting alloy
which enters the mould at high pressure. During the
casting process pressure can be increased up to 120 MPa
and the liquid speed can reach 60 m/s [2]. According to
previous research, most significant wear mechanism is
thermal fatigue. During the casting process, due to great
difference in minimum and maximum achieved
temperature of the moulds surface, cracks develop on the
surface [3, 4]. Because of those aggressive conditions,
highly alloyed steel is used as the mould material. Mould
material is quenched and tempered and then usually
nitrated. In some cases, surface coatings are added on the
surface. Those moulds are very expensive, with prices
reaching up to 100 000 € [5]. High price and complexity
justify the research of reparation technologies with the
goal of prolonging the moulds life span.

Review paper
Abstract: This paper presents the most commonly used
technologies for repairing high pressure die cast moulds. This
production technology successfully solves most problems of the
conventional casting technologies like: casting porosity, high
surface roughness, long casting production times, inability to
produce thin cross-sections and low dimensional accuracy.
Material used for the high pressure die casting permanent
mould is a highly alloyed hot work tool steel H13 (ASTM).
During exploitation, the moulds surface is damaged, mostly by
thermal cracking. Mould is repaired to extend its life span and
reduce costs of production.

Pregledni rad
Sazetak: U ovom radu opisane su najéeS¢e KkoriStene
tehnologije popravka kalupa za visokotla¢no lijevanje. Ova
metoda lijevanja uspje$no rjeSava probleme konvencionalnih
postupaka lijevanja kao Sto su: poroznost odljevka, velika
hrapavost povr$ine, mala brzina izrade odljevaka, nemoguénost
izrade tanjih presjeka te dimenzijska to¢nost odljevka. Materijal
koriSten za trajne kalupe za visokotlacno lijevanje je
visokolegirani alatni ¢elik za rad toplom stanju H13 (ASTM).
Tijekom eksploatacije oSteCuje se povrsina kalupa, ponajvise
toplinskim umorom. Kalup se popravlja kako bi mu se produzio
zivotni vijek te smanjili troskovi proizvodnje.

2. Mould material

Mould material has to be capable to withstand great
closing forces while at high temperatures. The mould
surface can reach up to 350 °C [6]. To reduce thermal
shock, mould is preheated from 180 to 350 °C by oil or
water with additives going through the core of the mould
[7]. Changes in dimensions of the mould during heating
and cooling should be minimal. Surface of the mould
must be resistant to wear to achieve dimensional
accuracy and necessary surface roughness. Due to those
demands during pressure die casting of aluminium,
copper and zinc alloys, high-alloyed tool steel is used.
Mostly H10, H11 and H13 (MTSM). Example of this
material is “W300” by Bohler [8]. Chemical composition
of those hot work tool steel (H11) is given in table 1.

Table 1. Chemical composition of “W300” (H11), [8]

Tablica 1. Kemijski sastav “W300” (H11), [8]

C Si Mn Cr Mo A\Y
0,38% | 1,1 % 04% | 5% | 1,3% | 04%

With thicker cross-sections (>10 mm) it is necessary to
use alloyed steel to achieve better depth hardenability.
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Material of the mould is originally sold in soft state. Heat
treatment used to achieve low hardness is “soft
annealing”. The goal of soft annealing is preparing the
material for machining. Usually, heat treatment is done
in furnaces with passive atmosphere to prevent oxidation
on the surface. Cooling is done slowly, usually in turned
off furnace [9]. When treating high-alloyed steel, vacuum
furnaces are most often used. Products treated in vacuum
furnaces don’t require additional treatment. Minimal
maintenance costs and ecological aspects make vacuum
technology more and more represented [10].

To make machining possible, the material used must
have low hardness. Hardness of “Assab 8407 Supreme”
moulds by “Assab” in softened state is 180 HB [11].
Rough machining causes residual strains in the material.
After machining the mould should be tempered. Material
is heated to 550 — 700 °C and kept at that temperature for
2 — 3 h, then slowly cooled, usually in a turned off
furnace. Fine machining of the moulds surface follows
and finally quenching and tempering of the mould [10].
Austenitization temperature depends on the chemical
composition of steel. For steel "Assab 8407 Supreme"
austenitization temperature is between 1020 — 1050 °C.
Usually there are two preheating steps (600 °C and 800
°C) to reduce risk of deformation and cracks caused by
unequal heating. Suggested holding time is 30 min. When
quenching, cooling is stopped at 50 — 70 °C which causes
residual austenite (above My). Residual austenite also
appears due of pressure caused by surrounding
martensite. Residual stress can be reduced by step
quenching [9, 10, 11].

First tempering reduces pressure on residual austenite
and allows it to convert to martensite. Second tempering
is used to release carbon from the new martensite, which
creates new carbides, and gives material higher strength
and hardness. Third tempering is used to release residual
stress and achieve dimensional stability. Material is kept
at tempering temperature for 2 A. Tempering
temperatures are from around 580 °C and 650 °C
depending on the required mechanical properties. If
nitriding is done afterwards, tempering temperatures
must be above nitriding temperature to avoid changes in
microstructure during nitriding [8, 10]. Heat treatment
diagram is shown in Figure 1.

Hardening
8]
o Stress
2 relief
g_ Tempering
£
&
Conling In furnace
Time, h
Figure 1. Heat treatment, [§]
Slika 1.  Toplinska obrada, [8]

This steel (H11) has high toughness (necessary to avoid

crack initiation from thermal fatigue), high strength at

elevated temperatures and great hardenability of the

surface when quenching by air (but can also endure water

quenching) [8]. Special procedures are done to achieve

high surface hardness, like [9]:

- Modification of phases on the surface without
changing chemical composition;

- Modification of phases on the surface with changing
chemical composition;

- Combination of first
cementation);

- Surface coatings (application of another material on
the surface).

After surface treatment, mould is polished. Typical

polishing procedure for this kind of mould would be

rough grinding (180 — 320 wm grain size), fine grinding

with grinding paper (400 — 800 wm), diamond paste

polishing (1 — 15 um) [11, 12].

two procedures (e.g.

3. Wear mechanisms

Thermal fatigue is the most influential wear mechanism
[3, 4]. Mould surface temperature can reach over 320 °C
after filling the mould with liquid alloy. Shortly after
ejecting the cast temperature of the mould surface drops
to 180 °C [6]. High temperature gradient is achieved by
massive volume of the mould material and cooling
channels. After the cast eject, surface of the mould is
sprayed with lubrication media. Lubrication is usually
based on graphite, molybdenum disulfida or hexagonal
boron nitride dispersed in a water solution [13]. Constant
change of temperature causes expansion and contraction
of mould material on the surface (mostly martensite)
which can lead to crack initiation and propagation [14].
At the beginning, there are microcracks which can’t be
easily spotted. Repeating of casting process causes the
crack propagation. When the crack is large enough, it is
filled with molten casting alloy. The cast deflects the
surface irregularities and makes it easier to spot the crack.
When the cast does not achieve requested dimensional
accuracy, the mould must be repaired or replaced to
continue the casting process. The example of surface
damage, caused by thermal fatigue, of H11 steel is shown
in Figure 2.
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Figure 2. Thermal fatigue on the surface of H11 steel, [4]
Slika 2.  Toplinski umor na povrsini ¢elika H11, [4]
Erosion can be initiated when casting alloy enters the
mould cavity at high speed. Speed of the molten casting
alloy can reach up to 60 m/s [14]. Mould erosion can be
enhanced by mechanical impact of hard particles in
molten casting alloy and by cavitation on the mould
surface. Molten aluminium casting alloy often contains
hard particles of silicon, which has a high melting point
(1414°C), and aluminium oxide (Al,O3;, 2072°C).
Previous research has proven that smaller angles of
particle impact have largest effect on erosion wear [15].
Molten aluminium alloy tends to develop intermetallic
compounds with mould material. That causes damage on
the surface of the mould which results in faulty castings.
Lubricant is used to create a physical barrier between
casting alloy and mould. In areas where lubricant is
washed out, there is a higher tendency to develop
intermetallic compounds, especially in slower cooling
areas. Intermetallic compounds can often be found
around the areas where mould has been repaired by
welding. Softened areas in the heat affected zone (HAZ)
are favourable for development of intermetallic
compounds [14].

4. Repair technologies

Life span of mould is correlated with the number of
thermomechanical stress cycles (number of casting
cycles) [3, 4]. As mentioned before, main reasons of
mould wear are thermal fatigue, erosion, adhesion of
aluminum on the mould and tribo-corrosion. The mould
surface wear cannot be observed during casting
operation. Therefore, wear is usually noticed by checking
surface of castings. When there is too much wear, mould
can be replaced or repaired. It is usually economically
feasible to repair the mould, rather than buying a new
one. The repair price is from few percent to 10 % of the
mould initial value [16]. Moulds are usually repaired by
welding. Advantage of mould repair is quick production
resumption. Average mould price is lowered by
prolonging its life span. Mould can be repaired by
welding more than once [16, 17].

Mould needs to be repaired or replaced when castings do
not achieve dimensional accuracy. The castings surfaces
need to be monitored continuously so mould can be
repaired before it produces low quality castings. On that
way number of rejects is minimal and costs of production
are lower. Although the weldability of this type of mould
steel is complex and difficult, with the right procedure
and an experienced welder it is possible to achieve very
good results.

Manual metal arc welding is used when it is necessary to
deposit large amounts of material [18]. Tungsten inert
gas welding (TIG) is mostly used repairing method. The
reason is optimal control of the operator over the welding
process. Other methods that are used for mould repair are

laser welding, electro-spark deposition (ESD) and
metallization.

Mould steel has between 0,3-0,5% (by mass) of carbon
content and other alloying elements like: manganese,
molybdenum, vanadium, chromium, tungsten and nickel.
During welding process preheating has to be done to
avoid hardened and brittle areas in the HAZ. Cracks that
could initiate in the weld may spread through the rest of
the mould [19]. Moulds are usually preheated by
furnaces. Flame heating is not recommended as it is not
precise and can lead to importation of hydrogen.
Hydrogen contamination causes porosity into the mould
material [19, 20].

Preparation of the welding groove greatly effects the
weld quality. Before removing material, it is necessary to
drill holes at end of cracks to eliminate crack propagation
[21]. Areas with cracks or other faults are prepared for
the welding process removing the material with the
minimal angle of 30°. Width in the bottom of the groove
should be greater than the welding electrode diameter.
Considering this, the groove is made with minimal
dimensions to reduce costs and welding time. Grooves
are prepared by: manual grinders, electrical discharge
machining (EDM) or by laser [19, 20, 22].

Before welding, it is necessary to inspect the prepared
grooves with liquid penetrants, to be sure all the cracks
have been removed. Welding can begin when the groove
and the surrounding surface are cleaned from particles
that can cause hydrogen contamination of the weld.
Groove is oval shaped with groove radius of 4-6 mm [19].
Welding filler rods are usually recommended by the
manufacturer of the mould. They consist of a chemical
composition like base material but with larger addition of
alloying elements (possible combustion of some
elements as: Ti, Cr, Al, Zr) [16]. Rods with high tungsten
content have been researched for that purpose. High
content of tungsten grains distributed in the nickel—iron
weld matrix resulted in low impact toughness of 5.1 J.
[23].

Welding starts with covering the entire groove with weld
material. Weld should spread about 0,3 mm on the base
material [19, 22]. Welding is done in several layers to
minimize heat input and temper the previous layer. Weld
should be cleaned with a steel brush and inspected after
applying next layer. Groove is filled with the weld above
the surface of the base material. Excess of weld is grinded
and brought to plane with the base material. If the groove
is relatively large, it can be filled by welding rods of
higher diameter, but the last layer should be applied with
thinner rods and lower current. Example of mould repair
by TIG welding is show in Figure 3.
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Figure 3. Mould surface repaired by TIG welding
Slika 3.  Povrsina kalupa popravljena TIG zavarivanjem

Immediately after welding, all possible irregularities
need to be eliminated and weld face has to be grinded to
the plane of base material [19, 22]. During welding,
several irregularities can develop, like: distortion of thin
parts, welding undercuts, weld oxidation, porosity,
cracks etc. Research has proven that laser welding deliver
best results when repairing weld undercuts [24]. Weld
should be protected from oxidation by gas flow of 8-10
I/min [22]. During welding the sensitive areas can be
protected with copper plates (2-3 mm) [20]. Repair of
welding undercuts can be seen in Figure 4.

TIG produced
welding undercuts

LBW was used to
eliminate undercuts

Figure 4. Repair of undercuts, [24]
Slika 4.  Popravak zajeda, [24]

Cooling must be done slowly, by still air. In some cases,
it is even slower (30-50°C), depending on the chemical
composition of mould material. The weld is fine grinded.
It is polished after the heat treatment [20, 22]. Tempering
temperature is set so that base material and weld have
similar hardness. Maximum tempering temperature is
20°C less then temperature of previous tempering.
Recently, there are more and more cases of mould
reparation by laser beam welding (LBW). Advantages
to TIG welding are: higher energy density (103 times
larger), very narrow HAZ, and minimal subsequent
machining. Disadvantages are: low productivity,
expensive equipment and materials and necessary trained
welder [24].

Previous research has indicated that laser welding is very
effective when doing mould repair. Cracks were
measured on castings every 1000 cycles with the total of
40000 cycles. It was shown that intensity of crack

propagation for repaired moulds was the same as for a
new mould. Welded cracks did not spread but new cracks
appeared. It was shown that, in the case of proper welding
equipment and an experienced welder, the life span of
mould can be doubled. Most influential factor on the
weld quality is the weld groove preparation [19].
Another research on laser welding was done by the
"DIEVAR” mould steel from “Uddeholm”. Some
samples were nitrated and others coated with: CrN,
TiAIN and TiN coatings (PVD). The weld control has
shown a high amount of porosity developed by inclusion
of nitrogen from the nitrated layer into the weld. High
carbon and chromium content of the welding rod causes
cracks in the weld. Laser welding uses a concentrated
heat input. The weld quickly cools down and the gas
cannot exit the weld. This can be avoided by using the
right welding parameters (e.g. choosing most adequate
impulse shape). Dropping impulse shape is better for this
purpose than constant or rising impulse. Higher impulse
power leads to lower porosity, but increases cracking on
the surface. Before welding, several experiments are
needed to determine the optimal parameters [12].
Usually, a polished surface or a low surface roughness of
the mould is required. After welding, differences in
hardness of HAZ result with the emergence of surface
waviness. Research that a Nd:YAG laser was used for
welding process on H13 steel showed a strong connection
between hardness and surface roughness in HAZ [25].
Suitable focus for the laser beam is 1,2 times larger than
the thickness of the welding rod. That time there is
melting of the base and filler material [25].
Metallization can also be used to repair the surface of
moulds. Spray coating can be used to apply various
metals, oxide layers or ceramics. Plasma spraying
method is usually used for mould repair. Base material is
not melted and the connection is achieved mostly by
mechanical anchoring. That implies lower mechanical
properties than achieved by welding. That kind of coating
usually does not last long and starts to separate from the
base material after a relatively small number of castings.
The electro-spark deposition (ESD) is a process for
surfacing of hard metal alloys, e.g. carbides and steallites,
on the surfaces of new or old machine elements [26].
ESD process is essentially a pulsed-arc microwelding
process that uses: short-duration, high-current electrical
pulses to weld an electrode material to a metallic
substrate. A principal advantage of the ESD process is
that the coatings are fused to a metal surface with such a
low total heat input that the base material remains at or
near ambient temperature. That eliminates thermal
distortions or changes in material metallurgical structure.
Since the coating is alloyed with the surface, or
metallurgically bonded, it is inherently more resistant to
damage and spalling than the mechanically bonded
coatings produced by most other low-heat-input
processes, such as: detonation gun, plasma-spray,
electrochemical plating, etc. Unlike arc welding, during
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ESD, the electrode contacts the substrate surface with a
light pressure. It is, therefore, necessary to maintain a
continual electrode motion with respect to the substrate
material to prevent welding of two surfaces together [27].
During coating process electrical pulses pass through the
contacting surface asperities and move across the very
short ionized column of gas. The electrical current pulse
may be as high as 2000 A4 and thus provides an intense
heat source sufficient to melt and partially vaporize a
portion of the contacting electrode asperities and
substrate in a very short time. The spark duration, though
intense, is only a few microseconds. The resulting
material transfer is equally rapid and self-quenching is
extremely quick. Total heat input to the substrate is very
small, and distortion effects or changes in metallurgical
structure of the substrate are typically negligible. On the
macro level, the temperature of workpiece surface ranges
below 100 °C [27].

Research on mould (H13) repair with ESD showed
excellent results. Layer added by that technology has
proven to be very resistant to tribological wear
mechanisms [25, 28]. In electro-spark deposition, the use
of inert shielding gases has to be used. The inert shielding
gas will protect the electrode tip and the molten surface
on the workpiece. On the average, around 100 droplets
per second are transferred from the electrode to the
workpiece. Surface roughness of the deposit ranges
between 0,8 and 5,5 um. The thickness of deposits ranges
up to 50 um and is strongly dependent on the welding
current. The dilution zone width of the deposit with the
base material is around 4 um. Schematic of ESD process
and equipment is shown in Figure 5.

Plasma arc

Shield gas
Coating

Substrate (-}

Figure 5. Electro-spark deposition (ESD), [29]

Slika 5.  Electro-spark deposition (ESD), [29]

5. Conclusion
Mould material must maintain necessary mechanical
properties at high temperatures and great closing forces

during the casting process. Complex manufacturing
procedure and expensive material result in a very high
price of die casting mould. During mould exploitation
wear develops on the surface, mostly because of thermal
fatigue due to periodic changes in temperature. That
causes cracks on the surface [4]. When the dimension of
cracks exceeds the allowed value, mould has to be
repaired or replaced. The mould repair is usually more
cost effective than buying a new mould. Repair costs can
reach up to 10% price of a new mould [16]. Repair is
usually done by welding. Laser welding was proven to
achieve high quality results, where life span of the mould
could be doubled. High equipment price and required
additional training of the welder is the reason that method
is not widely used. TIG welding is dominant technology
of mould repair due to its availability and relative easy
handling.

For a successful welding repair, it is imperative to
correctly prepare the moulds surface. Cracks should be
thoroughly removed from the nonaffected part of the
material and surface has to be cleaned from all impurities
and grease. If using welding, parameters of welding
should be carefully selected and previously tested.
Preheating temperature should be precisely controlled
and maintained. Most adequate filler material, preheating
temperature and heat treatment parameters are usually
provided by the mould manufacturer.

After welding repair, the mould it is heat treated.
Intensity of heating and cooling must be strictly
controlled. Best way for heat treating is in a vacuum
furnace for easy supervision and protection of the moulds
surface.

Other methods, like ESD, should be taken in
consideration. Some of the benefits for ESD are a very
narrow HAZ, good wear resistance and availability of
ESD machines dedicated to mould repair.
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1. Introduction

Original scientific article
Abstract: This paper presents an analysis of stresses value and tool
displacement in the cutting tool during hard end-milling of 42CrMo4 steel.
During machining cutting parameters: cutting speed (vc), depth of cut (ae),
feed per tooth (f}) as well as different machining conditions like dry
machining, conventional emulsion cooling and cooling by cold compressed
air were varied. Numerical simulations by the Ansys Workbench 17.1
software were used to study the influence of machining parameters in
different machining conditions on stresses distribution and tool
displacement. Analysis was based on finite element method (FEM) and all
procedure is demonstrated by using experimental observations of cutting
forces Fy, Fy and F.. The results of this study indicated that machining
conditions have a significant impact to the cutting forces. The cutting force
results are great indicators of stress value and tool displacement where
through the finite element analysis (FEA) can to observe their impact on
critical areas in the cutting tool. Having knowledge of FEA results is of
great importance for selection of optimal cutting parameters and for define
optimal conditions during machining. It is concluded that FEA results in the
zone of total tool displacement and maximal stress value is relatively
matched with the zone of tool wear observed by experimentally.

Izvorni znanstveni rad
Sazetak: Ovaj rad predstavlja analizu naprezanja i pomaka alata tijekom
tvrdog obodnog glodanja celika 42CrMo4. Tijekom obrade promjenjivi
parametri obrade bili su brzina rezanja (v¢), radijalna dubina rezanja (ac),
posmak po zubu (f2) te razliiti uvjeti obrade poput suhe obrade,
konvencionalnog hladenja emulzijom i hladenja hladnim komprimiranim
zrakom. Za analizu utjecaja parametara i uvjeta obrade na raspodjelu
naprezanja i pomaka alata primjenjivane su numericke simulacije pomocu
Ansys Workbench 17.1. softvera. Analiza je temeljena na metodi kona¢nih
elemenata (MKE) te su iste temeljene na eksperimentalnim vrijednostima
sila rezanja Fy, F)y i F.. Rezultati istrazivanja ukazuju da uvjeti obrade imaju
znacajan utjecaj na sile rezanja. Sile rezanja su veliki pokazatelji vrijednosti
naprezanja i pomaka alata gdje se kroz MKE analizu moZze zapaziti njihov
utjecaj na kriti¢na podrucja na reznom alatu. Imajuéi saznanja o rezultatima
analize MKE od velikog je znacaja za izbor optimalnih parametara i uvjeta
obrade. Moze se zakljuciti da se rezultati MKE u zoni ukupnog pomaka
alata relativno poklapaju sa zonom troSenja alata koja je zabiljezena
eksperimentalno.

prediction of cutting temperatures, cutting forces, shapes
and thickness of separated chips and tool wear during

Everyday development of computer capabilities and
different software solutions enable numerical modeling
and simulation of machining processes. Finite element
method (FEM) is becoming an indispensable tool for
numerical prediction of output values of machining
process. In that view, scientists are made the space for
improving machining processes and reducing total
production costs associated with long and expensive
experimental tests. In recent years more attention has
been devoted in respect to FEM capabilities of numerical

machining [1], [2], [3], [4].

Many researchers have used different FEM software
packages to simulate machining processes such as:
Abaqus/Explicit [5], Ansys/Explicit [6], Deform 2D/3D
[7], AdvantEdge [8], Ls Dyna [9] and others. Arrazola et
al. presented the-state-of-the art in 3-D FEM modeling
and simulations of machining processes [10]. Constantin
et al. [11] in their study presented FEM modelling and
simulation through steps: pre-processing, simulating and
postprocessing of data for the established machining
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process and experiments during milling process.
Tamizharasan and Kumar [12] have investigated the
influence of tool geometry on tool wear during turning of
AISI 1045 steel. The optimal tool geometry were
successfully confirmed by FEM model using Deform 3D
software. Thakare and Nordgren [13] have predicted
temperature distribution in coated cemented carbide
cutting tools during turning of AISI 4340 steel. Authors
used an AdvantEdge 2D software package. Kurt and
Seher [14] have investigated the effects of the cutting
forces on the cutting tool stresses during machining of
Inconel 718 alloy. The stress distributions on the cutting
tool were successfully confirmed by FEM model using
Ansys software. Pu et al. [15] confirmed that residual
stresses simulated by DEFORM 2D software were
consistent with experiments data. Experiments were
carried out during turning of AZ31B Mg alloy with
different edge radius and machining conditions. Caruso
et al. [16] implemented FEM model with the aim to
predict  microstructural changes and dynamic
recrystallization during dry turning of Waspaloy (397 +
10 HVO0.05). The results have shown very good
agreement between experimental and simulated results of
grain size, micro hardness, depth of the affected layer,
cutting forces, temperature, and chip morphology. Ucun
et al. [17] predicted the forces, temperatures and
thickness of the separated chips during micro-milling of
Inconel 718 alloys using Deform 2D software. The
results have shown that the greatest difference between
numerical and experimental results are occurred when
predicting the thickness of separated chips at higher feed
rates. It has been confirmed that predictions of
temperatures are accurate in the range from 92 % to 95
%, and the cutting force between 77 % and 94 %
compared to the experimental results. Zebala and Stodki
[18] predicted the stress and temperatures during
machining of the Inconel 718 alloy during turning
processes. The results of the simulation in AdvantEdge
have shown that the impact of the cutting edge radius
significantly influences on stress distribution and
temperature in the cutting tool. Also, authors stated that
the difference between the simulated and measured
values of cutting forces was below 21%. Malikzada et al.
[19] have developed numerical model for predicting of
tool wear during turning of hardened 20MnCr5 steel with
uncoated cutting tool. Mamedov and Lazoglu [20]
successfully applied a 3D numerical model for predicting
the temperature during micro-milling of Ti-6Al-4V
alloys. Based on the results of the simulation, the authors
concluded that besides the temperature in the cutting
zone, on the tool wear significantly impact have the
stresses and dimensional accuracy of the cutting tool and
workpiece. The results have shown that the predicted
temperature in the cutting zone is only 12 % different
with the temperature obtained experimentally. Parid and
Maity [21] varied the three different cutting tool edge: 0.4

mm, 0.8 mm and 1.2 mm and analyse their influence on
the forces, stresses, temperature, shape and thickness of
the separate chips during turning of Inconel 718 alloys.
The simulation results in Deform 2D software shown
good correlation with the experimental data. The authors
argue that finite element analysis is the best tool for
prediction stress and temperatures in machining process.
Having knowledge of cutting forces which affect on the
cutting tool during machining can be one of essential
indicators for selecting the optimal machining parameters
and conditions. The influence of different machining
conditions on stress value and tool displacement has not
sufficiently been simulated by researchers. The main aim
of this paper is to analyse different cutting parameters and
machining conditions on the cutting tool stress value and
tool displacement during hard end milling of 42CrMo4
steel. The cutting forces were measured experimentally
and stress value and tool displacement on the cutting tool
were analysed by FEM using Ansys Workbench 17.1
software.

2. Experimental Research

2.1. Materials and methods

During machining 30 cutting experiments were carried
out in three different machining conditions. The cutting
conditions are characterized by dry machining,
conventional emulsion cooling and cooling by cold
compressed air. Cooling process with the use of cold
compressed air is enabled from the compressed air
network with the device Cold Air Gun of the
manufacturer Vortec. Dry machining conditions imply
the absence of any medium for cooling, flushing and
lubrication. The application of wet emulsion in hard
milling is enabled with chemical emulsion TU 30 T
through 4 nozzles with a flow rate of 36 L/min. The
experiments are performed on the vertical machining
centre CNC SPINNER VC560. The input cutting
parameters and machining conditions wused in
experiments are presented in Table 1.

Table 1.  Input values with associated levels
Tablica 1. Ulazne veliCine s pripadaju¢im razinama
Cutting | Depth | Feed rate Machlmng
Levels conditions
speed of cut | pertooth
of 5 Mc
factors Ve de !
[m/min] | [mm] | [mm/tooth] D
A B C
1. 100 I 0.05 Dry
machining
Cutting
2. 125 1.5 0.08 fuids
Cold
3. 150 2 0.11 compressed
air
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The workpiece used in hard milling is heat-treated low
alloy steel 42CrMo4. Measurement results confirmed

Table 2. Chemical Composition of the workpiece
Tablica 2. Kemijski sastav obratka

workpiece hardness of 47 HRC. Chemical composition
of workpiece is presented in Table 2.

CHEMICAL COMPOSITION %

C Si Mn P

Cr Ni Mo Cu

0.430 0.278 0.77 0.018

0.028

1.09 0.08 0.185 0.08

Thermal improvement was carried out in order to obtain
increased  hardness of workpiece. Face and
circumferential cutter COROMILL 390 cutting diameter
20 mm, product code R390-020A20-11M with three
cutting inserts code R390-11 T3 08M-PM were used
during machining. The substrate of cutting inserts is a
hard metal chemical composition: WC 80%, TiC 8%,
TaC 5%, and Co 7%. The cutting inserts were coated with
a PVD high-strength TiAIN coating. The quality label of
inserts is GC 1030. The cutting inserts are intended for
machining of hard materials with a hardness more than
36 HRC. The recommended values of the machining
parameters for these cutting inserts in the milling process
are: vo = 260 m/min to 275 m/min, ft = 0.08 mm/t to 0.12
mm/t. The cutting forces are measured by Kistler
piezoelectric dynamometer type 9257A with Multi-
channel charge amplifier type 5070 A with three-
component force sensor.

3. Finite Element Method Analysis

The cutting forces measured during end-milling were
used to analyze the stresses value and tool displacement
in ANSYS software based on the FEM. The cutting tool
insert was modelled in Solidworks software and then sent
to ANSYS in .step format, Figure 1.

Figure 1.
Slika 1.

CAD model of cutting insert
CAD model rezne plocice

The material properties are modulus of elasticity E=600
GPa, Poisson’s ratio v=0.25 and density p=5220 kg/cm?’.
Determination of cutting tool properties, define type and
sizes of finite elements, the meshing of the cutting tool
model, determination of boundary conditions and
external loads are necessary steps before FEM analysis.
Meshing of the tool insert was carried out with Solid 185
element type. The mesh density was selected 0.05 mm in
the chip—tool contact zone and 0.5 mm in the other parts
of the tool insert, Figure 2.

Figure 2. Meshing of the cutting insert and tool-chip zone
Slika 2. Mreza konaénih elemenata na reznoj plocici

The total 9 669 nodes and 5 277 elements for the cutting
insert were used in the numerical analysis. The
interaction between the cutting insert and the tool holder
is defined as fixtures zone. Defined fixed support
simulates a strong connection between the cutting inserts
and the tool holder, Figure 3.

During analysis the static analysis solution method was
used. External loads in terms of cutting forces F\, F), F:
are applied on the cutting tool. The action of the cutting
blade on the workpiece and impact of stress in the
Cartesian coordinate system is shown in the Figure 4.
External loads are defined along the chip—tool contact
length and the depth of cuts. In the section 4 is detailed
described the influence of external loads on stress value
and tool displacement for defined machining parameters
and conditions.
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Figure 3. Fixtures between the cutting insert and the tool holder
Slika 3. Cvrsta veza izmedu rezne plocice i drzaca alata

Figure 4. Stress distribution along the cutting blade
Slika 4. Raspodjela naprezanja duz rezne oStrice

4. Results and discussions

Analyses were carried out for all 30 cutting experiments.
The cutting forces measured by the cutting experiments
during different machining conditions are shown in
Figures 5, 6, 7. Diagrams are shown that by increasing in
cutting speed, the value of Fy and Fy components of the
milling forces decreases. Due to accelerated tool wear
during hard end-milling with emulsion cooling, higher
values of Fx and F, forces are visible. In the same
conditions at higher cutting speed with constant feed rate
the lower value of F, and Fy are achieved. Increasing of
Fx and Fy despite the increase in cutting speed occurs
after a certain time of machining as a result of tool wear.
Increasing feed rates directly affects to increase of Fx and
Fy forces. The reason of that is increase in cross-section
of the separated layer of material as form of separated

chips. It is evident that measured cutting force values for
the depth of cut 2 mm are higher than in the lower values
of depth of cut. Due to the continuous tool wear with
increase of the machining time components of cutting
forces during hard milling are increased. Lower values
and slower growth of the cutting force components when
the machining time is increased in dry machining and
cold compressed air machining can be explained by the
stabilization of multilayer TiAIN coatings.

In all of the cutting experiments, the Fy cutting force is
measured too higher than other cutting forces. Mostly
lower values of Fx and Fy forces at higher machining time
under cold compressed air machining are due to less tool
wear compared to dry and wet emulsion machining. By
observing results for hard milling under cold compressed
air, the average increase in tool life is 26 % compared to
dry machining and 198 % compared to conventional wet
machining.

From the analysis of stress value and total deformation of
cutting tool inserts it is evident that the highest stresses
and deformation are obtained with the lowest depth of
cut, Figure 8 and Figure 9.

The cutting stresses distribution increase with decreasing
the depth of cut because the contact zone between tool-
chip decreasing. Besides, the tool-chip contact zone with
an increase in depth of cut increase. When increasing the
cutting speed and the depth of cut, the cutting forces and
cutting stresses decrease.

The cutting stresses and tool displacement in this study
slightly increase by decreasing of cutting speed, and it is
different for different machining conditions. The relation
between forces and displacements and forces and stress
value in each iterative solution step in this analysis was
observed. The results of stress value and tool
displacement were investigated according to changing
the input cutting parameters and machining conditions.
The minimum stress value of 4343.9 MPa was obtained
from machining with emulsion cooling.

The Equivalent von Mises stress value in all machining
conditions (9064.6 MPa dry, 11025 MPa, emulsion
machining, and 13655 MPa cold compressed air
machining) was presented in Figure 8. The total tool
displacement in all machining conditions are shown in
Figure 9. It can be concluded that the biggest
displacement value was during dry machining. During
FEM analysis of tool displacement in Ansys, large
deflection of results was not shown because the cutting
insert did not expose to the large displacement.

During FEA analysis zone of maximum stress
concentration and zone of large tool displacement give
information about critical tool zone and that is possible
tool wear area. Figure 10. shows the zone of total
displacement in FEM analysis for different cutting
parameters and conditions. Compared to the results of
tool wear obtained experimentally for the same
conditions the greatest tool displacement were obtained
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in the same places by FEM simulation. FEM results show
that the cutting tool wear may be occur in the zone with
maximum stress distribution and tool displacement.
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Figure 5. Cutting forces Fx, Fy, F: during dry hard end-milling
Slika 5. Sile rezanja Fi, Fy, F: tijekom tvrdog glodanja u uvjetima suhe obrade
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Figure 6. Cutting forces Fx, Fy, F: during hard end-milling with cold compressed air
Slika 6. Sile rezanja F, F), F: tijekom tvrdog glodanja u uvjetima hladnog komprimiranog zraka
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Figure 7. Cutting forces Fi, Fy, F: during hard end-milling with emulsion
Slika 7. Sile rezanja F, F), F: tijekom tvrdog glodanja uz koristenje emulzije

Figure 8.
Slika 8.

Equivalent von Mises stress distributions during dry, emulsion and cold compressed air machining
Ekvivalentno von Mises naprezanje u uvjetima suhe obrade, primjenom emulzije i hladnog komprimiranog zraka

Figure 9.
Slika 9.

Maximal tool displacement during dry, emulsion and cold compressed air machining
Maksimalni pomak alata tijekom obrade u uvjetima suhe obrade, primjenom emulzije i hladnog komprimiranog zraka
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(ve=120 m/min, fi=0,11mm/t, ac.=2 mm)

Figure 10. Total tool displacements obtained by FEA for
dry, emulsion and cold compressed air machining
Slika 10. Ukupno pomjeranje alata dobiveno analizom

kona¢nih elemenata za uvjete suhe obrade,
emulzije i hladnog komprimiranog zraka

According to microscope image, tool wear zone obtained
experimentally is compatible with those zones for all
machining conditions.

5. Conclusion

In this study, FEM analyses were performed in order to
determine the stresses value and cutting tool
displacement during hard end-milling of 42CrMo4 steel
with three TiAIN tool inserts. Different machining
conditions: dry machining, conventional emulsion
cooling and cooling by cold compressed air and different
cutting parameters was varied. Increasing machining
time causes increase of Fy and F, forces. Different
machining conditions in combination with different
machining parameters gave a different effect on the
cutting force distribution. Based on the experimental
results of the cutting forces, and microscopic analysis a
conclusion about tool wear in different machining
conditions can be obtained. Results of analyses indicated
that cold compressed air machining results in lower stress
value and tool displacement compared to the dry and
emulsion machining. Cutting speeds, depth of cut and
machining time are most influential on stress value and
tool displacement during machining in all machining
conditions. FEM analysis showed that stress value
increase with decreasing the depth of cut because contact
zone between tool and chip is decreased. This study
confirms that the cutting tool stress value and tool
displacement can be successfully predicted by FEM
analysis. Results of analysis by help with Ansys software

provide opportunity to provide the critical area of the tool
wear for combination of different machining parameters
and conditions.
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1. Uvod

Application of Crafts - Lamont Diagrams for Assessing the
Distribution of Hardness after Tempering EN 42CrMo4 Steel

Professional article
Abstract: This paper analyses possibility of applying Crafts — Lamont
method to estimate the distribution of hardness across the small diameter
steel specimen cross - section area after quenching and tempering. Several
Jominy specimens were prepared from 42CrMo4 steel, which are tempered
at various temperatures according to the design of experiment after standard
heat treatment. The recorded Jominy curves were used to estimate the
hardness distribution by cross - section area according to the Crafts -
Lamont method. For the purpose of verifying the obtained results, several
specimens of different diameters from the same steel were prepared. Each
specimen is quenched and tempered according to the design of experiments.
Finally, a comparison of the results obtained by measuring of the treated
samples and the results obtained by the Crafts - Lamont method was
performed and conclusions were adopted on the possibility of applying the
method.

Strucni rad
SaZetak: U radu je analizirana mogucnost primijene Crafts — Lamont
metode za procjenu raspodjele tvrdo¢e po okruglom popre¢nom presjeku
nakon klasi¢nog poboljSavanja celika za izratke manjih promjera. U svrhu
primjene metode pripremljeno je viSe Jominy epruveta iz celika za
poboljsavanje 42CrMo4 koje su nakon standardnog tretmana popustene na
razli¢itim temperaturama prema planu pokusa. Snimljene Jominy krivulje
su koristene za procjenu raspodjele tvrdoce po presjeku prema Crafts —
Lamont metodi. U svrhu verifikacije dobivenih rezultata pripremljeno je
viSe uzoraka razliCitih promjera iz istog Celika. Svaki uzorak je nakon
kaljenja popusten na odgovarajucoj temperaturi prema planu pokusa. Na
koncu je izvrSena usporedba rezultata dobivenih mjerenjem tretiranih
uzoraka i Crafts — Lamont metodom te su izvedeni zakljuc¢ci o moguénosti
primjene metode.

je ucrtano vise krivulja za razli¢ite intenzitete rashladnog
sredstva. Dijagrami povezuju razliite promjere uzoraka

Do sada je razvijeno vise metoda za procjenu raspodjele
tvrdo¢e okruglih i neokruglih poprec¢nih presjeka
zakaljenih izradaka. Jedna od navedenih je i Crafts —
Lamont metoda. Crafts — Lamont metoda se zasniva na
primjeni dijagrama izradenih na temelju korelacija
prijelaza topline, a za procjenu polozaja presjeka Jominy
epruvete koji ima odgovarajucu krivulju hladenja tj. istu
tvrdocu kao 1 specifi¢na lokacija u okruglom popre¢nom
presjeku [1].

KoriStena Crafts — Lamont metoda je ograni¢ena na
izratke punog okruglog poprecnog presjeka. Temelji se
na nizu dijagrama od kojih svaki odgovara za toc¢no
odredenu udaljenost od povrsine izratka. Jedan od takvih
dijagrama prikazan je na slici 1 [1]. U svakom dijagramu

i odgovarajuée udaljenosti od kaljenog ¢ela Jominy
epruvete. Metoda je dobra za procjenu debljine
zakaljenog sloja kod wvratila i osovina okruglog
popre¢nog presjeka, a nakon hladenja u rashladnom
sredstvu poznatog intenziteta.

Analogno primjeni metode za zakaljene izratke za
ocekivati je da se primjenom iste metode, a koriStenjem
Jominy krivulja za popustene Jominy epruvete (vidi sliku
2.), moze procijeniti raspodjela tvrdoce zakaljenog i na
istoj temperaturi popustenog uzorka okruglog poprec¢nog
presjeka.
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Symbols/Oznake
- Hollomon-Jaffe parameter .
P P - Greek letters/Gréka slova
- Hollomon-Jaffe parametar
- Temperature in °C - time in hours
! - Temperatura u °C ¢ - vrijeme u satima
Hr - Hardness according Vickers - austenite
- Tvrdoca po Vickersu ’ - austenit
5 - Distance from surface in mm
- Udaljenost od povrsine u mm
[TITTIITIT] [TITTT H provedeno je visokotemperaturno popusStanje na tri
™ - ] F=02 razliCite temperature za sva tri promjera. Dimenzije i plan
“H s Y popustanja uzoraka prikazani su u tablici 1. Pripremljene
o0 : =38 = 13 su i tri Jominy epruvete, za svaku koriStenu temperaturu
] rl i | AT |07 popustanja po jedna, kako bi se odredile Jominy krivulje
= 50 et e anme= o za odabrane temperature popustanja (vidi sliku 4). Nakon
] P L ) S . .
F . aum= =] 0% toplinskog tretmana uzoraka izvrSeno je mjerenje tvrdoce
1 A . . . iy o
£ _ 4F; = po promjeru poprecnog presjeka cilindri¢nih uzoraka, te
-] ~ . . , v . . .
z o 7 7] BE=ca b mjerenje tvrdoc¢e duz izvodnice Jominy epruveta.
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Figure 1.Crafts — Lamont curve for 30% radius of quenched
specimen [1]

Slika 1. Crafts — Lamont krivulje za 30% promjera kaljenog
uzorka [1]
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Figure 2.Hardness distribution along Jominy specimens,
tempered at various temperatures, prepared from
42CrMo4 steel [2]

Slika 2. Raspodjela tvrdo¢e duz Jominy epruvete za razlicite
temperature popustanja celika 42CrMo4 [2]

2. Eksperimentalni dio

2.1. Planiranje pokusa
Kako bi se potvrdila pretpostavka iz istog komada celika
pripremljene su tri Sipke promjera 25, 32 1 40 mm duljine
100 mm iz &elika 42CrMo4, vidi sliku 3. Sipke su
austenitizirane 1 zakaljene u vodi. Nakon kaljenja

Figure 3. Bars of different diameter from which specimens
were taken

Slika 3.  Sipke razliitog promjera iz kojih su izrezane
epruvete

Table 1. Tempering temperature of cylindrical specimens 12

mm thick prepared for testing

Tablica 1. Temperature popustanja cilindri¢nih uzoraka
debljine 12 mm pripremljenih za ispitivanje

Uzorak br. Promjer uzorka, Temperatura
mm popustanja, °C
1 25 450
2 25 525
3 25 630
4 32 450
5 32 525
6 32 630
7 40 450
8 40 525
9 40 630
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Figure 4. Jominy probes tempered at temperatures 450, 525 i
630°C

Jominy epruvete popustene na temperaturama 450,
5251630°C

Slika 4.

2.2. Provedba pokusa

2.2.1. Obrada cilindri¢nih uzoraka

1z sipke promjera 40mm izrezana su tri cilindri¢na uzorka
i obradena na promjere 25, 32 i 40 mm, duljine 100 mm.
Uzorci su austenitizirani i zakaljeni u vodi sobne
temperature.

Nakon kaljenja izvrSeno je visokotemperaturno
popustanje u trajanju 1 sat na temperaturi 450 °C.
Ohladeni uzorci su prerezani na udaljenosti od 20 mm od
Cela odakle su izrezane epruvete debljine 10 mm.
Preostali dulji dio uzoraka je ponovno popusten u trajanju
1 sat na temperaturi 525 °C, nakon ¢ega je ponovno na
20 mm od cela uzoraka izrezana po jedna epruveta
debljine 10mm. Preostali dijelovi uzoraka su popusteni
na temperaturi 630 °C u trajanju 1 sat, te su iz njihovog
sredi$njeg dijela izrezane preostale epruvete (slika 5).

Figure 5. Specimens after heat treatment and cutting from the
bar
Slika 5.  Uzorci nakon toplinske obrade i izrezivanja iz $ipki

Kako bi se umanjio utroSak materijala i vremena
potrebnih za izvodenje pokusa, isti zakaljeni uzorci su
popustani na sve tri odabrane temperature u trajanju
jedan sat, a nakon svakog popustanja je izrezana po jedna
epruveta iz svakog wuzorka. Kumulativni utjecaj
prethodnih popustanja je provjeren prema Hollomon-
Jaffe zakonu popustanja:

_ 273,15+t
==—2=="[C + log(D)] (1)
S [C +log(r)] = - [C+log(z)] ()
C=213-(58"%C) 3)
gdje je:

T;, K - niza temperatura popustanja

7., h - trajanje popustanja na nizoj temperaturi

T,, K - viSa temperatura popustanja

T,, h - trajanje popustanja na vi$oj temperaturi

C - konstanta za konkretni celik

%C - sadrzaj ugljika za konkretni ¢elik
Naime, izracunato je ekvivalentno trajanje popustanja za
nize temperature primjenom izraza (2). Popustanje na
temperaturi 450 °C u trajanju jedan sat je ekvivalentno
popustanju na 525 °C u trajanju svega 52 sekunde. Isto
tako popustanje na temperaturi 525 °C u trajanju jedan
sat je ekvivalentno popustanju na 630 °C u trajanju svega
19 sekundi. 1z navedenog se da zakljuciti da je razlika u
temperaturama popustanja dovoljno velika da trajanje
popustanja na niZoj temperaturi nema gotovo nikakvog
utjecaja na popustanje na viSim temperaturama pa se
stoga moze zanemariti.

2.2.2. Obrada Jominy epruveta
Iz istog komada Sipke pripremljene su tri Jominy
epruvete i tretirane prema standardu (slika 6).

Figure 6. Jominy probe cooling

Slika 6.  Hladenje Jominy epruvete

Nakon tretmana prema standardu Jominy epruvete su
popustene na odabranim temperaturama u trajanju od 1
sat.
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2.2.3. Mjerenje tvrdoce po promjeru cilindri¢nih
uzoraka

Mjerenje je izvrSeno prema Vickers postupku uz silu
utiskivanja 294 N. Na slici 7 su prikazani uzorci nakon
mjerenja po promjeru. Tvrdocée su izmjerene po izvodnici
na deset razlicitih, ravnomjerno rasporedenih, udaljenosti
od povrsine epruvete. Rezultati mjerenja prikazani su u
tablici 2.

Figure 7. Specimens after hardness measuring
Slika 7.  Uzorci nakon mjerenja tvrdoce
Table 2. Results of hardness measuring across specimen’s

cross-sections
Tablica 2. Rezultati mjerenja tvrdoce po promjeru uzoraka

R 25 32 40 25 32 40
ltpop 525 | 525 | 525 | 630 | 630 | 630
/R
0.0 381 361 345 291 275 275
0.1 377 363 348 294 273 268
0.2 385 365 345 290 275 273
0.3 377 352 356 293 288 264
0.4 368 368 370 295 288 270
0.5 373 374 366 295 293 266
0.6 370 379 359 292 298 289
0.7 378 382 371 298 296 291
0.8 378 374 360 303 290 288
0.9 367 370 322 288 286 267

2.2.4. Mjerenje tvrdoce du? izvodnice Jominy epruvete

Mjerenje tvrdoc¢e je izvrSno prema standardu Vickers
postupkom uz silu utiskivanja 294 N.

Rezultati ispitivanja prikazani su u tablici 3, te u
dijagramu na slici 8.

Table 3. Results of hardness measuring of Jominy probes
Tablica 3. Rezultati mjerenja tvrdo¢e Jominy epruveta

Tvrdoca, HV30
J- udaljenost, mm to0p=450°C tp0p=525°C tp0p=630°C
2 406 378 288
4 424 379 292
6 429 377 291
8 426 374 288
10 416 368 283
12 404 362 278
14 390 354 273
16 377 346 268
20 353 330 261
24 336 314 257
28 325 301 255
32 318 291 253
36 314 285 249
40 310 283 245
44 306 283 239
48 303 286 234
52 301 288 230
56 302 289 229
60 303 284 231
64 299 271 230

Jominy krivulje popustenih epruveta
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Figure 8. Jominy curves of tempered probes
Slika 8.  Jominy krivulje popustenih epruveta

2.3. Odredivanje tvrdoce Crafts-Lamont metodom
Raspodjela tvrdo¢e popustenih cilindri¢nih uzoraka
odredena je primjenom Crafts-Lamont modela uz
koristenje Jominy krivulja popustenih Jominy epruveta
na odgovaraju¢im temperaturama.

Kako bi se proces automatizirao sve Crafts-Lamont i
Jominy krivulje su aproksimirane polinomom Sestog
stupnja primjenom analize varijance uz pomo¢
programskog  paketa  Design-Expert  [3], te
implementirane u MS Excel tablicu. Za odredivanje
ekvivalentne Jominy udaljenosti za okrugle presjeke
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koristen je intenzitet rashladnog sredstva H=1 jer je
kaljenje Sipki iz kojih su izrezani cilindriéni uzorci
izvrSeno u mirnoj vodi sobne temperature. Rezultati
dobiveni primjenom Crafts-Lamont metode za epruvete
promjera 25, 32 i 40 mm prikazani su u tablicama 4, 5 i
6.
Table 4. Results given by Crafts-Lamont method for
specimens of 25mm diameter

Tablica 4. Rezultati dobiveni Crafts-Lamont metodom za

3. Usporedba rezultata dobivenih pokusom
i primjenom Crafts-Lamont modela

U istim dijagramima, na slikama 9, 101 11, su prikazane
,»U-krivulje“ dobivene primjenom Crafts-Lamont
metode 1 ,,U-krivulje dobivene pokusom za svaki
promjer i temperaturu popustanja.

uzorke promjera 25mm i H=1
450 o
d=25mm Tvrdoéa HV30 0 e e d=25mm
-—"""'\-...___,_.__.u—-\.‘_,---..__..__/"‘—-
r/R | h,mm tpop=450°C tpop=525°C tpop=630°C S C-L model 450C:
0 12,5 426 379 292 o ;; A = Popustenc 450C sxp:
0,1 11,25 427 379 292 z 4 C-Lmodel 525C:
0,2 10 427 379 292 150 Popuiteno 525C axp:
0,3 8,75 427 379 292 100 C-Lmodel 530C:
0,4 7,5 425 379 292 50 Popuiteno 630C exp:
0,5 6,25 422 379 292 o
0,6 5 422 379 292 @ 3 dl da wl Ha
0.7 375 422 379 292 Mijerne totka po promjeru epruvete, mm
0,8 2,5 419 379 291
0,9 1,25 414 379 290 Figure 9. “U curves” for diameter 25 mm and tempering
temperatures 450°C, 525°C and 630°C
Table5. Results given by Crafts-Lamont method for  Slika9. “U krivulje“ za promjer 25 mm i temperature
specimens of 32 mm diameter popustanja 450°C, 525°C i 630°C
Tablica 5. Rezultati dobiveni Crafts-Lamont metodom za
uzorke promjera 32 mm —
d=32 mm Tvrdoéa HV30 Nl ———— H=1
0 P d=32mm
p— (] — (<] — (]
PR | hymm | 6,,=450°C | £,,=525°C | t,,py=630°C s ———= ki i
0 16 429 377 291 o M0 | — Papusteno 450C exp:
0,1 14.4 429 377 291 2 250 ) )
I C-L model 525C:
0,2 12.8 429 377 291 200
150 PopuSteno 5250 exp:
0,3 11,2 429 377 291 .
04 | 96 429 378 291 o L
0,5 8 428 379 292 = m— PopuStenc 630C exp:
0,6 6,4 428 379 292 0 4 8 12 16 20 24 28 32
0,7 4,8 427 379 292 Mjerne tofka po promjeru epruvete, mm
0,8 3,2 424 379 292
9.9 16 418 379 291 Figure 10. “U curves” for diameter 32 mm and tempering
o o O,
Table 6. Results given by Crafts-Lamont method for . ‘t‘e mpqratqre“s 450°C, .525 ¢ and.630 c
. - Slika 10. “U krivulje” za promjer 32 mm i temperature
specimens of 40 mm diameter Stania 450°C. 525°C i 630°C
Tablica 6. Rezultati dobiveni Crafts-Lamont metodom za popustanja > !
uzorke promjera 40 mm a0 H=1
00 | TN sl T -
d =40 mm Tvrdoéa HV30 s55 M d=40mm
r/R | h,mm tpop=450°C tpop=525°C tpop=630°C 00 | . ~ £-L madel 450
e
0 20 425 374 287 2 250 Popuitene 450C exp:
0,1 18 425 374 287 Z 200 C-L model 525C:
0,2 16 425 374 287 150 Popustens 525C exp:
0,3 14 425 374 287 100 —— C-Lmodel 630C:
0’4 12 427 375 289 50 w— Popuitena B30C exp:
0,5 10 429 377 290 0
0,6 8 429 377 291 0 4 & 12 16 20 24 2% 32 36 4D
0,7 6 429 378 291 Mijerne tofka po promjeru epruvete, mm
0,8 4 428 379 292 Figure 11. “U curves” for diameter 40 mm and tempering
0,9 2 423 379 292 temperatures 450°C, 525°C and 630°C

Slika 11. “U krivulje” za promjer 40 mm i temperature

popustanja 450°C, 525°C i 630°C
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Na slikama 9 i 10 prikazani su rezultati ispitivanja za
uzorke promjera 25 i 32 mm. UocCava se dobro
podudaranje proracunskih i eksperimentalnih rezultata
ispitivanja.

Na slici 11 prikazani su rezultati ispitivanja za uzorke
promjera 40 mm. UocCavaju se neSto nize vrijednosti
rezultata dobivenih pokusom u odnosu na proracunske
rezultate dobivene primjenom Crafts-Lamont metode.
Nesto nize vrijednosti tvrdo¢e na povrsini tretiranih
izradaka mogu se pripisati pojavi razugljicenja povrsine
za vrijeme austenitizacije i popustanja u komornim
pec¢ima bez posebne zastitne atmosfere. Ova pojava se
najvise uocava na uzorcima promjera 40 mm.

Obzirom da su uzorci promjera 40 mm istog promjera
kao i dobavljena Sipka (iz koje su svi uzorci izrezani), za
pretpostaviti je da je dobavljena Sipka prethodno bila
tretirana na visokim temperaturama bez zaStitne
atmosfere, te je u dobavljanom stanju ve¢ imala nizi
sadrzaj ugljika u povrSinskom sloju. Naknadnom
toplinskom obradom dodatno je smanjen sadrzaj ugljika
$to se odrazilo na niZe postignute tvrdoce u povrsinskom
sloju uzoraka.

4. Zakljucak

Na temelju dobivenih rezultata uoceno je prilicno dobro
podudaranje Crafts-Lamont modela i rezultata dobivenih
pokusima za promjere 25 i 32 mm. Nesto vece odstupanje
uocljivo je za uzorke promjera 40mm.

Opseg ispitivanja koji je proveden ocito nije dovoljan
kako bi se sa sigurno$¢u mogla donijeti konac¢na ocjena
primjenjivosti Craf-Lamont metode za procjenu
raspodjele tvrdo¢e zakaljenih i popustenih izradaka
punog okruglog poprec¢nog presjeka. Craft-Lamont
dijagrami  pokrivaju podru¢je promjera okruglih
poprecnih presjeka od 20 do 200 mm, pa su odabrani
promjeri tretiranih uzoraka iz donjeg dijela navedenog
raspona.

Ispitivanje bi trebalo proSiriti u smislu tretmana uzoraka

ve¢ih promjera i1 uzoraka iz drugih delika za
poboljsavanje.
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1. Uvod

Numerical Analysis of the Stress-deformation State of Sigma Profile
of Scraper Conveyor

Original scientific paper
Abstract: The paperwork presents a part of the research on the complex
construction of the scraper conveyor trough, as a part of the total coal
digging system. In addition, the overall research, in addition to the present
study, includes research on material, wear resistance, residual stress
measurement, etc. This paper presents a brief analytical approach to
determining the forces relevant for numerical analysis of trough whose
basic geometric feature is the sigma profile. FEM analysis was carried out
for various cases of predetermined loads and boundary conditions of
relieving, where conditions were determined when the occurrence of
maximum stress and maximum deformation of the trough structure
occurred.

Izvorni znanstveni rad
Sazetak: Predmetni rad predstavlja dio istrazivanja na kompleksnoj
konstrukeiji korita skrepernog transportera, kao dijela ukupnog sustava za
otkopavanje uglja. Inace, ukupno istrazivanje, pored ovdje prikazanog,
obuhvaca i istrazivanje materijala, otpornosti na troSenje, mjerenja
zaostalih naprezanja itd. U ovom radu je prikazan kratak analiticki pristup
za odredivanje sila mjerodavnih za numericku analizu korita ¢ija je osnovna
geometrijska znacajka sigma profil. MKE analiza je izvrSena za razne
slu¢ajeve pretpostavljenih optereéenja i grani¢nih uvjeta oslanjanja, gdje su
odredeni uvjeti kada se deSava pojava maksimalnog naprezanja i
maksimalne deformacije konstrukcije korita.

Mehanizirani tehnoloski proces na Sirokim celima
zasniva se na samohodnoj hidraulicnoj podgradi i
mehaniziranom otkopavanju ugljena, koji se otkopava
otkopnim  strojevima. Svaka sekcija samohodne
hidrauli¢ne podgrade povezana je s otkopnim skrepernim
transporterom, koji ujedno sluzi kao radna staza za
kretanje otkopnog stroja i svi ti elementi predstavljaju
mehanizirani kompleks Sirokog cela.

Osnovni elementi mehaniziranog kompleksa Sirokog cela
su: samohodna hidrauli¢na podgrada koja Stiti radni
prostor u zoni Sirokog ¢ela, otkopni stroj za otkopavanje
i utovar ugljena u otkopni skreperni transporter, otkopni
skreperni transporter za transport otkopanog uglja i
istovremeno sluzi kao radna staza za kretanje otkopnog
stroja duz Sirokog cela. Sekcije hidrauli¢ne podgrade u
kopleksu Sirokog cela su poredane jedna pored druge.
Svaka sekcija vezana je za skreperni transporter, pomocu
dvosmjernog hidrauli¢nog cilindra, koji jednom pomice
skreper za jedan korak, jednak dubini reza otkopnog
stroja, a drugi put povlaci sekciju do skrepernog
transportera za isti korak.

'y

i
(Tl

Figure 1. General layout of scraper conveyor

Slika 1. Op¢i prikaz skrepernog transportera

Skreperni transporteri se uglavnom koriste za transport
stjenastth masa u jamama, separacijama i slicnim
pogonima, slika 1. Osnovni dijelovi skrepernog
transportera su: pogonska stanica, povratna stanica,
prijelazna korita, korita, lanci sa skreperima i dodatne
stanice. Stjenska masa se transprotira tako Sto grabulje,
koje su medusobno povezane sa jednim ili viSe lanaca,
klize duz metalnih korita, pri cemu zgréu i transportiraju
stjensku masu prema pogonskoj stanici, odnosno u
pravcu kretanja lanca sa skreperima.
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Symbols/Oznake
- conveyor capacity, th™!
K ;
- kapacitet skrepernog transportera
y - surface of the material cross section, m?
- povrsina popr. presjeka nasipa materijala
- material velocity, ms’!
v . ..
- brzina materijala
3 - scraper part width, m
- Sirina elementa skrepera
0 - scraper part height, m
- visina elementa skrepera
- power, kW
N
- snaga
- circumference force, N
Fo . .
- obimna sila
- torque/moment, Nm
M
- moment
r - piston force of the pusher section, kN
! - sila na klipu guraca sekcije
F - piston rod force of the pusher sect., kN
! - sila na klipnjaci guraca sekcije
g - sprocket kinematic diameter, mm
- podioni pre¢nik lan¢anika
- number of revolutions, min™!
" - broj obrtaja
- max. force, kKN
Fmax . .
- maksimalna sila
- min. force, kN
F, min .. .
- minimalna sila
- trough force, kN
Fki . A .
- sila opterecenja korita
- trough side force, kN
Fx N . .
- bocna sila na koritu

Greek letters/Gréka slova

- profile type signification, -
z - oznaka vrste profila
- material density, kgm™
- gustoca materijala
- elevation coefficient, -
- uglovna znacajka
- coefficient of volume fulfillment, -
- znacajka ispune volumena
- loss coefficient, Pa s
- znacajka gubitaka
- angular velocity, rad s™!
- kutna brzina
- increasing force coefficient, -
- znacajka povecanja sile

Subscripts/Indeksi

- circumference

- obimni

- piston of the section pusher

- klip guraca sekcije

- piston rod of the section pusher
- klipnjaca guraca sekcije

- maximal

- maksimalna

- minimal

- minimalna

- at the trough

K - nakoritu

- side to the trough

K2 . .
- bocno na koritu

Na pogonskoj stanici lanci prelaze preko pogonskog
lan¢anika, a na povratnoj stanici preko gonjenog
lanc¢anika. Lanac sa skreperima se vra¢a donjom stranom
korita. Utovar materijala je mogué¢ duz cijele trase
transportera. Korita skrepernih transportera zavise od
njegove namjene. Otkopni skreperni transporteri imaju
niska korita i ne§to vec¢u Sirinu i moraju biti prilagodeni
pogonskom mehanizmu otkopnog stroja posto sluzi kao
staza za kretanje te maSine. Korita se sastoje od dva
sigma profila medusobno spojena plo¢om odnosno
podom korita. Pod korita trpi velika troSenja te se nakon
troSenja moZze zamijeniti. Sigma profili se izraduju
naj¢eS¢e valjanjem za manje dimenzije skrepernih
transportera, dok se kod teSkih skrepernih transportera
izraduju lijevanjem. Nacin izrade sigma profila uzrokuje
pojavu zaostalih naprezanja u samom profilu, a cije
prisustvo moze uzrokovati negativne posljedice na
zivotni vijek konstrukcije.

2. Proracun Kkorita sa sigma profilom

2.1. Osnovne tehnicke karakteristike

Predmet proucavanja rada je korito skrepernog
transportera tip TOT 732 koje se sastoji od dva ), - profila
izradena valjanjem i poda korita, koji su medusobno
spojeni zavarivanjem, a materijal od kojega su
napravljeni sigma profili je ¢elik za poboljsanje oznake
CL3130 odnosno 40Mn4 oznaka materijala W.N.1.1157.
Tehnicke karakteristike otkopnog skrepernog
transportera su:

- Tip: TOT - 732,

- Transportna duljina: 120 m,

- Brzina transportnog lanca: 0,92 m/s,

- Sirina transportnog korita: 732 mm,

- Visina transportnog korita: 215 mm,

- Dimenzije transportnog lanca: &30 x 108 mm,

- Snaga elektromotora: 2 x 90 kW,

- Lokacija: Sirokoéelno otkopno radiliste Kakanj, BiH
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- Teoretski kapacitet transportera: 500 t/h,
- Tip reduktora: MK 11— 7,2,

- Prijenosni odnos: 39,86,

- Izlazni moment: 23,2 kNm.

Osnovni nosivi element konstrukcije teSkog skrepernog
transportera je tzv. *’sigma profil”’. Zbog izuzetno teskih
uvjeta rada ¢lanci (korita), kojih ima u nizu cca do 100
komada izloZeni su vrlo sloZzenim vanjskim i unutra$njim
opterecenjima. Cjelokupni transport otkopnog materijala
(uglja i kamena) cca 500 t/h ide preko skrepernog
transportera. Otkopni stroj je naslonjen na transporter,
dok neravna konfiguracija terena <¢ini dopunsko
optereéenje pri pomicanju transportera i hidrauliéne
podgrade.

Osnovnu stabilnost ¢lanka daju dva ’’sigma’’ profila
spojeni medusobno limenim nosacem preko kojeg klizi
lanac sa skreperima, izlozen intenzivnom troSenju,
savijanju i uvijanju u ve¢ opisanim uvjetima, slika 2.
Ovaj konstrukcijski element prvi strada pri eksploataciji
i prema njemu se uglavnom odreduje vijek trajanja
skrepernog transportera.

Iznalazenje prikladnog modela ’’sigma’ profila za
efikasno ponasanje ¢lanaka teSkog skrepernog
transportera u zadanim radnim uvjetima je osnovna
pretpostavka za pouzdanost ovako slozenog sustava.

Na osnovi snage motora od cca 2 x 90 kW, duZine
transporta L = 120 m, zatim optereéenja izazvanim
hidrauli¢nom podgradom i otkopnim strojem provest ¢e
se dimenzioniranje, odnosno provjera postojecih
mehanickih karakteristika. Numeri¢kom analizom ¢e se,
izmedu ostalog, potvrditi dobijeni rezultati analitickog
proracuna.

Zljebovi sa kosim stranama imaju prednost nad ravnim
zljebovima jer stvaraju manje otpore pri kretanju
materijala kroz Zlijeb (i do 20%), ali su slozeniji za izradu
i odrzavanje.

Kod otkopavanja uglja u rudarskim kopovima u radu
skrepernog transportera dolazi do situacije da skreperi i
korita bivaju prekrivena materijalom, tako da skreperi u
svom radu teze da smaknu sloj materijala koji je iznad
njih i izmedu skrepernih segmenata, po sloju iznad njih.
Medutim, kako je otpor trenja materijala o zlijeb manji
od otpora koji bi se javio pri smicanju slojeva, to se cijeli
materijal 1 izmedu i iznad skrepera krece kontinuirano.

2.2. Osnovni analiti¢ki proracun
Kapacitet skrepernih transportera je, [1]:

K=3600-A4-v-p (t/h), (1)

K=3600-B-h-p-y-v-p(t/h). 2)
Na osnovi dimenzija gornjeg dijela profila sa skreperima
orijentacijska povrsina poprecnog presjeka zahvata
materijala je A = 0,06 m?.

Karakteristike transportiranih materijala u rudnicima su:
- Kameni ugalj: 0,8 do 0,85 t/m?,

- Lignit i mrki ugalj: 0,65 do 0,8 t/m3,

- Lignit, susen: 0,45 do 0,55 t/m°.

Koeficijent ispune volumena za komadne materijale je:
v =0,7do0,8.

Figure 2. Section view of sigma profile with scrapers
Slika 2.  Poprecni presjek sigma profila sa skreperima

Na osnovi izraza (2), slijedi da je:

K =3600-0,06-1-1-0,92-0,85 = 169 (#/h). 3)
To znaci da, prema teoretskom kapacitetu od 500 t/h,
proizilazi da je povrSina popunjenosti korita veéa od
procijenjene 3 puta, tj. da transportovani materijal
umnogome prekriva zapreminski kapacitet izmedu
skrepernih elemenata.

Proracun snage elektromotora za pogon skrepernog
transportera se moze odrediti pomoc¢u formule:

F v .
Ne—o Mo (kW) 4)
n n

U analitickom dijelu proracuna dat ¢e se osnovne
postavke i parametri bitni za provodenje numericke
analize, odnosno potrebno je dati osnovne parametre za
pretpostavljena opterecenja na koritu skrepernog
transportera.

Najéesca koristena metoda za analizu sila opterecenja
segmenata transportera je "metoda obilaska po konturi".
Medutim, na osnovi definirane snage elektromotora
pogona moguce je ne i¢i u detaljan prorac¢un nego izvrsiti
analizu prema definiranim silama na osnovi ulaznih
parametara.

Stoga, osnova za ulazne parametre proracuna bit ¢e snaga
elektromotornog pogona 1 optereCenja izazvana
hidraulickom podgradom i otkopnim strojem.

Sekcije skrepernog transportera se prema zahtjevima
tehnologije otkopavanja pomicu (guraju) hidraulicnim
sustavom preko klipa i klipnjace guraca, odnosno plate
guraca.

Sile koje su dobivene proracunom tog sustava su:

- F1 =189,97 kN —sila na klipu guraca sekcije,

- F» =89,47 kN — sila na klipnjaci guraca sekcije.

Radni tlak u sustavu je 200 bara.

Prema tehnickoj dokumentaciji skrepernog transportera
tezina transportnog korita je 348 kg/kom, a tezina
grabulja sa lancem 912 kg/kom.

Na osnovi tehnicke dokumentacije konstruktivne mjere
pogonskog lancanika su:

- promjer tjemene kruznice: 520 mm,

- promjer podnozne kruznice: 434 mm,
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- podioni promjer: 477 mm.

Na osnovi kinematskog proracuna ulaznih parametara, na
osnovi brzine transporta v = 0,92 m/s i podionog
promjera lanc¢anika d = 477 mm, moze se odrediti broj
okretaja lancanika:

V.60 0,92-60

n= = =36,85 (o/min). 5
d-r 0477 -7 ( ) (%)
Ugaona brzina je:
T-n 7w-636,85
= —="__"""-386(s'). 6
m m (s7) (6)

Na osnovi izraza (4) obimna sila je:
N-n 90000 -0,9
0,92
Navedeni proracun se priblizno podudara sa navedenom
vrijedno$éu momenta 23,2 kNm.

Mjerodavnu sila opterecenja se moze odrediti na osnovi
odnosa obimne, maksimalne i minimalne sile:

F=F (-F (N) (3

min

F =

o v

= 88043 (N). )

Na osnovi momenta i polumjera lan¢anika, maksimalna
vrijednost sile je Fmax = 97270 N.

Stoga ¢e se za numericku analizu za mjerodavnu
vrijednost sile opterecenja korita uzeti sila Fx; = 100 kN,
a za vrijednost sile pri  bofnom  guranju
Fx2 = 189,97 kN.

2.3. FEM/MKE analiza

Za numericku analizu je koristen softver I-DEAS sa
modulima za  analizu  naprezanje-deformacija.
Numericka analiza podrazumijeva, izmedu ostalog:
formiranje 3D modela na osnovi tehnicke dokumentacije,
formiranje FEM modela, formiranje grani¢nih uvjeta,
vanjskih opterecenja, mreze konacnih elemenata i
rezultata analize, [2], [3], [4], [5].

Na slici 3 prikazan je 3D model realnog stanja korita
skrepernog transportera.

Figure 3. 3D discretization of scraper trough

Slika 3. 3D dikretizacija korita grabuljara

Na slici 4 je prikaz s naglaskom na sigma profil. Na
osnovu izradenog 3D modela korita sa sigma profilom,
moguce je napraviti niz analiza sa kreiranjem razlicitih
grani¢nih uvjeta i opterecenja.

Figure 4. Sigma profile part of scraper trough
Slika 4. Izgled sigma profila korita

U proracunu su koristene simulacije ocekivanih stanja
optereéenja na koritu, a koje mogu biti izazvane teZinama
elemenata, zaklinjavanjem skrepernih elemenata u sigma
profil, zaglavljivanjem komada materijala, itd., a koja
mogu izazivati optereéenja savijanjem, pritiskom,
ekscentri¢nim pritiskom, uvijanjem, itd. U daljem dijelu
rada su prikazani ukratko sedam slucajeva grani¢nih
uvjeta i optereéenja, kojima moze biti izlozeno korito
transportera u radu. Kao bitni parametri numericke
analize su odredeni maksimalno naprezanje i maksimalna
deformacija. Rezultati analize za sve sluCajeve ce biti
prikazani u tablici 1.

Slu¢aj 1: Opterecenje silom 50 kN

Prvi slucaj opterecenja korita je optereéenje od stroja za
otkop uglja.

Na slici 5 dan je prikaz pocetnih grani¢nih uvjeta za ovu
analizu, a koji su se mijenjali za druge slucajeve, zavisno
od slucaja opterecenja i ostalih uvjeta proracuna. Mreza
konacénih elemenata je koriStena i za ostale slucajeve
analize.

Figure 5. Boundary conditions and FEM
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Slika 5. Graniéni uvjeti i MKE mreza

Na slikama 6 do 12 su dani prikazi prostornog stanja
naprezanja i deformacija korita transportera za slucajeve
analize 1 do 7, respektivno.

Figure 6. Stress-deformation state of Case 1

Slika 6. Stanje naprezanje-deformacija Slucaja 1

Sluéaj 2: Pritisak silama 2 x 50 kN
Drugi slucaj je pritisno optere¢enje sa silama na oba
kraja.

Figure 7. Stress-deformation state of Case 2

Slika 7. Stanje naprezanje-deformacija Slucaja 2

Slu¢aj 3: Savijanje silama 2 x 25 kN
Treéi slucaj optereéenja je savijanje silama od tereta i
neravnog tla.

Stress-deformation state of Case 3

Figure 8.

Slika 8. Stanje naprezanje-deformacija Slucaja 3

Slucaj 4: Ekscentri¢ni pritisak sa 2 x 50 kN silama
Cetvrti sluéaj je izazivanje ekscentriénog pritiska sa dvije
sile na suprotnim krajevima korita.

Figure 9. Stress-deformation state of Case 4

Slika 9. Stanje naprezanje-deformacija Slucaja 4

Slu¢aj S: Uvijanje po horizontalnoj osi
Peti slucaj opterecenja je uvijanje po horizontalnoj osi.

Figure 10. Stress-deformation state of Case 5

Slika 10. Stanje naprezanje-deformacija Slucaja 5

Slucaj 6: Zatezanje silama 2 x 50 kN

Sesti slucaj opterecenja je zatezanje silama na oba kraja
korita.

Figure 11.Stress-deformation state of Case 6
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Slika 11. Stanje naprezanje-deformacija Slucaja 6

Slucaj 7: Potiskivanje sigma profila silom 200 kN
Sedmi sluéaj optereéenja je sluCaj potiskivanja korita
silom kreiranom hidraulickim sistemom.

Figure 12. Stress-deformation state of Case 7

Slika 12. Stanje naprezanje-deformacija Slucaja 7

2.4. Prikaz rezultata analize

Potrebno je uzeti u obzir da numericka analiza
predstavlja odredenu vrstu aproksimacijskog proracuna,
kojom se moze analizirati slozena konstrukcija kod
pretpostavljenih sluc¢ajeva optereéenja.

U realnim situacijama  eksploatacije  slozenih
konstrukcija uvijek se radi o kompleksnim
kombinacijama viSe vrsta opterecenja, a koje je nekada
teSko sveobuhvatno pretpostaviti.

Stoga, npr. mjerenje odredivanje naprezanje i deformacija
eksperimentalnim  metodama u  karakteristi¢nim
segmentima slozenih konstrukcija predstavlja jedinu
pravu informaciju odziva konstrukcije na realne uvjete
opterecenja. No, numericka analiza predstavlja veoma
bitan alat za preliminarnu ili optimizacijsku fazu
sagledavanja dijela ili kompletne konstrukcije.

Na osnovi dobivenih rezultata numeric¢ke analize moguée
je dati zbirni prikaz karakteristi¢nih vrijednosti analize,
koji su prikazani u tablici 1.

Table 1. Values of stress and deformation parameters for different case studies

Tablica 1. Vrijednosti parametara naprezanja i deformacije za razlicite slucajeve analize

Case st. 1/ Case st. 2/ Case st. 3/ Case st. 4/ Case st. 5/ Case st. 6/ Case st. 7/
Slucaj 1 Slucaj 2 Slucaj 3 Slucaj 4 Slucaj 5 Slucaj 6 Slucaj 7
Max. stress/
Max. naprezanje, 82,9 30 288 161 399 461 143
Gmax, N/mm?
Max. deformat./
Max def,, 0,683 0,621 5,64 0,49 9.98 5,48 2,27
fmax , mm
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1. Introduction

Professional article
Abstract: Nearly zero-energy demands for a building need to be secured to
a large extent by renewable sources available in the building or its
proximity. The architectural and technical design of the building has to be
drafted with a targeted orientation of the glazed windows, exclusion of
thermal bridges, controlled ventilation and heat recovery in order to use heat
gains efficiently and so to reduce pointless heat losses. The energy
efficiency of residential buildings is today mostly improved by upgrading
the energy performance of the building envelope and facilities. However,
huge energy reductions can also be achieved by a focus on the development
of new systems enabling to cover natural energy fall-outs resulting from
generation much excess heat during the peak time (summer, day) which is
almost not possible to use during periods of excessive energy consumption
(winter, night). This main drawback of the solar energy can be very
efficiently solved by storing and later evolving of accumulated heat
according to the day-night as well as the seasonal, i.e. summer-winter cycle
(Fig. 1).
This contribution deals with the system of thermo-active aluminium foam
cladding for pitched roofs of the buildings covered by innovative coating
sufficiently resistant to weathering, frost, intense solar radiation, summer
heat, chemicals presented in the air, chemically polluted water vapor and to
mechanical damage caused by adverse weather conditions (e.g. heavy
rainfall, groats, etc.). The objective of the ongoing R&D activities is to
achieve excellent mechanical and physical properties related to highly
energy efficient solar radiation and heat harvesting as well as the ability to
dissipate an undesirable heat accumulated in the building interior to the
surroundings of building via the roof surface during colder summer nights.
This smart roofing system allows expanding the use of aluminium foam in
the building industry by the achievement of its surface quality suitable for
mechanical load, corrosion, chemical environment, strong solar radiation,

large temperature fluctuations between winter and summer season, etc.
Tharmo=garive Al feam roofing is copable
to recaver the heat frem selar gains o8 well § _—7" .
af to divsipate summer heot surphises to E
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Figure 1. House with passive solar direct gain heating system
supplemented by novel aluminium foam heat exchangers.

Even though that there are plenty of ways to convert
renewable energy, and many techniques are already

As the world population continues to grow and the  peing used, the energy free available in nature

limited amount of fossil fuels begin to diminish, it is
impossible to provide the amount of energy demanded by
the world by only using fossil fuels to convert energy.

is unfortunately exploited not nearly to its full potential.
We are permanently and aimlessly running out of fossil
fuels, and that is why in the very short period of time
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we have consumed an incredible amount of them. Their
decreasing availability in the nearest future combined
with requirements to reduce carbon emissions reveals the
necessity for more rational and efficient energy use. The
European Union, therefore, states the urgency
of developing new solutions to improve energy
efficiency and energy savings in the building sector
by the 2010/31/EU Directive [1]. The implementation
of new technical solutions suitable for construction
of new buildings as well as for the restoration of existing
ones should be easy, and their production should be
industrially viable. According to the estimated energy
consumption in 2020, the energy used in European
households and services will be bigger compared to the
energy consumed by transport and industry.

Moreover, European Commission considered that
the largest savings potential was estimated at 27%
and 30% in residential and commercial buildings
respectively (from 1990 levels) while the potential
toreduce energy consumption in the industry
and transport is only about 19 — 20% [6]. According
to the target of Europe 2020 strategy for smart,
sustainable and inclusive growth to achieve “20-20-20”
goal, which was set by EU leaders in 2007, the EU aims
to reduce its greenhouse gas emissions by at least 20%,
increase the share of renewable energy to at least 20% of
consumption, and achieve energy savings of at least 20%
in comparison with the levels in 1990. Reducing heat
losses, optimizing energy system and implementing the
legislation of EU to the necessity to build exclusively
nearly-Zero Energy Buildings (nZEBs), are the activities
which can help to gain this goal in the whole Europe. The
thorough optimization of the energy system is therefore
mandatory in order to achieve nZEBs targets based on
the requirement that total energy consumption of every
new building built after 2020 will have to be roughly
equal to the amount of renewable energy obtained on the
site [3].

The heating and cooling of interiors play an important
part within energy systems of current buildings.
As the heating and cooling loads are in nZEBs very
small, it is a chance to develop totally new system
solutions capable of minimizing operational cost and
reduce energy consumption by combining the heating
and cooling systems. During autumn and spring periods
is usually the operative temperature in south oriented
building zone higher than cooling set point (ca 26°C) due
to sufficient solar gains while the operative temperature
in the other building zone is under heating set point
(ca 20°C). The water loop system might be installed in
order to cool the south zone down and simultaneously to
heat the north zone up as energy efficiently as possible.
Moreover, the energy efficient concept of nZEBs
presented in [2] based on the storage of energy obtained
through the aluminium foam roof or facade cladding is
capable of absorbing the desired as well as take away the
excess heat to the surroundings if necessary. This allows

effectively to distribute the heat by means of heating
liquid medium/coolant to interior or dissipate the heat
from interior to building surroundings using ceiling heat
exchangers made ofaluminium foam enabling
additionally due to filling by Phase-Change Materials
(PCMs) to store the energy required for heating/cooling
for a period of at least several hours. An optimal thermal
comfort of building interiors is in such a way achieved
with minimal costs for energy consumption [7].

The present contribution describes the novel thermo-
active aluminium foam cladding for pitched roofs based
on the findings from the results of technological
experiments related to the production of aluminium foam
heat exchangers. This innovative technical solution of
roofing performs the function of highly efficient heat
exchanger between surroundings of the building and the
heat transfer medium for heating and air conditioning of
interiors as well as for domestic hot water (DHW)
preparation required for the operation of residential and
non-residential buildings.

2. Energy efficiency of nZEBs with respect
to the heating/cooling loads

The energy consumption for heating and cooling
of the buildings is currently minimized mostly
by sufficiently isolated building envelope keeping
the heat inside of the building during winter and outside
of the building during summer without significant heat
transfer through the envelope. The suitable window size
and orientation allow maximizing solar energy gains
of currently built passive houses during the winter
season. However, this approach causes considerable
difficulties during hot summer days, when solar energy
gains need to be, on the contrary, minimized. The costs
for maintaining sufficient thermal comfort during days
with tropical summer weather is therefore increased
by demands for adequate shading blinds, air conditioning
units, air ventilation and recuperation units gaining air
from relatively cooler underground spaces in the building
vicinity, etc.

Applying of following new technical solutions, therefore,
appears to be a great opportunity to reduce significantly
the energy demands for heating/cooling, heating of DHW
and consequently reduction of costs for construction and
operation of future buildings (Fig. 2):

v the heat comfort of the interior is maintained during
whole year round by stabilization of the temperature
using the system of aluminium foam
heating/cooling ceiling heat exchangers that allow
short term storage of the heat for at least several
hours in the form of latent heat of phase
transformation of PCMs impregnated in the porous
structure of aluminium foam for later use or, for
removal of undesirable heat to the building
surroundings (at the time when it is possible, e.g.
during comparatively colder summer nights),
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v' the base plate of the building is designed to have the
capability for seasonal storage of summer heat
surpluses that can be used for heating of interiors
and DHW especially during winter season,

v' the thermo-active roofing which can not only get
heat from the solar gains and heat around
the building for heating of both the interior and
the DHW but also take away an undesirable heat
to the surroundings during cooler summer nights.

3. Latent heat storage of solar gains

The use of alatent heat storage (LHS) system using
PCMs is an effective way of storing thermal energy
and has the advantages of both the extremely high energy
storage density and the isothermal nature of the storage
process. LHS is based on the heat absorption or releases
when the storage material undergoes a phase change from
solid to liquid or vice versa. The storage capacity of the
system with LHS ability during phase change between
solid and liquid stage is given by:

T, T/
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where:

QO  —quantity of heat stored (J)

T  —temperature (K)

T;  — initial temperature (K)

T» — melting temperature (K)

Ty  — final temperature (K)

m  —mass of heat storage medium (kg)

C, - specific heat (J/kg-K)

Cy — average specific heat between 7; and 7, (J/kg-K)
C;, —average specific heat between T, and 7y (J/kg-K)
am — fraction melted

A hy, — heat of fusion per unit mass (J/kg) [7].

Solid-liquid transitions have proven to be economically
the most attractive for the use in thermal energy storage
systems. However, the PCMs themselves cannot be used
as heat transfer medium. A separate heat transfer medium
must be employed with a heat exchanger in between to
transfer energy from the source to the PCM and from
PCM to the load. The appropriate heat exchanger has to
be designed specially, given the extremely low thermal
conductivity of almost all PCMs in general.

}}7 e

o

Figure 2. A graphic illustration of nearly-Zero Energy Building (nZEB) which includes:
1 — thermo-active aluminium foam roofing performing efficient heat exchange between building surroundings and heat
transfer medium for heating/cooling of interiors, domestic hot water (DHW) preparation and seasonal heat storage,
2 — aluminium foam interior heating/cooling ceiling panels impregnated by PCM,
3 — an underground collector situated under the base plate of the building allowing the seasonal storage of summer heat
surpluses for using them predominantly for heating of the interior and DHW during the winter season.
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Table 1. Melting point and latent heat of fusion of selected PCMs (paraffins and fatty acids).

Melting Heat
PCM Ref. temperature of fusion
[°C] [J/gl
paraffin 18-carbons, Octadecane CH3(CH2)16CH3 [7] 28 244
PARAFOL 18-97, Octadecane — purity min. 97 wt.% [8] 27.5 220
RUBITHERM® RT28HC [9,13] 28 250
capric (decanoic) acid (CA), CH3(CH2)s) COOH [11] 32.1 168.77
lauric acid (LaA), CH3(CHz2)10)COOH [15] 42.6 176.4
myristic acid (MA), CH3(CH2)12COOH [11] 54.7 178.79
stearic acid (SA), CH3(CH2)1sCOOH [11] 58.22 180.56
caprylic (octanoic) acid (COA), CH3(CH2)sCOOH [14] 8%4(23 (Eﬁl;ilg?fé) St
palmitic acid (PA), CH3(CH2)14«COOH [15] 58.9 189.6
oleic acid (OA), CH3(CH2)7CH=CH(CH2)7COOH — melting of o-form 13.2 140.19
_ melting of B-form [17-20] 16.2 183.73
linoleic acid (LA), CH3(CH2)sCH=CHCH>CH=CH(CH2);COOH [20] -5.8 119.81
67/33 capric-lauric acid eutectic (67 wt.% CA + 33wt. % LA) [11] 22.81 154.16
72/28 capric-myristic acid eutectic [11] 25.36 139.2
77/23 capric-stearic acid eutectic [11] 27.78 122.58
58/42 lauric-myristic acid eutectic [11] 35.18 162.27
69/31 lauric-palmitic acid eutectic [14] 35.2 166.3
coconut oil (~ 50.8 wt.% LaA + 19.6% MA + 8.2% PA + 6.7% COA + 5.8% CA [12, 16] 25 249
+5% OA +2.7% SA +1.2% LA) ’

The highly porous metallic structures with high thermal
conductivity and interconnected pores (with micro-
cracks in the pore walls) such as aluminium foams are the
best solution for the construction of highly efficient heat
exchangers suitable for storage of a large amount of latent
heat.

The aluminium foam cell walls with an excellent heat
conductivity allow transferring heat uniformly to the
large volume of PCM that fills the space of the pores.
PCMs on the base of paraffin waxes or fatty acids
(Tab. 1) provide by this way the possibility to store and
to release large volumes of latent heat during its phase
change from solid to the liquid stage and vice versa
(~ 200 — 250 J/g) at a nearly constant temperature. This
allows keeping the temperature of the heat exchanger at
required temperature for a longer time without the need
to dissipate heat into the surroundings of the exchanger
immediately. The charging of the heat exchanger with the
function of latent heat storage is possible also by the fluid
with the temperature only slightly higher than the melting
point of used PCM. In the case that the heat exchanger is
used for the purpose ofundesirable excessive heat
removal from the building interior, the heat is consumed
for melting of PCM thus keeping the temperature at a
required level until all paraffin wax is melted.

However, values of heat of fusion for various PCMs
given in Table 1 are only approximate estimates. This is
because no PCM melts and solidifies in the entire volume
at exactly constant temperature. According to [9] the heat

storage capacity of PCM with trade mark RUBITHERM®
RT28HC produced by German company Rubitherm
Technologies GmbH is approximately 250 kl/kg (e.g. ~
70 Wh/kg) £ 7.5%. This heat is the sum of latent and
sensible heat in a temperature range from 21°C to 36°C.
The distribution of heat capacity of this PCM during
heating and cooling within said temperature range is
shown in Fig. 3.

Following experiment has been done to examine
the possibility to store reversibly latent heat of phase
transition by paraffin wax impregnated in the porous
structure of aluminium foam heat exchangers.

An experimental climatic chamber has been used in order
to test the ability of PCM to store the latent heat of phase
transition during multiple thermo-cycling of flat-shaped
panels with the area 600 x 600 mm made of aluminium
foam filled by PCM (Fig. 4). The chamber allows to
measure and record temperature in these places: T1 — air
temperature at a distance of 200 mm from the sample, T2
— temperature of the air at a distance of 500 mm from the
sample, T3 — temperature of the air at a distance 800 mm
from the sample, T4 — temperature of aluminium plate
located on the bottom of climatic chamber, TS5 — ambient
temperature, T6 — temperature of the water in thermostat
ensuring the maintenance of the temperature of the
climatic chamber at a constant level, T7 — temperature of
the water circulating from the reservoir through tested
panel and T8 — temperature of the tested panel.
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The aluminium plate located at the bottom
of the chamber was heated and maintained by flowing
water stabilized by thermostat at a constant temperature
of 40°C during experiments demonstrating the ability
of aluminium foam panel to remove the heat from
the interior of the climatic chamber. The tested panel
of aluminium foam impregnated by 770 g (1000 cm?®)
of PCM RUBITHERM® RT28HC with the melting range
27 — 29°C has been attached to a ceiling of the climatic
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chamber interior. 12.6 liters of water were circulating
during experiments from the container through tested
aluminium foam panel, which was thermally insulated so
as to minimize thermal losses, causing inaccuracies in the
measured quantity of the heat taken up to the tested panel
by the water circulating in the tubes placed inside the
structure of the aluminium foam panel.

The thermal behavior of tested panels is shown in Fig. 5
at the conditions described above without heat supply
or removal by heat transfer fluid.
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Figure 3. The distribution of heat storage capacity of PCM RUBITHERM® RT28HC during heating and cooling within

temperature range from 21°C to 36°C [9].

&

Figure 4. Experimental climatic chamber designed for measurement of the ability to store latent heat of phase transition

by heating/cooling panels of aluminium foam impregnated by PCM and testing their performance under various
conditions of cooling and heating (1 — thermostat, 2 — reservoir with 12.6 liters of water, 3 — tested panel of aluminium
foam impregnated by PCM, 4 — thermal insulation, 5 — aluminium plate with dimensions
700 x 700 x 25 mm stabilizing the temperature in the chamber).
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Figure 5. The thermal behavior of the tested panel during the experiment by which the interior of the climatic chamber was
cooled by solidified and slowly melted PCM impregnated in aluminium foam panel. The temperature difference
between tested panel and aluminium plate with stabilized temperature creating the bottom of the climatic chamber was
during storing of latent heat ~ 7°C (T2 — air temperature at the middle space of the climatic chamber, i.e. at a distance
of 500 mm from tested panel, T4 — temperature of aluminium plate creating the bottom of climatic chamber, T6 —
temperature of the water in thermostat and T8 — temperature of the tested panel).
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Figure 6. Schematic drawing of thermo-active aluminium foam roofing appropriate for moderate climatic zone, which is able to
efficiently recover the heat from solar gains even during colder sunny days, when the sun shines through the translucent
glass panel, heats both the absorption surface layer of aluminium foam roofing and the air enclosed in the space under
the glass cover.
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Figure 7. The design of thermo-active ultra-light aluminium foam solar roofing appropriate for subtropical climatic conditions
shown in the cross-section perpendicular to the direction of the sloping roof rafters.
1 — roofing components made of aluminium alloy foam,
2 — corrugated tubes made of corrosion-resistant chromium-nickel austenitic steel used for distribution of liquid heat-

transfer fluid,

3 — construction of sloping roof made from wooden rafters,
4 — surface layer of aluminium foam roofing ensuring a high solar heat absorptivity,
5 — the thermal insulation layer above the rafters of sloping roof ensuring its waterproofing and creating a barrier

to water vapor,

6 — rails of galvanized steel integrated into the insulation layer above rafters,
7 — venting air gap between the top layer of aluminium foam roofing and waterproof insulation with vapour barrier

above the rafters of sloping roof,

8 — coating of polymer matrix composite reinforced with metallic or ceramic particles (alternatively basalt granules,
crushed natural stones, etc.) protecting surface layer of aluminium foam casting against mechanical damage caused
by adverse weather conditions and providing highly efficient heat transfer,

9 — expanded stainless steel sheet reinforcing tensile loaded surface of thermos-active ultralight solar aluminium foam

roofing.

The heat-insulated tested panel was before the start of the
experiment described in this contribution cooled by
flowing cold water to a temperature below 23°C
and subsequently the experiment started by stopping
the water circulation through the tested panel. The latent
heat was during this experiment stored and slowly
dissipated from paraffin wax in order to determine
dependence between the temperature and time
in the experimental climatic chamber during free cooling
of chamber interior by tested panel near the phase
transition temperature. Tested flat aluminium foam panel
with the area 600 mm x 600 mm and weight of 3240 g
(2100 g is the weight of aluminium foam, 470 g is the
weight of steel tubes, and 670 g is the weight of the outer
layer of aluminium sheet) has been covered by the
aluminium sheet of thickness 0.5 mm bent on all four
sides beyond the lateral edges of the panel.

This experiment demonstrated that PCM impregnated
in the structure of tested aluminium foam panel during
cooling of air space was able after reaching panel
temperature of about 28°C to maintain its temperature

below 30°C for up to 5 hours although the temperature of
aluminium plate stabilizing the bottom of the climatic
chamber remained held at about 37°C.

The following calculations can be used to quantify
the amount of latent heat, which is capable of being
stored and later dispersed to the air or heat transfer fluid
at a constant temperature by aluminium foam panels
filled by PCM. Let us consider the aluminium foam panel
with dimensions 600 x 600 x 10 mm, volume of 3600
cm?, a density of 0.5 g/cm? and a weight of 1800 g.

The weight of 1 m? of panels is 5.4 kg. They can be fully
filled with about 7.24 kg of PCM RUBITHERM®
RT28HC with the melting range 27 — 29°C (PCM density
in the solid state is 0.88 g/cm’, in the liquid stage 0.77
g/cm’, the average density is ~ 0.825 g/cm?®). Since 1 kg
of PCM is able to accumulate about 250 kJ latent heat,
and thus even 1810 kJ (e.g. ~ 503 Wh) of latent heat can
be accumulated during phase transition of PCM into 1 m?
of aluminium foam panels with pores fully filled by PCM
in this way.
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4. Roofing of pitched roofs reducing energy
consumption

The possibility to accumulate large amounts of latent heat
in the ceiling panels in order to reduce energy demands
for maintaining sufficient thermal comfort in the interiors
of buildings brings a huge opportunity to adapt the
requirements prescribed on the properties of the roofing
so as to efficiently use heat surpluses from solar gains
that the current building industry does not use almost at
all. The construction of roofing utilized benefits of an
efficient heat storage system for nZEBs presented in this
contribution, allows not only the heat accumulated at a
time when heat from solar gains is sufficient (during hot
summer days) to use preferably for heating of DHW,
seasonal heat accumulation under the base plate of the
building, but also very energy efficient heat dissipation
of large amount of excess heat accumulated during whole
day in the interior through the roofing to the building
surroundings during cooler summer nights.

The main requirements for thermo-active roofing
of pitched roofs reducing the energy consumption
of a building constructed according to this concept can be
summarized as follows:

v' roofing must be sufficiently resistant to weathering,
frost, intense solar radiation, summer heat,
chemicals presented in the air, chemically polluted
water vapor and to mechanical damage caused by
adverse weather conditions (e.g. heavy rainfall,
groats, etc.),

v" roofing must provide considerable heat gains even
when the temperature around the building is low,
but the sunshine on the roof is sufficiently intense,

v’ the amount of the heat accumulated by roofing
during hot summer days is low enough to dissipate
it to the building surroundings during summer
nights as efficiently as possible together with
the heat of the liquid heat transfer medium flowing
through the pipelines integrated into the structure of
aluminium foam from which the roofing is made,

v’ the manufacturing cost of a thermo-active roof
covering for pitched roofs of buildings must be only
slightly higher compared with the manufacturing
cost of classic roofing used in the current building
which fulfills together with an additional heat
insulation layer in particular only the functions of
thermal insulation of the roof and the protection
against the penetration of rainwater and water vapor
into the interior,

v’ thermo-active roofing must be architecturally
designed so that it is the part of the roof without
being possible to recognize at first sight the places
from which the heat of solar gains is gained from
the rest of the roof.

The structural design of innovative thermo-active
aluminium foam roofing capable of efficient recovering

the heat from solar gains also during spring, autumn, and
sometimes even winter sunny days is shown in Fig. 6.
When the sun shines intensively during the sunny day
through the translucent glass sheet creating the surface
layer of the south-facing pitched roof, it heats very
intensively not only the radiation-absorbent surface layer
of aluminium foam roofing but also the whole volume of
the air enclosed in the space under the glass cover of the
roofing.

Moreover, the huge advantage of this roofing design
is that the surface between the individual glass sheets can
be covered by polycrystalline photovoltaic (PV) cells.
This modification changes the roof to hybrid PV/solar
thermo-active roofing suitable especially for covering the
southern sloping roofs of nZEBs in cold and mild
climatic regions.

In regions where the sun is intensively shining
on the surface of the southern sloping roofs for almost the
whole year long, it is much more advantageous to use
roofing design as shown in Fig. 7. The main advantage of
this roofing is that the excess heat accumulated in the
interior can be intensively removed during each cooler
night by the liquid heat transfer medium and dispersed in
the surroundings of the building. The roofing surface has
to be adapted for these reasons so that the heat exchange
between the ambient air and the heat transfer fluid
flowing in the tubes embedded in the structure of the
heat-conducting aluminium foam roofing is as intense
as possible. The covering of the roofing by various
composite systems based on thermosetting polymer
matrix (e.g. epoxy resins, graphite filled polyimide,
polyurethane, etc.) composites reinforced by particles
(metallic or ceramic particles, basalt granules, aluminium
scrap granules, crushed natural stones, glass foam
splinters, etc.) seems to be very beneficial as the roofing
surface must be sufficiently resistant also to any
mechanical damage caused by heavy rainfall, groats, and
any other adverse weather conditions. The variability of
different surfaces opens up the possibility to accomplish
appropriate aesthetic appearance of the coating layer, its
color fastness, and simultaneously to maintain high
mechanical and chemical resistance to atmospheric
agents for the different climatic zones for which this
roofing is intended. To achieve both the high stiffness
and the ultra-lightness of the roofing, it is very
advantageous to reinforce the bottom roofing surface
with perforated expanded stainless steel sheet which
significantly improves the bending stiffness of the roof
loaded by its weight or by snow cover during cold winter
season.

5. Conclusions

This contribution highlights the possibility of using
aluminium foam for novel large-scale roofing with
an integrated heat exchanger capable of effectively
gaining low potential heat from the surroundings and
to transfer it via liquid heat transfer fluid to the building
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interior. The same roofing is simultaneously able
to dissipate excess heat accumulated in the building to its
surroundings during the summer nights when the outside
temperature drops below 20°C.

Moreover, approximately 500 Wh can be stored in each
m? of building interior equipped with aluminium foam
ceiling panels impregnated by PCM in the form of latent
heat of its solid-liquid phase transition. This heat
is during winter enough for keeping sufficient thermal
comfort about 9 hours without delivering additional
energy from source as an average winter monthly heat
demand is ~ 40 kWh/m?. The temperature of the ceiling
panels does not drop below the phase transition
temperature during this time even when they accumulate
no more heat from the source. This means that during
those days of the heating season that can be obtained
from solar gains through a roof at least 500 Wh of heat
(by heating the liquid heating medium to a temperature
of at least 30°C) for every 1 m? of living space, sufficient
thermal comfort can be assured by the daily charging and
discharging of said ceiling heating/cooling panels. The
sufficient amount of solar gains is available in the region
of Central Europe for this purpose almost throughout
whole spring as well as autumn. The energy required to
drive the circulating pump that distributes liquid head
transfer fluid heated by thermo-active roofing into the
interior is almost negligible in comparison with the
energy required for classical heating. During period of an
excessive energy need at the beginning of the heating
season, i.e. especially during very cold winter days, part
of the energy needs can be covered by using of energy
surpluses stored during hot summer days in (or below)
the baseplate of the building. Each 1 m? of 30 cm thick
base plate made of concrete with the density 2400 kg/m?
and a specific heat 0.88 kJ/kg can store during the
summer season by heating from 20°C to 50°C about
19000 kJ, i.e. ~ 5.28 kWh of heat.

Fig. 8 shows an approximate estimate of the monthly
energy demand for the operation of a self-standing
single-storey family house built in the Central European
region and the expected reduction of its energy demand
in the case of use foamed aluminum heat exchangers
described in this contribution supplemented by the
seasonal storage of summer heat surpluses in 30 cm thick
isolated concrete base plate. However, the greater
savings of energy needed during winter for heating of the
house can be achieved by the construction of the base
plate, which is shown in fig. 2 by using a larger amount
of stones to which the heat is stored during the summer.
It is convenient and economical to have this earth
collector insulated from the foundation plate by an air
layer. It is also desirable to provide thoroughly watertight
insulation from the side of ground, especially in the case
that the earth under the house is bather by underground
water. However, if the underground water is sufficiently
deep under the house, a good heat transfer capability
between the ground collector and the earth below the base

of the house even helps to increase the amount of heat
that can be stored in the seasonal earth collector during
whole summer season.
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Figure 8. Comparison of energy needs for heating, cooling
and domestic hot water (DHW) preparation of
(a) classic family house and (b) the house that uses
novel aluminum foam heat exchangers, both built
in the region of Central Europe.

The innovative ultra-light and sufficiently stiff roofing
system described in this contribution is based on
reinforced aluminium foam with integrated corrugated
stainless steel pipes for the distribution of the heat
transfer fluid. The roofing is designed to cover entire
pitched roofs of future nZEBs. However, the principles
analyzed in this paper can generally be used in the
building sector for designing of any structural part
forming an outer building envelope with an integrated
function of energy efficient heat exchanger.
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1. Uvod

Improvements on the diesel engine exhaust valve to extend time to
maintenance

Professional paper
Abstract: In this paper structural inovations on the MAN B&W marine
diesel engine series MC, MC-C and ME-C, which contribute to a significant
increase in the correct operation of the engine between two maintenance
operations on the exhaust valve and cylinder head, have been presented.
NIMONIC 80A valve with “W” seat is described in the paper. Component
and engine performance monitoring are also described informatively as
dispensable elements when prolonging the engine running time between
two maintenance operation.

Strucni rad
Sazetak: U ovom radu dan je prikaz konstrukcijskih noviteta na brodskom
dizel motorima MAN B&W serije MC, MC-C i ME-C koji doprinose
znatnom povecanju ispravnog rada motora izmedu dva zahvata odrzavanja
na ispusnom ventilu i glavi motora. U radu su opisane znacajke ,,NIMONIC
80A“ ventil sa ,,W* sjediStem. Nadzor stanja komponenti i performansi
motora je takoder informativno obraden kao neophodan element pri
produljavanju rada motora izmedu dva zahvata odrzavanja .

2. Poboljsanja kod ispusnih ventila na
dvotaktnim MAN B&W dizelskim

U posljednjih desetak godina vrijeme izmedu zahvata na
cilindrima brodskog dizel motora je postepeno
povecavano zahvaljujuci konstrukcijskim rjeSenjima i
tehnolo§kim  poboljSanjima. Ohrabren povratnim
informacijama iz eksploatacije MAN B&W u posljednjih
par godina ispituje moguénosti produljenja vremena
izmedu zahvata na 32000 sati. Podatci su uzeti iz baze
podataka programskog paketa AMOS za odrzavanje
broda [1].

U svrhu ispitivanja MAN B&W je odabrao motore
najnovije generacije MC-C i ME-C (ME-C je
elektroni¢ki upravljan motor). Ta skupina motora je
dizajnirana 1 isporuCena sa posljednjim dostupnim
novitetima. Jedan od njih je ,,NIMONIC 80A* ispusni
ventil sa sjediStem ventila ,,W* tipa.

motorima

Tendencija svih proizvodac¢a brodskih dizelskih motora
je oduvijek bila §to pouzdaniji motor i §to dulji vijek
komponenata izmedu planiranih zahvata odrzavanja.
MAN B&W je u posljednje vrijeme konstrukcijski
preinaceno sjediste ventila i ventil tako da je uobicajeno
vrijeme rada do zahvata odrzavanja produljeno sa 8000
na 16000 sati. Baza sjediSta ventila, umjesto punog
profila, je prvotno poprimila izgled komore (slika 2) u
svrhu smanjivanja temperature dodirnih povrSina baze
sjedista i ventila.
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POBLJSANJA NA ISPUSNOM VENTILU
DIZELSKOG MOTORA
MAN B&W

KONSTRUKCIJSKO

«W»

«DURA»
PROCES OBRADE

TEHNOLOSKO

SJEDISTE VENTILA

«HVOF»
PROCES OBRADE

Slika 1. Zahvat poboljSanja na ispusnom ventilu
MAN B&W dizelskog motora
Figure 1. Improvement of MAN B&W diesel engine

exhaust valve

3. Konstrukcijsko

“W”

MAN B&W dizelskim motorima

KONSTRUKCIJSKO RJESENJE NA SJEDISTU
ISPUSNOG VENTILA | ISPUSNOM VENTILU
DIZELSKOG MOTORA MAN B&W

O

poboljSanje
sjedista ispusnih ventila na dvotaktnim

Dulji radni vijek sjedista ventila je postignut sa novom
geometrijom ,,W-sjedista“. Nova konstrukcija zadrzava
prednosti predhodnog rijeSenja sjediSta s komorom
(smanjivanje temperature na dodirnim povrSinama) i
kombinira prednosti uskih koncentricnih dodirnih
povrsina.
Svi ¢vrsti produkti izgaranja, koji ostaju izmedu dodirnih
povrsina, bivaju usitnjeni i eliminirani. Na taj nacin se
smanjuje rizik pojavljivanja udubina nastalih presanjem
¢vrstih produkata u Siroke dodirne povrSine ventila i
sjedista ventila.
Ventil i sjedista se mogu upotrebljavati sve dok:
e postoji dodir duz cijeloga obima unutra$njeg
sjedista,
e nema popre¢nih tragova propuhivanja na
sjedistu.

4. Proces obrade ispusnog ventila na
dvotaktnim MAN B&W motorima

Danasnja tehnologija obrade materijala omogucava,
nesluéene vremenske granice rada prije redovnog
zahvata odrzavanja.

TEHNOLOGIJA IZRADE ISPUSNOG VENTILA

O

«DURA» PROCES «HVOF» PROCES
OBRADE OBRADE

SJEDISTE VENTILA SA
KOMOROM

SJEDISTE VENTILA SA
«W» IZVEDBOM

T

Slika 2.  Sjediste ventila sa ,,komorom™ i ,,W* sjediste,

[2]1(3][41(5161[718][91[10][11][12]

Figure 2. Valve seat with “chamber” and “W” seat,

(2103104105161 (718191 10][11][12]

Slika 3. Suvremene tehnologije izrade ispusnih
ventila, [2][5][7][81[9][10][11][12]

Figure 3. Contemporary exhaust valve manufacturing
technologies, [2][S][7]1[8][91[10][11][12]
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Jedan od klasi¢nih primjera je ispusni ventil (do nedavno
uobicajeno vrijeme rada do zahvata odrzavanja je bilo
8000 radnih sati).

4.1. Proces obrade “HVOF”
tehnologijom

HVOF (High Velocity Oxy-Fuel process) tehnologijom

se produljava radni vijek samoga ventila. Vreteno ventila

je podvrgnuto ,,HVOF* procesu. Tim procesom se samo

na vreteno nanosi sloj materijala NIMONIC 80A,

debljine 0.25 mm, koji je veoma otporan na habanje.

Proces nanosenja karbida i posebne legure je termicki.

High Velocity Oxy Fuel Proces

ispusSnog ventila

N

NANOSENJE SLOJA
MATERIJALA SAMO
NA VRETENO
ISPUSNOG VENTILA

VISOKA OTPORNOST
NA HABANJE ZBOG
SLOJA METALNIH
KARBIDA | POSEBNE

LEGURE

OSNOVNI MATERIJAL

TERMICKO «NIMONIK 80A»
NANOSENJE SLOJA
0.25mm
Slika 4. Obrada vretena ventila ,,HVOF* procesom

(High Velocity Oxy-Fuel process),
(215107108191 10][ 11][12]

Figure 4. Process of “HVOF” machining valve spindle
(High Velocity Oxy-Fuel process),

(2105107108191 10][11][12]

4.2. Proces obrade ispusnog ventila “DURA”
tehnologijom obrade valjanjem materijala
Proces je kombinacija nanoSenja legure nikla na pladanj,
utiskivanjem materijala u podrucju pladnja (uz pomo¢
valjka pri sili od 10 tona) te naknadne termicke obrade u
peci. Zavrsni rezultat obrade je ,,DURA®“ ventil sa
izuzetnom tvrdoc¢om u podrucju pladnja ventila.

Na slici 6 je prikazan mikroskopski snimak valjanog
materijala te distribucija tvrdoée iste sekcije nakon
termiCke obrade.

IZRADE ISPUSNOG VENTILA «DURA»
TEHNOLOGIJOM

N

«DURA» PROCES «DURA» PROCES
OBRADE OBRADE VALJANJEM
NANOSENJEM MATERIJALA
MATERIJALA l
v
N "
Inconel-718 ./ Rene220 o /_,/ X 11
\i o e i :‘;\ [

Slika 5.

Proces izrade ,,DURA* ventila,

[21051[7](8]91[10][11][12]

Figure 5. The “DURA” valve manufacturing process,

[2105107108191(10][11][12]

KONTROLA NAKON OBRADE PLADNJA ISPUSNOG VENTILA
«DURA» TEHNOLOGIJOM

T

MIKROSKOPSKI
SNIMAK

SNIMAK NAKON
TERMO OBRADE

Slika 6. Mikroskopski snimak sekcije ,,DURA®

ventila, [2][5][7][8][9][10][11][12]

Figure 6. Microscopic survey of the "DURA" valve
section, [2] [S][7] [81[91[10] [11][12]
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5. Rezultati ispitivanja ispuSnih ventila na
dvotaktnim MAN B&W motorima tipa
MC, MC-C i ME-C dobiveni iz baze
podataka programskog paketa “AMOS”

U radu je praceno nekoliko brodara domacih i stranih koji
imaju brodske motore MAN B&W proizvedene u
domacim brodogradilistim Brodosplit i Uljanik. Svaki
brod ima svoj program AMOS za odrzavanje i u sklopu
njega povijest radova na komponentama motora, gdje se
vide kad i $to je radeno na motoru od ugradnje do
trenutka uzimanja podataka.

Baza podataka (history) u svom programu ima registar
komponenti i povijest svih zahvata na sustavima i
komponentama. U radu je koriSten program ,,AMOS*
kako bi se mogla provesti analiza uzoraka ispusnih
ventila na MAN B&W dizelskim motorima za razlicite
tipove. Ispusni ventil je kao i svaka druga komponenta
koja se mijenja zbog dotrajalosti ili loma na ventili.

Na slikam 7,8,9 i 10 se vidi prikaz komponenti za tip
motora 6S50MC-C u programskom paketu ,,AMOS* koji
sluzi za daljnju analizu aktivnosti nad komponentama.
Nakon analize sirovih podataka dobivena je tablica 1 i
slike 111 12.

Slika 7. Prikaz komponenti i karakteristika MAN
B&W 6S50MC-C, [12] [13]
b. Display of components and parameters MAN

B&W 6S50MC-C, [12] [13]

Slika 8.

Radnje na komponentama, [1][6][7]
Figure 8. Components actions, [1][6][7]

Nakon odabira ispusnog ventila kao jedne od komponenti
prikazuje se na ekranu sve vezano za ispusni ventil od

tehnickog opisa pa sve do povjesti rada na ispusnom
ventilu §to se vidi na slici 8.

Opcija ,,History“ u programu AMOS, koja prikazuje ispis
svih zahvata na ispuSnim ventilima kod dizelskog
motora. Zahvata moze biti i viSe tokom radnog perioda
brodskog dizelskog motora za pojedine komponente $to
je vidljivo iz slika 9 i 10.

Slika 9. Ispis povijesti zahvata odrzavanja za ispusni
ventila, [1][6][7]
Figure 9. Print out of the maintenance history of the

exhaust valve, [1][6][7]

History [220-N478 - WE EXHMIST VALWE]

Diuts D H B ‘whemnBp dDAUA SUFERI Ty

Slika 10. Detaljan opis izvrSenog zahvata odrzavanja
nad ispusnim ventilom (MAN B&W brodski
dizelski motor), [1][6][7]

Figure 10. A detailed description of the maintenance
performed on the exhaust valve (MAN B&W
marine diesel engine), [1][6][7]

Program nam omoguéuje i provjeru podataka o
izvjeStenom zahvatu, tj. detaljan opis nekog zahvata koji
nas zanima nad odredenom komponentom.

5.1. Rezultati ispitivanja ispuSnog ventila na
motorima tipa MC, MC-C i ME-C

Rezultati ispitivanja provedeni na ve¢em uzorku brodova

(preko trideset), koji imaju MAN B&W dizel motore tipa

MC, MC-C i ME-C, prikazani su u tablici 1, slika 11 i

slika 12, gdje je prikazano vrijeme izmedu zahvata

odrzavanja na ispuSnim ventilima za gore navedene

tipove MAN B&W dizel motora.
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Tablica 1. Produljeno vrijeme izmedu dva zahvata

odrzavanja
Table 1. Extended time between two maintenance
action
TRENUTAK STARI TIP NOVITIP [ELEKTRONSKI
PROMATRANJA| MOTORAMC | MOTORA MC-C|KONTROLIRAN
"KOMORA" | MOTOR MC-E
-
8000 1 0 0
32000 4 2 1
64000 8 4 2
80000 10 5 0
UKUPAN BROJ 23 11 3
ZASTOJA

Tablica 1 prikazuje postupno povecanje vremena izmedu
dva zahvata odrzavanja na ispusnom ventilu. Rezultati su
uzeti u periodu od 80 000 radnih sati, za MAN B&W
dizel motorima tipa MC, MC-C i ME-C.

12

n #
s 8 &
% " +STARITHP RAQTEIRA BAC
3
rul
] - W e TIP BADTORA MG
| - = EOMORA

- & & ELE.KOMTR. MOTOR MC-L
2 T R
T
¢ BT

0 20000 40000 GI000 S0000 100000
WRUEME IZMEDU ZAHVATA

Slika 11. Prikaz funkcija vremena izmedju zahvata
odrzavanja za MAN B&W dizelskim
motorima tipa MC, MC-C i ME-C.

Figure 11. Diagram of the time function between
maintenance procedures for MAN B&W
diesel engine series MC, MC-C i ME-C

BROJ ZAHVATA NA MAN B&W
SERIJEMC, MC-C, MC-E

VRIJEME
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S | [ | =[]
OVITE® MOTOR vl & | =
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m—ELE EOMTR. MOTOR 5 i %
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Slika 12. Prikaz funkcije trenda vremena izmedu
zahvata MAN B&W dizel motorima tipa MC,
MC-C i ME-C

Figure 12. Diagram of the time function between
maintenance procedures for MAN B&W
diesel engines series MC, MC-C i ME-C

1z slike 12 vidljivo je da vrijeme izmedu zahvata raste.
Iskustveni rezultati dobiveni s brodova su analizirani i
biti ¢e iskoriSteni za odredivanje vremena izmedu
zahvata na ispusnom ventilu. Rezultat jednog od takvih
pregleda je vidljiv na slici 13.

Slika 13. Izgled ,,NIMONIC 80A“ ispusnog ventila i
»W* sjedista nakon 36400 radnih sati,

(7109](10](11]

Figure 13. Appearance of , NIMONIC 80A“ exhaust
valve and ,,W* seat after 36400 operating,
hours [7][9][10][11]

Izgled pladnja ,,NIMONIK 80A“ ventila i ,,W* sjedista
nakon 36400 radnih sati, bez zahvata odrzavanja,
potvrduje dobro konstrukcijsko i tehnolosko rjesenje.

6. Zakljucak

MAN B&W dizelski motor tipa ME-C je, u usporedbi sa
prijasnjim tipovima MC i MC-C, pokazao veéu
pouzdanost. Zbog navedenog daljnja primjena
elektronike na pogonskim uredajima je neosporna,
posebno kod sustava dijagnostike, jer je granica jedino
inovativnost proizvodaca i interes brodara.

Nova tehnoloska i konstrukcijska rjesenja ,,DURA i
HVOF“ pomi¢u granice prosjeénog radnog vijeka
komponenti.

Dosadasnja analiza koristi se za predvidanje odrzavanja,
starenja i pouzdanosti komponenti sustava.

Ovakvi rezultati ispitivanja idu u korist planskog
odrzavanja koje ¢e dozivjeti velike promjene, u korist
odrzavanja na osnovi stanja komponenti i karakteristika
uredaja.

U radu se nastojalo iznijeti $to viSe informacija iz prakse
kako bi se mogao dobiti uvid u prednosti koje pruza
programski paket AMOS.

Suvremene tehnologije obrade ispu$nog ventila
(,DURA*“ 1, HVOF* proces) produljuju vrijeme rada
ventila bez pojave ostecenja, a time smanjuju ucestalost
potrebnih redovitih pregleda.
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1. Introduction

Professional article
Abstract:
In the present work we study the use of concentrated solar energy for gas
nitriding of powder metallurgy (PM) prepared titanium compacts and CP
Grade 2 Titanium (CP Ti Gr2) sheets as an economical alternative to
conventional techniques of gas nitriding in electric furnaces, plasma
nitriding, CVD, PVD, or laser treatments. Gas nitriding of titanium was
performed at various temperatures using 5kW vertical solar furnace at
Plataforma Solar de Almeria, Tabernas, Spain. It was observed that the solar
process presents great advantages over the conventional surface treatments:
significant decrease of the heating time to few minutes (up to 5 minutes at
temperatures between 500 - 1000 °C), clean and non-polluting high
temperature process. The formation of continuous and homogeneous
surface layers of TiN, Ti2N and their mixture according to nitriding
temperature were investigated using electron microscopy and RTG
diffraction. Finally, the higher hardness was achieved for all nitriding
attempts with respect to hardness of the base materials.

nitrogen is supplied into the furnace at a relatively high
temperature. This treatment requires titanium and

Titanium and its alloys are increasingly being used in
industrial applications because of their good mechanical
and chemical properties, as well as low density and high
melting point. However, their use is partially limited by
their low wear resistance. To improve their tribological
properties it is necessary to perform surface modification
processes via surface treatments or application of
coatings [1-6]. One of the most common processes is to
perform a thermo chemical treatment via gaseous or gas
nitriding [1]. Gas nitriding is a surface treatment in which

titanium alloys to be heated for long periods of time
(between 6 and 10 hours) to high temperatures (> 900 °C)
in nitrogen atmosphere.

It was originally proposed by G. Herranz et al. [7] to use
solar energy for gas nitriding of Ti6Al4V titanium alloy.
On the contrary, in this study, samples of pure titanium
(PM compacts/ CP Ti Grade 2 sheets) were treated by gas
nitriding using solar radiation in nominally pure nitrogen
atmosphere. The treatment time, and the treatment
temperature were varied at constant flow rate of nitrogen
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gas. The effect of these process parameters on the
formation of the modified layers was investigated. Here,
we present shortly the first results of Ti nitriding using
solar furnace.

2. Experimental

Two different Ti materials were used for gas nitriding in
solar furnace. The first material was bulk commercial CP
Ti Grade 2 (CP Ti Gr2). The bulk material was 1 mm
thick sheet (supplied by Bibus Metals AG, Gemany) that
was cut into the pieces of 15 x 10 mm, which were used
for gas nitriding in solar furnace in as received (no
cleaning or polishing of sample surface takes place).
Together 11 samples were prepared for the
investigations. The second one was powder metallurgy
(PM) prepared bulk compact made from HDH Ti powder
(150 pum powder size, purity 99.4 %, Kimet Special Metal
Precision Casting Co., Ltd., China) using low
temperature  extrusion technology [8]. For the
experiments 3 pieces from broken tensile test sample
with threads and also inner holes were used. The used PM
Ti samples had theoretical density of 99.13 %, modulus
of elasticity 94.5 GPa, yield stress Rpo2 541 MPa, tensile
strength of 687 MPa and ductility of 4.08 %. Oxygen,
nitrogen and hydrogen content were 0.207 %, 0.010 %
and 0.026 %, respectively.

The nitriding experiments were performed in the vertical
axis solar furnace SF5 [9] in Plataforma Solar de
Almeria, Spain. SF5 is able to deliver up to 5 kW power
at peak concentration ratios exceeding 6000 kW/m?. This
solar furnace operates in a vertical axis, i.e. parabolic
concentrator and heliostat are vertically aligned on the
optical axis of the paraboloid. The main advantage of
vertical axis solar furnaces is that the focus is arranged
on a horizontal plane; hence the samples are placed
without any fixation (see Figs. 1-2) [10].

The prepared PM Ti sample was placed on molybdenum
plate (200 x 200 x 0.7 mm) which was located on zirconia
plate (400 x 400 x 3 mm). On the contrary, CP Ti Gr2
sheets were directly placed on zirconia plate. Then the
samples were positioned into a spherical vacuum
chamber in the solar furnace SF5: Vacuum chamber
consists of a 51 borosilicate Duran sphere, which is closed
at its bottom by a cooled flange fixed by a clamp and O-
ring. The chamber is evacuated through a Pfeiffer
turbomolecular pump and gas system is connected to it.
The sample was placed to be in optimal focusing distance
with regard to solar spot size. The size of solar spot was
approximately 50 mm (see Fig. 3). Then the chamber was
closed and evacuated (approximate value of the vacuum
was around 0.8 Pa) and nitrogen gas flow (400 1/hour
under the pressure of 3 bars, technical purity) was used
during all experiments.

The temperature of the sample was measured by
thermocouple at bottom of molybdenum plate for
complex PM Ti samples and directly at bottom of
titanium sheets for CP Ti Gr2 material. Constant heating
and cooling rate of 100 K/minute was used during
experiments. Three experimental complex PM samples
were nitrided at 600 °C for 30 seconds, at 750 °C for 30
seconds and 5 minutes. The set of CP Ti Gr2 sheets were
nitrided at 700, 800, 900 and 1000 °C for 1 and 5 minutes.
After the experiments the samples were cut and samples
for microstructure observations were prepared. The
microstructure and microhardness of the samples were
investigated and measured: Microstructure of samples
was observed at PSA’s Materials Lab using Leica DMI
5000 Minverted digital microscope and at IMMS SAS
using scanning electron microscope JEOL 7600F,
equipped with a Schottky thermal-emission cathode
(thermal FEG - W-coated ZrO,) as well as energy and
wavelength spectrometers from Oxford Instruments.
Measurement of microhardness of sintered samples was
performed at PSA’s Materials Lab using Struers Duramin
HMV-2 micro hardness tester at the corresponding loads
for 10 seconds.

3. Results and discussions

It was proved that it is possible to use solar furnace for
successful gas nitriding of titanium. The created nitride
layer is continuous and covers all surfaces of samples.
Moreover also threads and deep holes in PM samples
were nitrided successfully.

Besides creation of thin nitride layer on the surface of the
samples, the diffusing nitrogen also affects the structure
just beneath the sample surface by creating solid solution
of a-Ti(N). This area depends on the temperature and
time of gas nitriding. For example in the case of PM Ti
sample gas nitrided at 750 °C for 5 minutes the affected
area is approximately 200 — 300 um thick (see Fig. 4). It
confirms the basic assumption that the thickness of -
Ti(N) zone increases with increasing temperature and/or
longer time of gas nitriding.

Electron microscopy confirmed the creation of thin
titanium nitride layers on the surface of Ti samples.
Again nitride layer thickness increases with increasing
temperature and/or longer time of gas nitriding. This can
be illustrated on microstructures of CP Ti Gr2 samples
gas nitrided in solar furnace for 1 and 5 minutes at 900
and 1000°C (Fig. 5). With increasing temperature of gas
nitriding at constant exposure time of 1 minute the
thickness of created nitride layers increased from
approximately 15 um up to almost 50 um. Anyway the
porosity at thicker layer is observed at 1000°C.
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Figure 2. CP Ti Gr2 sheet samples before and after gas nitriding at solar furnace.
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Figure 4. Microstructure of PM Ti sample gas nitrided a-t 750 °C for 5 minutes: left — thread with béginning of deep hole, right
— bottom of the same deep hole (light microscopy).
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Figure 5. Microstructures of CP Ti Gr2 samples gas nitrided in solar furnace for 1 minute at 900 (left) and 1000°C (right) and
corresponding thickness of created TiN layers (SEM).
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The observed porosity can be probably explained by
structural changes of nitrides inside of layer. The change
in the microstructure is due to the volume
transformations that occur during nitriding at increasing
temperature and phase transformations between 6 - TiN
and € - TioN.

The first step for nitride formation involves nitrogen
adsorption on metallic sites. However, nitrogen
concentration profiles in the metal will be governed by
diffusion laws depending on the crystallization state of
the metal and on the temperature. When diffusion occurs
in a polycrystalline Ti substrate, diffusion mostly
proceeds along the grain boundaries. This lowers the
activation barrier and enhances the diffusion coefficient.
Due to the nitrogen concentration profiles into the matrix,
the nitride formation will first take place on the substrate
surface since the 33 % minimum nitrogen content will be
reached first at this position. Once this concentration is
reached the hexagonal crystal lattice of titanium changes
towards the face centred cubic lattice of titanium nitride
(NaCl type crystal) [11].

The compound layer is mainly composed of titanium
nitrides Ti>N and TiN, followed by a diffusion zone that
consists of an interstitial solution of nitrogen in a or
titanium phases.

RTG analysis confirmed that both phase’s & - TiN and ¢
- Tip,N are present on the surface of the investigated Ti
samples. As the penetration depth is relatively small in
the case of bulk solids the a-Ti peaks were not observed
in this penetration depth, thus indicating the thickness of
nitrides to be over 20 um (see Fig. 6).

o TiN

100 o

intensity [cps]

=)
1

T T T
20 40 60 80 100 120
2 theta [deg]

Figure 6. RTG analysis of CP Ti Gr2 sample gas nitrided in
solar furnace for 1 minute at 900 °C.

Then nitrogen diffuses inward toward the metal substrate,
forming a compound layer on the surface of the material
(see Fig. 7). Herranz at el. [7] showed that this process
with time leads in solar furnace to creation of double

nitride layers with surface layer of TiN and subsequent
layer of TioN on TiAl4V substrate. In their observation
upper TiN layer is also significantly porous.

Basically o - TiN possesses cubic structure with volume
of cell 76.3 x 10° particle per m®, and density of
5.36 g.cm™. On the other hand € - Ti;N has tetragonal
structure with volume of cell 74.19 x 10° particle per m?,
and density of 4.91 g.cm™. Thus rearranging of TiN
phase into Ti,N under the surface requires volumetric
changes of layer. The new created phase occupies less
volume, thus creating pores inside of layers. The pores
tend to the surface to minimise surface energy, however
the diffusion of nitrogen inside of materials changes local
concentrations. This is evident especially at high
temperatures  (1000°C). For this reason it is
recommended that nitriding must not exceed 980°C,
since at higher temperatures the fragility of superficial
layer increases rarely.

CP Ti Gr2 samples gas nitrided in solar furnace at 900 °C
for 1 minute and 5 minutes showed significant changes
of line profiles of nitrogen diffusion into the sample
interior. As illustrates Fig. 7 for 1 minute of gas nitriding
the significant diffusion is around 10 pm, however then
the amount of diffused nitrogen remains almost constant
with increasing distance from surface. On the contrary
for 5 minutes the diffusion depth decreased down to
7 um, however evident linear decrease of nitrogen
concentration is observed with the increasing distance
from the surface. As this temperature is just above a to 3
transition temperature of titanium, the most probably the
diffusion of nitrogen is affected by o to B Ti phase
transition and time of exposition.

For PM Ti samples gas nitrided in solar furnace at 750 °C
for 5 minute the depth MHVO0.2 profile of hardness
indicates that nitrogen is already diffused over 500 um
inside of titanium sample. While the hardness of nitride
layer on the sample surface is almost 883.9 MHVO0.2 it
finally decreases in the depth of sample down to 316.1
MHVO0.2. Fig. 8 indicates also how the size of indentation
is increasing with decreasing amount of nitrogen in
titanium matrix.

For CP Ti Gr2 samples gas nitrided at 900 °C the
following MHV values were observed: The as received
sample has surface hardness of 230 + 57 MHVI, the
sample nitrided for 1 minute has surface hardness of 1190
+ 360 MHV1 and finally sample nitrided for 5 minutes
has surface hardness of 2180 + 810 MHV 1. These results
coincide with observed phases and microstructures in
Fig. 5.
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Figure 7. CP Ti Gr2 samples gas nitrided in solar furnace at 900 °C for 1 minute (left) and 5 minutes (right) and line profiles of
nitrogen diffusion into the sample interior.
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Figure 8. PM Ti sample gas nitrided in solar furnace at 750 °C for 5 minute: Depth profile of hardness due to titanium nitrides
formation for various steps of measurement at the different places of samples. Right — an example of sample
microstructure with indentation cones.

. 5kW wvertical solar furnace at Plataforma Solar de
4. Conclusions Almeria, Tabernas, Spain. The solar process presents

Gas nitriding of PM prepared Ti or CP Ti Gr2 samples at great advantages over the conventional treatments:

high temperature with concentrated solar energy were - Lti clean and non-polluting high temperature process
performed in nitrogen atmosphere. Gas nitriding of - Significant decrease the heating time by the using of

titanium was performed at various temperatures using concentrated solar energy (100 K/minute)
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- Creation of continuous nitride layer consisting of d -
TiN and ¢ - Ti;N over all surfaces of samples

- Creation of a continuous and homogeneous surface
nitride layer of high hardness of sample surface up to
2180 MHV1 with solar treatments for 5 minutes at 900
°C

The high number of hours of sunshine in a lot of world

countries together with the shortness of the tests allows

us to think of their industrial application.
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1. Introduction

Original scientific paper
Abstract: In the last few years there is a demand for the new technologies
development in order to increase scrap reuse potential and CO2 emission
savings. This paper deals with novel aluminum recycling process using
severe plastic deformation (SPD). Aluminum was recycled from machined
chips without any remelting (solid state recycling-SSR) in order to reduce
environmental pollution and to increase material yield during the process.
Machined chips were cleaned, compacted and hot extruded. After hot
extrusion semi-finished product (aluminum bar) was processed with equal
channel angular pressing (ECAP) in order to improve mechanical properties
and electrical conductivity. ECAP process temperature and the number of
recycled samples pass through tool where varied. After SSR process
electrical conductivity and mechanical properties of recycled samples were
evaluated. The efficiency of the SSR process was confirmed and quality
recycled samples were produced.

Izvorni znanstveni rad
SaZetak: Posljednjih godina postoji potreba za razvijanje novih tehnologija
s ciljem povecanja potencijala ponovne upotrebe otpada i smanjenja emisije
CO2. Ovaj rad se bavi inovativnom tehnologijom recikliranja aluminija
koriste¢i veliku plasticnu deformaciju (engl. “severe plastic deformation”-
SPD). Aluminij je recikliran iz odvojene cCestice bez pretaljivanja
(recikliranje u ¢vrstom stanju, engl. solid state recycling- SSR) s ciljem
smanjenja zagadenja okoliSa i povecanjem iskoriStenja materijala tokom
procesa. Odvojene Cestice su ociS¢ene, sabijene 1 istisnute u toplom stanju.
Nakon istiskivanja u toplom stanju, polu-proizvod (aluminijska Sipka) je
obraden s kutnim kanalnim istiskivanjem (engl. “equal channel angular
pressing”-ECAP) s ciljem poboljsanja mehanickih svojstva i elektricne
provodljivosti. Temperatura ECAP procesa i broj prolaza recikliranih
uzoraka kroz alat su varirani. Nakon SSR procesa elektri¢na provodljivost
i mehanicka svojstva recikliranih uzoraka su odredena. Ucinkovitost SSR
procesa je potvrdena i dobiveni su kvalitetni reciklirani uzorci.

Some of the used processe are: incremental equal channel
angular pressing (iIECAP) integrated into hot extrusion
[3], high pressure torsion (HPT) [4], friction stir

In the last few years there is a demand for development
new technologies in order to increase scrap reuse
potential and emission savings [1]. Aluminum is second
most recycled metal and it is of the main importance for
further development in aluminum recycling technology.
In this paper aluminum recycling without remelting was
used, so called solid state recycling (SSR). The main
difference compared with conventional recycling is in
energy and material savings. High metal reactivity and
material losses are responsible for lower material yield in
conventional recycling process [1-2]. Usually, machining
chips are recycled by SSR process.

Nevertheless, sheet, foils or wire could also be recycled.
The most used method for SSR is hot extrusion, but lately
severe plastic deformation processes are utilized in order
to improve recycled samples mechanical properties.

extrusion (FSE)[5].

It has been shown by various authors that if all necessary
conditions are fulfilled quality recycled samples can be
obtained via solid state recycling route. These conditions
are the combination of high temperature, plastic
deformation and pressure [6]. Other authors have
developed the mathematical model to describe influence
on metal material solid bonding and according to the
model high temperature, increase in normal contact
stress, shear stress and strain lead to better material
bonding [7].

In this paper, solid state recycling was performed by the
combination of direct hot extrusion (DE) and following
ECAP process. Mechanical and physical properties
(electrical conductivity) are compared after DE and also
after combination DE+ECAP. However, ECAP was
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performed at various process parameters in order to
evaluate process influence on SSR samples quality.
Usually, researchers have investigated mechanical
properties of SSR samples, microstructure and density.
[8]. According to literature review, electrical
conductivity of SSR samples was not investigated. The
Al-Mg-Si alloys (6xxx) have been widely used as
conductors due to the good combination of strength and
electrical properties compared with other Al alloys [9].
Selected metal for this research is relatively new alloy EN
AW 6082 due to excellent behavior during machining
process.

Production of Al-Mg-Si wires usually include thermo-
mechanical processing which consist of solution
treatment, water quenching and cold drawing into wires.
Following this procedure second-phase precipitates
Mg,Si are formed in the grain interior. Such
microstructure show enhanced precipitation hardening
and electrical conductivity slightly increment. The reason
for such material behavior is explained as a result of
partial purification of the Al matrix from Mg and Si
solute atoms since the solute atoms dissolved in the
matrix and Guinier-Preston (GP) zones are responsible
for the determinal effect on electrical conductivity [9-10].
Usually, well-known Matthiessen’s rule [10] is used to
describe electrical resistivity (p) dependence on several
microstructural features:

p=po +Aps+App+Apv+App+Aps @)

podescribe resistivity of pure solvent metal and 4p stand
for the increase in electrical resistivity due to atoms in
solid solution (S), precipitates (P), vacancies (V),
dislocation (D) and grain boundaries (B). Electrical
resistivity is the inverse value of the -electrical
conductivity. Good combination of mechanical and
physical properties has always been a great challenge for
electric conductors production. Lately, , the number of
attempts increases in order to produce -electrically
conductive materials with high strength by severe plastic
deformation approach without any electrical conductivity
decrement [9-13].

With this approach, SPD is used to refine microstructure
to ultra-fine grain structure (UFG), while SPD at elevated
temperature cause decomposition of solid solution and
formation of nano-sized second phase precipitates via
dynamic aging. UFG materials with second phase
precipitates can have high mechanical properties, but also
enhanced electrical conductivity due to the very low
content of solute atoms and absence of GP zones in Al
matrix. These nano-sized precipitate have been identified
as ’- Mg»Si, and they are formed during SPD processing
of Al-Mg-Si aluminum alloy at elevated temperatures
[11-13].

The main aim of this paper is to show the possibility to
produce material with good mechanical properties from
small metal waste and with good electrical conductivity

by solid state recycling process utilizing severe plastic
deformation.

2. Experimental procedure

In order to investigate the possibility of EN AW 6082
alloy recycling via SSR recycling route, direct hot
extrusion (DE) in combination with ECAP process was
utilized. Chemical composition of selected aluminum
alloy EN AW 6082 : 0,7-1,3 % Si, 0-0,5% Fe, 0-0,1%
Cu, 0,4-0,1 % Mn, 0,6-1,2 % Mg, 0-0,25% Cr, 0-0,2%
Zn, 0-0,1% Ti, Other 0-0,1%.

Metal waste in form of machined chips from milling and
turning are taken from the real industrial manufacturing
process. There were few steps to perform SSR route:

e C(Cleaning of contaminated machined chips by
the ultrasonic bath at temperature of 60°C in a
time of 20 min utilizing universal detergent, Fig.
1b.

e Briquetting of machined chips into 38 mm
diameter and 70 mm high briquettes with 300
kN force, Fig. 1a.

e Briquettes preheating in a time of 30 min on
extrusion temperature and direct hot extrusion at
400 °C and 450°C with 7.11 extrusion ratio.

e ECAP processing of the extruded bars with 15
mm diameter at three temperatures: 20°C,
160°C and 300°C. At 20°C and 160°C 1 and 3
passes were applied, while at 300 °C only one
pass was applied.

Figure 1. a) Chips cleaning utilizing ultrasonic bath b)
Machined chips briquetting phase

Figure 1. a) Cis¢enje odvojene &estice ultrazvuénom
kupkom b) Faza briketiranja odvojenih Cestica

Force measurement during briquetting phase was
achieved utilizing HBM load cell C6A 1MN. After SSR
route (DE+ECAP) mechanical properties and electrical
conductivity of all obtained samples were evaluated.
Properties of recycled samples obtained only with DE are
also evaluated and compared with referent values of
extruded bar from manufacturer in O (annealed), T4
(solution heat treated and naturally aged) and T6
(solution heat treated and artificially aged) temper
conditions. Systematized overview for all 7 solid state
recycling processing routes is given in Tab. 1, as well as
mechanical and physical properties of recycled samples.
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Table 1. Mechanical and physical properties of solid state recycled samples

Tablica 1. Mehanicka i fizi¢ka svojstva reckliranih uzorka u &vrstom stanju

Properties of solid state recycled samples obtained utilizing DE+ECAP route

ECAP temperature DE temperature ours 00.2% 0 IACS
Sample E Cﬂ) ECAP pass [Og] [MPa] [MPa] [%] (%]
1 300 1 450 139,7 73 31,3 47,48
2 160 1 400 174,7 127 23,8 46,05
3 160 3 450 174,6 144 18,3 46,54
4 20 1 450 2494 236 8,2 43,80
5 20 3 400 265,9 227 10 44,01
Properties of solid state recycled samples obtained utilizing DE route
Sample  DE temperature [°C] ours [MPa] 00,22 [MPa] 0 [%] IACS [%]
6 400 150 91 243 43,05
7 450 160 101 24,6 44,5
Conventionally produced EN AW 6082 extruded bar properties
State ours [MPa] 00,20 [MPa] J [%] IACS [%]
(0] <160 <110 >14 /
T4 >205 >110 >14 42
T6 >295 >250 >8 44

In Tab. 1 ours stands for ultimate tensile strength (UTS),
o002 stands for yield strength, J stands for elongation and
% IACS is the unit for electrical conductivity. Fig. 2a
shows utilized ECAP tool and Fig. 2b shows obtained
recycled samples after the process. The main goal of the
ECAP process is to introduce notable plastic strain into
the material and to refine microstructure. Tool geometry
in ECAP process is mainly defined by two angles, inner
die angle ¢ and outer die angle . Iwahashi et al. [14]
established simple analytical approach according to
which plastic shear strain y in the shear zone determined
by the outer corner angle is function of the die angles ¢
and -

y:2cot[%+%)+wcosec(g+%j )

ECAP tool in this work have inner die corner angle value
90°, and outer die angle 12° defined with 3 mm radius.
The diameter of the ECAP tool channel is 15.1 mm. The
lubrication used on room temperature and 160 °C was
graphite grease, while on 300°C lubrication based on
Mo,S was utilized. Temperature measurement was taken
with K-type thermocouple probe and regulation was
achieved using HOTSET cartridge heaters and PID
controller. Every sample was preheated 10 min inside
ECAP tool and 10 min after channel pass. ECAP was
performed by pressing one sample on the other in order
to achieve semi-continuous process.

Mechanical testing was performed according to the
ASTM ES standard for metal material tensile testing. The
used device was “Instron 8801”5 kN universal machine,

Fig. 4a. Tensile specimens were prepared with gauge
original length 11 mm and diameter 2.5 mm.

: . ."Tﬂlm
a b

Figure 2. a) ECAP tool b) Recycled samples (DE+ECAP),
Slika 2.

a) ECAP alat, b) Reciklirani uzorci (DE+ECAP)

Samples were machined from the central part of the
recycled samples in order to obtain homogeneous
microstructure. Tensile testing was performed at room
temperature and initial strain rate was 1.8-107 s, Fig. 3a
shows engineering stress vs. engineering strain diagrams
for all 7 solid state recycled samples. Tensile samples
after testing are presented in Fig. 3b. The electrical
conductivity of the alloy was measured at room
temperature using the eddy current method on Olympus
NORTEC 600C device according to the ASTM E 1004
standards, Fig. 4b. The electrical conductivity was
expressed as ITACS (%) unit, which stands for
International Annealed Cooper Standard. At least 20
electrical conductivity measurements were taken for each
sample and the arithmetic value was taken as the final
value.
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Figure 3. a) Engineering stress vs. engineering strain b) Samples after tensile testing

Slika 3.

a) Dijagram naprezanje u odnosu na relativno produljenje b) Uzorci nakon vlacnog testiranja

Figure 4. a) Universal tensile testing machine ¢’ Instron 8801°” b) Eddy current measuring device

Slika 4.

3. Results and analysis

After experiments, obtained results for the ultimate
tensile strength are in the range from 139,7 MPa to 265,9
MPa, elongation is in the range from 8,2 % to 31,3% and
yield strength is in the range 73 MPa to 227 MPa. These
properties are achieved without any additional heat
treatment, such as artificial aging.

Specimens that were recycled only by hot extrusion have
similar UTS (sample 6 UTS=150 MPa and sample 7
UTS= 160 MPa) as EN AW 6082 aluminum alloy in
annealed condition (O), Tab. 1. However for both
mentioned recycled samples elongation seems to be
twice of the minimum elongation for annealed EN AW
6082, Tab. 1. However electrical conductivity (EC) of the
recycled samples is 43,05% IACS (sample 6) and 44,5%
TIACS (sample 7) which is closer to EN AW 6082 in T6
temper (44% IACS).

a) Univerzalna vla¢na kidalica ¢’ Instron 8801°” b) Uredaj za mjerenje vrtloZnim strujama

According to the results, electrical conductivity can be
increased by ECAP procedure at elevated temperature
(300 °C) and for sample 1 EC is 47.48% IACS. However,
UTS and YS are low, 139.7 MPa and 73 MPa,
respectively, while elongation is, 31.3%.

In order to increase recycled samples quality and
mechanical properties, some of the samples are processed
with ECAP tool at room temperature. For samples 4 and
5 UTS is 249.4 MPa and 265.9 MPa, respectively. These
values are much higher than EN AW 6082 in T4 temper
and little lower than mentioned alloy in T6 temper, Tab
1. Sample 4 and 5 have EC 43.80% IACS and 44.01%
IACS, respectively. YS for sample 4 and 5 is 236 MPa
and 227 MPa, respectively. This means an increase for
114% in YS for sample 4 and 106% for sample 5
compared with EN AW 6082 in T4 temper. Sample 5
also have 25% higher elongation than EN AW 6082 in
T6 temper. Sample 2 and 3 after hot extrusion are
processed with ECAP tool at 160 °C and UTS is 174.7
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MPa and 174.6 MPa, respectively. The electrical
conductivity of sample 2 and 3 is 46.05% IACS and
46.54% IACA, respectively. This means enhanced EC
compared with EN AW 6082 in T6 and T4 temper, Fig.
5c. Despite lower UTS than EN AW 6082 in T4 and T6
temper, elongations are much higher while for samples 2
and 3 they are 23.8% and 18.3%, respectively. YS

compared with minimum listed value EN AW 6082 in T4
temper is increased for 15% and 30% for samples 2 and
3, respectively.

Fig. 5a show values of electrical conductivity compared
with UTS, Fig. 5b shows values of EC compared with YS
and Fig. 5c shows values of EC compared with
elongation for 7 SSR samples.
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Figure 5. a) Ultimate tensile strength and electrical conductivity for 7 SSR samples b) Yield strength and electrical
conductivity for 7 SSR samples ¢) Elongation and. electrical conductivity for 7 SSR samples

Slika 5.

a) Vlacna ¢vrstoca i elektri¢na provodljivost 7 uzoraka recikliranih u ¢vrstom stanju b) Granica razvlacenja i

elektri¢na provodljivost 7 uzoraka recikliranih u ¢vrstom stanju ¢) Elongacija i elektri¢éna provodljivost 7 uzoraka

recikliranih u ¢vrstom stanju

According to Fig. 5a and Fig. 5b it can be clearly
indicated that with increase in ultimate tensile and yield
strength electrical conductivity decrease. On the other
hand with elongation decrement, electrical conductivity
decrease, except for samples recycled only with DE, Fig.
S5c. However, samples processes only with DE have
lower YS and UTS, without any EC increment, Fig. 5a
and 5b.

The attention should be at sample 2 and 3, which have
considerably higher UTS and Y'S and enhanced electrical
conductivity compared with EN AW 6082 in T4 and T6
temper. Electrical conductivity and mechanical
properties are increased compared with samples 6 and 7.
This indicates that with severe plastic approach quality
SSR samples can be obtained and with enhanced
electrical ~ conductivity.  Furthermore, additional
improvement in UTS and YS are showed for samples 4
and 5, without any EC properties degradation.

Finally, due to a large number of influential parameters
and their interaction further optimization of the SSR

process should be performed in order to achieve even
better combination of mechanical and physical
properties.

4. Conclusion

According to this investigation, solid state recycling of
EN AW 6082 alloy can be successfully and effectively
performed by the combination of DE and ECAP process.
Obtained recycled samples have an excellent
combination of mechanical and physical properties
without any remelting phase, which means low energy
consumption. Manipulation of recycled samples
properties can be easily achieved by changing process
parameters. Following conclusion can be drawn:

e Improvement of mechanical properties and
physical properties of SSR samples produced
only with DE can be achieved by additional
SPD utilizing ECAP process.
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e Samples processed with DE+ECAP at room
temperature have enhanced UTS and YS,
without any heat treatment, while EC remains
high. Sample 5 has 10% lower UTS and 9%
lower YS compared with EN AW 6082 in T6
conditions, while elongation is 25% higher and
electrical conductivity is equal. However, only
3 pass through ECAP were performed. Increase
in pass number should result with higher
mechanical properties.

e Samples processed with DE+ECAP at 160°C
have an excellent combination of mechanical
properties and EC. Sample 3 has higher YS,
elongation and EC than minimum listed values
of EN AW 6082 aluminum alloy at T4 temper
for 30%, 30.7% and 10.8%, respectively.
However, UTS is 15% lower.

e Samples processed with DE and ECAP at 300
°C have 47.48% IACS. However, UTS and YS
are 139.7 MPa and 73 MPa, respectively, while
elongation is very high, 31.3%.

Finally, further investigation directions for solid state
recycling should be based on severe plastic deformation
approach with DE and ECAP at the temperature range
between 100° and 200°C in order to optimize dynamic
recrystallization influence on physical and mechanical
properties. Except electrical conductivity, it is very
important to determine recycled samples density,
metallography and microstructure. Investigation of
additional heat treatment on mechanical properties and
especially physical properties should also be included.
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1. Introduction

Original scientific paper
Abstract: New industrial revolution, called Industry 4.0, is based on the
evolution of information-communication technology. One of significant
possibilities is to track manufacturing execution by using the RFID (radio-
frequency identification) system, creating a system called RFID-enabled
Manufacturing Execution System. RFID technology enables, not just
identification of some product like bar-code technology, but it enables
writing the data on the RFID tag attached to the product. Data about process
times, ERP product data, or similar. This kind of live tracking of
manufacturing execution can significantly improve production planning,
especially for the small-lot and single-item production. However, RFID
technology has its limitations, also. In this research, a performance of the
industrial RFD system has been experimentally tested regarding the speed
of passing near antenna and the distance from the antenna. Presented results
give guidelines for the design of the workplace, based on Industry 4.0
principles, regarding the limitation of the RFID system.

Izvorni znanstveni ¢lanak
Sazetak: Nova industrijska revolucija, nazvana Industrija 4.0, utemeljena
je na napretku informacijsko-komunikacijske tehnologije. Jedna od
znacajnih moguénosti je pracenje proizvodnje pomocu RFID (,radio-
frequency identification®) sustava, stvarajuéi sustav koji se naziva ,,RFID-
enabled Manufacturing Execution System*. RFID tehnologija omogucuje,
ne samo ocitavanje proizvoda kao kod ,bar-kod“ tehnologije, ve¢ i
zapisivanje podataka na ,,RFID tag“ koji se nalazi na proizvodu. Podataka
kao $to su vremena procesa, podaci o proizvodu iz ERP-a, i sli¢no. Takvo
pracenje proizvodnje ,uzivo“ moze uvelike unaprijediti planiranje
proizvodnje, pogotovo kod malo-serijske i jedno-komadne proizvodnje.
Medutim, RFID tehnologija ima i svoja ograni¢enja. U ovom istrazivanju
eksperimentalno je testirana ucinkovitost industrijskog RFID sustava s
obzirom na brzinu prolaska kroz polje antene, kao i s obzirom na udaljenost
od antene. Predstavljeni rezultati daju smjernice za dizajn radnog mjesta,
utemeljenog na principima Industrije 4.0, s obzirom na ograni¢enja RFID
sustava.

The Cyber-Physical System of Smart Factory is crucial
to support new business models for manufacturers called:

1.1. Smart Factory

The introduction of the Information-Communication
Technology together with Internet of Things and
Services into the manufacturing environment has started
fourth industrial revolution (Figure 1), called Industry 4.0
[1]. This new type of industry is based on Smart Factory
model. The Smart Factory has a completely new
approach to production: smart products are uniquely
identifiable, may be located at all times and know their
own history, current status and alternative routes to
achieving their target state [1]. Smart Factories allow
individual customer requirements to be met and makes
single-item production profitable. To achieve this an
enterprise must become ‘smart’, i.e. it must incorporate
its machinery, warehousing systems and production
facilities in the shape of Cyber-Physical System.

Manufacturing-as-a-Service [2], Industrial Product-
Service Systems [3] [4], or similar. Idea of Industrial
Product-Service Systems is extended product [3], i.e.
product and service integrated into single product for
delivering value in use to the customer during the whole
life cycle of a product [5]. However, the idea of
Manufacturing-as-a-Service is to transform manufacturer
of product or part to manufacturing service provider.
Both business models incorporate services into
manufacturing enterprises [4], and both require usage of
state-of-the-art ICT. Because of that these models can
only function around a Cloud computing service or
Internet portal.

These new paradigms result with single-item production
in most of the cases. Hence, the importance of ICT
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integration into enterprise’s processes and organization is
crucial [7].

Products are unique (single-item), therefore they need to
be identifiable, may be located at all times and know their
own history, current status and alternative routes to

achieving customer [1].
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Figure 1. The four stages of the Industrial Revolution [5]
Slika 1.  Cetiri razdoblja industrijske revolucije [5]

The technology that can enable these requirements is
radio-frequency identification (RFID) technology. This
technology is based on RFID tags for storing data in their
memory, and RFID antennas to read data from the tag or
write data to the tag. RFID technology is already well-
known technology, therefore it could be implemented
into Manufacturing Execution System (MES) with ease
[8], thus creating RFID-enabled Manufacturing
Execution System [9]. This kind of live tracking of
manufacturing execution connected with Enterprise
Resource Planning (ERP) system can significantly
improve production planning, especially for the small-lot
and single-item production, making them more profitable

[1].

1.2. RFID-enabled Manufacturing Execution System
Manufacturing data collection, or real-time tracking, was
emerging in the era of Computer Integrated
Manufacturing (CIM), mostly based on the bar-code
technology. In order to facilitate the real-time data
collection, RFID technology has been proposed. Since
RFID technology has lot of advantages over bar-code
technology, like [10] longer reading distance, larger data
storage, and possibility to write date instead of read-only
data, the RFID-enabled Manufacturing Execution
System were born.

The main aim of RFID-enabled Manufacturing
Execution System is to have real-time manufacturing
execution data, i.e. to have Real-time MES. However, the
MES must be seen as an extended framework, that goes
beyond MES itself, consisting of a different layers
(Figure 2) that are used to ensure information flow from
the shop-floor to the production planning. Therefore, the

main layers of the Real-time MES that create MES
framework are [10]:

— shop-floor layer,

— MES layer,

— interface layer,

— decision-making layer.
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Figure 2. Real-time MES framework [10]
Slika 2.  Okvir ,,Real-time MES* koncepta [10]

The shop-floor layer includes various hardware devices:
RFID readers, RFID tags, and other communication
devices like WiFi network, or similar. MES layer
contains three core services: communication service,
planning and scheduling service, and visualization
service. Interface layer is an interface service that is
aiming at real-time intercommunicating with other
enterprise systems, with ERP in general. At last,
decision-making layer consist of the information
systems: ERP, Resources Planning), PDM (Product Data
Management), and CAPP (Computer-aided Process
Planning). These information systems are used for
decision-making in planning and scheduling.

The Real-time MES framework forms a closed-loop by
enabling information flow from down level, where f
RFID devices are used to collect real-time manufacturing
data, to the top level, i.e. to the ERP system. Furthermor,
sometimes PDM, CAPP and other information systems
are seen as a part of ERP. However, MES cannot be seen
as a part of EPR, nor it is completely subordinated to
EPR. MES is overlapping with ERP, because it gives an
insight into real-time manufacturing execution. If the
manufacturing plans are not executed as planned, it
triggers replaning and decision-making affecting the
changes in ERP and other information system.

To conclude, RFID-enabled MES can serve as an very
good ICT platform to support new manufacturing
challenges drived by Industry 4.0. However, RFID
tehcnology has its limitations, so in this research a
performance  analysis of the  RFID-enabled
Manufacturing Execution System has been made and
some conclusions and suggestions are proposed.
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2. Performance analysis of the RFID-
enabled MES

2.1. Methodology

The aim of this research was to test the performance of
the industrial RFID system (from TURCK Company) in
a case of manual assembly workstation. Manual
assembly is specific, because worker and the part are out
of the range of the RFID antenna. Therefore, worker
needs to bring the RFID tag, attached to the part, near
RFID antenna to read or write some data on it. However,
it takes some time to read or write data to the RFID tag,
so the worker must not do it too fast.

So, the following methodology was proposed to analyze
the performance of the RFID system:

— collecting the data about the read/write speed and
distance of the RFID antenna and RFID tags using
the simulator (from TURCK Company);

— measuring of how fast worker moves the RFID tag
over the RFID antenna;

— comparison of the worker’s data with the RFID
antenna’s data.

The official TURCK Company’s RFID system simulator
was used to collect the data about the read/write speed

L S— .

_11;‘,__ =3 | ==

and distance of the RFID antenna and RFID tags. One
type (13,56 MHz) of the RFID antenna was used (TN-
M30-H1147) and two types of RFID tags were used:
EEPROM memory type (TW-R16-B128) with capacity
of 128 bytes and FRAM memory type (TW-R20-K2)
with capacity of 2048 bytes. The RFID equipment is
presented on Figure 3, and three different sets of
experiments, made in this research, are presented on
Figure 4.

MI2x1 287
RFID antenna RFID tag (EEPROM) RFID tag (FRAM)
TN-M30-H1147 TW-R16-B128 TW-R20-K2

Figure 3. RFID equipment used in the experiments
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Figure 4. Simulation of the RFID antenna performance for three different sets of experiments:
a) EEPROM type RFID tag experiments with constant data quantity and variable distance from the antenna
b) FRAM type RFID tag experiments with constant data quantity and variable distance from the antenna
c) FRAM type RFID tag experiments with variable data quantity and variable distance from the antenna

Slika 4.

Simulacija u¢inkovitosti RFID antene za tri razli¢ita skupa eksperimenata:

a) Eksperimenti EEPROM vrste RFID tag-a s konstantnom koli¢inom podataka i varijabilnom udaljenos¢u od antene
b) Eksperimenti FRAM vrste RFID tag-a s konstantnom koli¢inom podataka i varijabilnom udaljenos¢u od antene
¢) Eksperimenti FRAM vrste RFID tag-a s varijabilnom koli¢inom podataka i varijabilnom udaljenos$¢u od antene

First set of experiments was with EEPROM type RFID
tag: the data quantity was constant (20 bytes) and six
variations of the distance from antenna were used.
EEPROM type has different read and write speed,
therefore different maximal speeds were determined
(Figure 5). The maximum speed of 1,09 m/s for reading
the 20 bytes of data was achieved on the 20 mm distance
from the antenna. However, the maximum speed for
writing the 20 bytes of data on the same 20 mm distance
is 0,73 m/s.

Second set of experiments was with FRAM type RFID
tag: the data quantity was constant (20 bytes) and six
variations of the distance from antenna were used.
FRAM type has the same read and write speed, therefore
the same maximal speeds were determined (Figure 6).
The maximum speed of 3,19 m/s for reading the 20 bytes
of data was achieved on the 15 mm distance from the
antenna.
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Figure 5. Maximum speed of read/write vs. distance for

EEPROM type RFID tag

Najveca brzina Citanja/zapisivanja u usporedbi s
udaljenoséu za EEPROM vrstu RFID tag-a
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Figure 6. Maximum speed of read/write vs. distance for

FRAM type RFID tag
Najveca brzina Citanja/zapisivanja u usporedbi s
udaljenos¢éu za FRAM vrstu RFID tag-a

Slika 6.

Third set of experiments was with FRAM type RFID tag:
six variations of the data quantity and five variations of
the distance from antenna were used (Figure 7).

Maximum speed (m/s)

50

Figure 7. Maximum speed of read/write vs. different
combination of the data quantity and the distance

for FRAM type RFID tag

Najveca brzina Citanja/zapisivanja u usporedbi s
razli¢itim kombinacijama koli¢ine podataka i
udaljenosti za FRAM vrstu RFID tag-a

Slika 7.

The analysis resulted with the 3D chart which represents
different maximal read/write speeds for different
combinations of the distance from the antenna and data

quantity. The maximum speed of 0,60 m/s for reading the
250 bytes of data was achieved on the 40 mm distance
from the antenna.

In the first two sets of experiments, 20 bytes of data was
used and it can to store only 20 characters, aproximately.
It means that it can store only the lot number and part ID
number, or similar. However, to store more data about
the part or product, more memory must be used, like in
this third set of experiments.

The following step was to determine how fast worker
could move the part (with RFID tag attached on it) over
the RFID antenna. In Figure 8, measuring of the worker’s
times is presented.

The aim of the measuring was to capture the normal
speed of the worker that he/she will use to pass the part
over the antenna. In order to calculate his/her speed, one
meter marker was placed on the table and high frame rate
video was captured. After that, it was easy to calculate
the worker’s speed using the one meter marker and
captured times. Two different workers made 30
movements each.

Figure 8. Measuring of the worker’s sed
Slika 8.  Mjerenje brzine operatera

The data of the workers’ speed is presented in the
following table and figure (Table 1 and Figure 9).

The average speed of a worker was 0,95 m/s, the
minimum was 0,67 m/s and the maximum was 1,23 m/s,
the normal distribution perfectly fits the data (Figure 9).
The final step to determine the performance of the RFID
system was to compare distribution of the worker’s speed
with the range of reading speed of a RFID antenna.

For each of three sets of experiments, the experiment
with highest percentage of successful readings is
presented (Figure 10):
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Table 1.

Grouped workers’ speed data

Tablica 1. Grupirani podaci o brzini radnika

G Lower limit Upper limit F
roup (speed in m/s) (speed in m/s) requency
1 0,67 0,75 5
2 0,75 0,83 7
3 0,83 0,91 9
4 0,91 0,99 16 Histogram ===MNormal distribution
5 0,99 1,07 11 Figure 9. Histogram and normal distribution of the workers’
6 1,07 1,15 8 speed
7 1,15 1,23 3 Slika 9.  Histogram i normalna razdioba brzine radnika
8 1,23 1,31 1
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Figure 10. Presentation of the most successful readings of the RFID tags for each of three sets of experiments:

a) Percentage of the successful readings of the 20 bytes from EEPROM type RFID tag on 20 mm of distance
b) Percentage of the successful readings of the 20 bytes from FRAM type RFID tag on 15 mm of distance

c) Percentage of the successful readings of the 250 bytes from FRAM type RFID tag on 40 mm of distance

Slika 10.

Prikaz najuspjesnijih ocitavanja RFID tag-ova za svaki od tri skupa eksperimenata:
a) Postotak uspjesnih ocCitavanja 20 byte-ova s EEPROM vrste RFID tag-a na udaljenosti od 20 mm

b) Postotak uspjesnih ocitavanja 20 byte-ova s FRAM vrste RFID tag-a na udaljenosti od 15 mm

c) Postotak uspjesnih ocitavanja 250 byte-ova s FRAM vrste RFID tag-a na udaljenosti od 40 mm
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2.2. Results

— from the first set of experiment (EEPROM type
RFID tag), maximal speed was 1,09 m/s for
reading the 20 bytes on the 20 mm distance;

— from the second set of experiment (FRAM type
RFID tag), maximal speed was 3,19 m/s for
reading the 20 bytes on the 15 mm distance;

— from the third set of experiment (FRAM type
RFID tag), maximal speed was 0,60 m/s for
reading the 250 bytes on the 40 mm distance.

3. Discussion

The results of this research have showed that for higher
quantity of data an RFID could result with very bad
performance, with very small percentage of successful
readings (Figure 10c). However, for the small quantity of
data, like lot number or product ID, a performance of the
FRAM type RFID readers (Figure 10b) is better than the
EEPROM type RFID readers (Figure 10a).

However, it must be mentioned that unsatisfying
performance of the RFID reader for higher quantity of the
data is caused by the low range of the RFID antenna, thus
decreasing the time that RFID tag will spend in the range
of an antenna. Antennas used in this research (13,56
MHz) could have range up to 1000 mm, but they are
limited to below 100 mm, because of the fear that a long-
range antenna could put a worker under the influence of
its radiation. It is a non-ionizing type of radiation, but
some researches show that it could have a negative
impact on the human body in a long-term period [11, 12].
So, for the safety reasons, manufacturers of the RFID
systems have limited the range of the RFID antennas
used in their systems.

4. Conclusion

Although the RFID technology was seen as a platform
that enables real-time tracking of the manufacturing
execution, the industrial RFID system analyzed in this
research showed limited performances. The read/write
range of the 13,56 MHz RFID antennas is below 100 mm
and it takes more than few seconds to read or write some
data in some cases. However, these antennas could have
range up to 1000 mm, but that would put workers under
the influence of the radiation of the RFID antenna,
especially in the manual assembly processes. Since some
researches show that RFID radiation could have a
negative impact on the human body in a long-term
period, manufacturers of the RFID systems are designing
the systems with small range antennas, thus avoiding
negative influence on the workers. So, it is very
important to take into account limited performance of the
RFID antennas when designing a workstation for manual
assembly. An extra training of the workers is probably
needed to ensure that they are aware that it takes up to
few seconds until the data is read on the RFID.
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1. Introduction

Metal matrix composites based on magnesium matrix
reinforced with carbon fibers are promising candidates
for lightweight structures. In conjunction with high
modulus carbon fibers, magnesium matrix composites
with specific thermal properties related to high thermal
conductivity and low thermal expansion can be produced
[1].

Efficiency of the composite properties depends on the
properties of the interface between fiber and matrix.
However non-reactive C/Mg system leads to weak
bonding between C-fiber and Mg matrix. Therefore,
there is requirement for the enhancement of the
interfacial bonding between C and Mg [2] which could
be performed by addition of carbide forming elements
into Mg matrix. Silicon is one of these elements which is
more easily dissolved in Mg melt, but the reaction
between Si and C at the temperatures below 1200°C is
very slow although thermodynamic values (delta G)
indicates that reaction can run even in solid state. During
solidification of Mg-Si alloy with high Si content the
Mg,Si intermetallic phase is created. According to
thermodynamic assumption this phase can react with
carbon to form SiC only above 1000°C. Gas pressure
infiltration (GPI) technology is suitable for producing
composites offering controllable production parameters
such as: pressure, temperature and infiltration
atmosphere. Increasing the infiltration pressure at the
manufacturing process can lead to increased rate of
reactions on the interface.

In case of fibers, the type and manufacturing process of
carbon fiber itself also influence the quality of the

Abstract:
reinforcement within metal matrix composites (MMC) is essential to assure
required properties of the MMC. In this paper, preparation method and
characterization of the interface between carbon fiber composite and Mg
based matrix were discussed. MMC was prepared through gas pressure
infiltration of unidirectionally aligned carbon fibers by liquid magnesium
alloyed with Si. Thin foil for TEM observation was prepared via support
titanium slotted grid technique. Results were supported by SEM and EDS
analysis. Interface between carbon fiber and Mg consist of the interaction
layer based on the MgO and Mg:Si.

Original scientific paper

Appropriate interface formation between matrix and

fiber/matrix interface. According to their mechanical
properties carbon fibers can be classified into two main
categories: high-strength and high-modulus carbon fibers
(3], [4].

Interfacial study of the composite with different matrix
and reinforcement via TEM is difficult. It needs devising
methods as well as realizing/demonstrating them in a
defined process with reproducibility [5], [6].

The aim of this work is therefore focused on the study of
interface between C fibers and MgSi alloy and on
preparation technique for appropriate TEM specimens of
Mg/C fibre composites via support slotted grid.

2. Experimental methods

2.1. Materials and composite preparation

Preparation of the MMC was performed in autoclaves
using GPI technique. Defined amount of pure Si was
immersed and dissoluted in Mg melt to obtain the Mg
alloy. Subsequently the alloy was melted in steel crucible
under argon gas pressure. Prior to infiltration, the
autoclave was evacuated (10 Pa) to remove reactive
elements from the chamber. After melting of the alloy;
the preform - unidirectional fibre array of continuous C
fibres was immersed into melt at 800 °C. Then, the Ar
pressure in the vessel was increased up to 4 MPa and the
melt was forced to infiltrate the fibrous preform. After
several seconds the preform was withdrawn from the
crucible and the molten matrix solidified under gas
pressure. Two samples (ST, SG) were prepared in order
to study interfacial reaction, using two types of carbon
fibers: PAN based Torayca T300 (ST), and pitch based
Granoc (SG). Their basic properties are shown in Table
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1. Chemical composition of the Mg alloy was: Mg, 96.8
wt. %; Si, 3.2 wt. %.

Structural observations and chemical compositions
analysis were performed using field emission scanning

Table 1. Properties of carbon fibers used in the experiments

electron microscopy (Jeol 7600F) equipped by EDS
detector (X-max 50mm?). For interface observations,
transmission electron microscopy (Jeol 2100EX) and
HRSTEM FEI - Titan Themis were used.

. . Tensile modulus/ Tensile strength/ Density/
Fibre/ Producer/ Fibre type/ (GPa) (GPa) (g/cm3)
Torayca T-300 Toray PAN 230 3.53 1.76
Granoc XN90-60S . .
(CN90-60S) Nippon Graphite PITCH 860 3.5 2.2

2.2. Sample preparation for TEM

In general, in case of MMC, the interface between
reinforcement and matrix are of interest [5]. Mechanical
grinding and polishing with ion beam thinning is
advantageous method to prepare electron transparent
specimen. However, in case of prepared fiber reinforced
MMC, grinding of the specimen slices of unsupported
material lead to cracking and disintegration of the
specimen itself. To prevent disintegration, thick (0.5
mm) slotted grids made by titanium sheet were used to
support the composite during grinding and polishing
process. Wire electrical discharge machine was used to
cut the 3 mm diameter support slotted grids (SSG) with

different slots as seen in Fig. 1b. Thicker SSG allows
better and safer manipulation with the sample without
disintegration. Piece of the composite was then mounted
in the slot (Fig. 1¢) and fixed with Araldite AT1 powder
adhesive. Gatan grinding system was used to thin the
sample to 50 pum with grinding papers and polishing
cloths. The final thinning of the sample was performed
via ion polishing machine PIPS II using 4 KeV for 2-3h
at angle 4° and 20 minutes at 2°. Both samples ST and
SG were prepared according to above mentioned
procedure.

a) . - |

Figure 1. TEM sample preparation stages: a) composite material; b) support slotted grids with different slots; ¢) composite
sample mounted in SSG; d) mechanically thinned sample with thickness 50 pm.

3. Results and discussion

3.1. Microstructure

Cross-section of sample ST is shown in Fig. 2. As can be
seen from macrostructure, unidirectional fiber array
made from continuous C fibers was successfully
infiltrated by MgSi alloy. There is no residual porosity
observed and fibers are relatively homogeneously
distributed within matrix, with presence of clustered
carbon fibers. The average fiber volume content
determined via image analysis is 44 &+ 2 %. Moreover, in
some areas, larger amount of the grey phase surrounding
couple of carbon fibers could be seen. The
macrostructure of sample SG is identical, no significant
differences are observed.

Fig.3 represents character of carbon fibers,
microstructures of the composite and EDS elemental map

analysis of Si for both samples ST and SG. As can be
seen in Fig. 3 a-b, morphology of the fibers is different,
T300 fibers are rough while Granoc fibers surface is
rather smooth. Si distribution within cross-section of the
MMC (Fig. 3 e-f) revealed that Si is distributed mostly at
the matrix/fibers interface. However, Si areas are also
observed within matrix of the MMC.

In case of ST, Si is predominantly distributed in the
matrix and vice-versa, in SG with pitch based Granoc
fibers, Si is preferentially distributed at fiber/matrix
interface. Moreover, distribution of Si is more consistent
and continuous in case of SG. From EDS analysis in
Fig.4b and phase diagram of Mg-Si, it could be
concluded that Si forms intermetallic Mg,Si phase at the
interface. This assumption is also confirmed by SAED
pattern obtained from the interface region showing
Fig. 6¢c. The grey phase which surrounds the carbon
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fibers shown in Fig. 2 was also identified as Mg,Si
intermetallic phases.

Carbon fiber surface properties also influence the
formation of the interface; in case of smoother surfaces
Si layer around C fibres is more continuous and rigid.

3.2. Interface observation

Contrary to SEM and EDS observations, STEM bright
field image of sample SG (Fig.4a) show two Mg,Si phase
layers formed at the interface between carbon fiber and
Mg. Directly at the fiber boundary, there is observed
other phase and microporosity. The EDS line scan
reveals oxide layer between the carbon fiber and Mg,Si
phase. Oxygen is increased directly in vicinity of the
carbon fiber; Si is increased with Mg confirming
presence of the Mg,Si phase.

Figure 2. Macrostructure of sample ST: MgSi —T300; arrow
indicate larger Mg>Si area

Figure 3. SEM images of the C-fibers and microstructures of samples ST, SG: a) T300; b) Granoc; ¢) microstructure of ST MMC;
d) microstructure of SG MMC; e, f) EDS silicon (Si) element maps.
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interface

Interface characterization of the SG sample: a) STEM bright field image of the interface, b) EDS line scan of the
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EDS map shown in Fig. 5 using STEM reveals formation
of continuous (Mg, O) layer at the interface in sample ST.
This area is without Mg,Si phase at the interface. Another
interface area was investigated with TEM. The electron
diffraction of the visibly interface layer is a ring
diffraction indicating presence of polycrystalline grains.
From the dark field image on Fig. 6d at higher
magnification, it is evident that this area consists of
crystalline nano-grains of different orientations. The
diffraction lines suggest presence of the MgO phase with
reflections (111), (200), (220), (222) etc., according to
01-075-1525 PDF file. Next to the MgO layer, Mg,Si
phase (Fig.6c) is present with zone axis [00-1].

Feldhoff et al. in their study [2] mentioned also formation
of MgO passivating interlayers between carbon fiber and

Carbon
fiber

matrix. This MgO layer can be formed as incorporation
of oxygen during the manufacturing processes of the
carbon fibers itself. Beronska et al. [1], [9] reported
presence of polycrystalline zone of nanometric crystals
composed of Mg and O in Mg/C (T-1100 fiber)
composite and Hung. et al., Deng et al. [7, 8] reported
MgO nanoparticles formation at the interface of SiC
particles in Mg MMC alloy systems.

According to literature [2], [7], [8], [10], formation of
this oxide layer is questionable. It can be formed due to
oxidation of melted Mg during the infiltration process, or
the formation of oxides directly on the carbon surface can
result from the surface oxidation of the carbon.

50 nm
—

Figure 6. TEM investigation of the interface in case of sample ST: a) Mg,Si/MgO/C interface; b) SAED pattern of
nanocrystaline MgO; ¢) SAED pattern of Mg,Si; d) dark field image of MgO area
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4. Conclusion

Manufacturing of the carbon fiber/MgSi MMC through
pressure assisted infiltration method for various carbon
fibers is reported in this study. Microstructural analysis
of the interface itself and description of TEM specimen
preparation using support slotted grids is also presented
in this work.

GPI technology offers controllable settings for
preparation of carbon fiber composites. The fibers were
successfully infiltrated with molten MgSi alloy.

Within microstructure for both used C-fibers, there are
larger Mg,Si areas presented in composite matrix and
thin Mg>Si layer on the interface between carbon fibers
and Mg matrix. The Mg,Si layer is more consistent in the
composite with Granoc carbon fibers.

MgO interfacial layer was detected in both samples
between carbon fiber and matrix (or Mg>Si phase). This
oxide layer is undesirable and degrades interface
consistency.

SiC was not observed on the interface. The parameters of
the GPI were not sufficient and the oxide layer of MgO
also could prevent the reaction.

The presented support slotted grid technique for
preparation of TEM specimens appeared as efficient and
reliable procedure.
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1. Uvod

Sve ve¢im napretkom tehnologije rastu i zahtjevi
suvremenog drustva. Tezi se vecoj fleksibilnosti pri
razvoju i proizvodnji tvorevina, visokoj kvaliteti, uz

Implementation of additive technology in medicine

Original scientific paper
Abstract: More and more advances in technology connect multiple
scientific areas, such as mechanical engineering and medicine. In cases
where drawings, technical documentation or computer models are not
available, access to reverse engineering. An example is medicine where
uses of additive methods made a usable 3D model. Additive production
directly builds an object from a digital 3D model by adding layered
material. The aim of this work is to convert data from a CT (Computerized
Tomography) system into a CAD/CAM system and to use an additive
process stereolitography to create a physical object. The CT scan of the
damaged human skull was saved as a DICOM (Digital Imaging and
Communications in Medicine) format, which is unique to medical
applications. Using software programs, a series of 2D image data
transforms into a digital 3D model that is stored as STL (Standard
Triangulation Language) format. Since the STL format is a raw
unstructured triangulated surface that surrounds the CAD model, it does not
satisfy the function. Smoothing the surface by interpolating a raw
unstructured triangulated surface into the curve results in an acceptable
skull appearance. So obtained a digital 3D skull model is approaching
reconstruction in such a way that an implant that replaces the damaged part
is created of the existing non-damaged part. Finally, the skull and implant
procedure is performed by stereolithography. The end result is satisfactory
and the implant with slightly modifications is ready to use.

Izvorni znanstveni ¢lanak
SaZetak: Sve ve¢im napretkom tehnologije dolazi do povezivanja vise
znanstvenih podrucja, kao $to su u ovom slucaju strojarstvo i medicina. U
slu¢ajevima kada nisu dostupni crtezi, tehni¢ka dokumentacija ili ratunalni
modeli pristupa se reverznom inzenjerstvu. Primjer je medicina gdje se uz
pomo¢ aditivnih postupaka izraduje iskoristivi 3D model. Aditivna
proizvodnja izravno gradi objekt iz digitalnog 3D modela dodavanjem
materijala sloj po sloj. Cilj ovog rada je konvertirati podatke iz CT (engl.
Computerized Tomography) sustava u CAD/CAM sustav te sluzeéi se
aditivnim postupkom stereolitografije izraditi fizicki objekt. CT snimak
ostecene ljudske lubanje spremljen je kao DICOM (engl. Digital Imaging
and Communications in Medicine) format, koji je svojstven za medicinsku
primjenu. KoriStenjem softverskih programa, niz 2D slikovnih podataka
transformira se u racunalni 3D model koji se pohranjuje kao STL (engl.
Standard Triangulation Language) format. Obzirom da je STL format
mreza trokuta koja okruzuje CAD model, kao takav ne zadovoljava
funkciju. Zagladivanjem povrSine pomocu interpolacije mreze trokuta u
krivulje dolazi se do prihvatljivog izgleda lubanje. Tako dobivenim
racunalnim 3D modelom lubanje pristupa se rekonstrukciji na nacin da se
od postojeéeg zdravog dijela izraduje implantat koji ¢e nadomjestiti
osteceni dio. Na kraju se vrsi postupak izrade lubanje i implantata
postupkom stereolitografije. Krajnji rezultat je zadovoljavajuéi te je
implantat uz male dorade spreman za upotrebu.

istovremeno skracenje vremena i snizenje troskova.
Kako bi se zahtjevi mogli zadovoljiti dolazi do
povezivanja viSe znanstvenih podrucja. U ovom radu su
to strojarstvo i medicina, dva vazna podrucja ljudske
djelatnosti. Jedno takvo podrucje koje odgovara na
komplicirane zahtjeve suvremene proizvodnje je aditivna
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proizvodnja. Kod aditivne proizvodnje objekt se gradi
izravno iz digitalnog 3D modela dodavanjem materijala
sloj po sloj. Na taj nacin nestaje ogranicenje po pitanju
komplicirane geometrije, isto su tako dodatni alati sve
manje potrebni. Danas se aditivnim postupcima izraduje
razliCita paleta proizvoda te se podruéja primjene kre¢u
od strojarstva, automobilske industrije, aeroindustrije,
umjetnosti pa sve do medicine i stomatologije. U
slu¢ajevima kada nisu dostupni crtezi, tehnicka
dokumentacija ili raCunalni modeli pristupa se reverznom
inzenjerstvu.

U teorijskom dijelu rada rijec je opcenito o povratnom ili
reverznom inZenjerstvu te aditivnoj proizvodnji,
definirano njihovo znacenje, faze procesa te podrucja
primjene. Prikazan je pregled postupaka aditivne
proizvodnje te je dodatno provedena analiza onog
postupka koji ¢e se primijeniti i u eksperimentalnom
dijelu. Detaljnije je provedena analiza aditivne
proizvodnje unutar podru¢ja medicine, materijali koji se
u tu svrhu koriste te ograni¢enja i daljnji razvoj. Na
konkretnim primjerima usporedeni su klasi¢ni i aditivni
postupci.

U eksperimentalnom dijelu rada detaljno je opisana
pretvorba podataka iz CT-a u racunalni 3D model
koriste¢i besplatan programski paket Slicer i probnu
verziju Optical RevEng-a. U suradnji s tvrtkom Izit d.o.o.
koja je omogucéila koriStenje racunalnog programa
Geomagic Design X, napravljena je rekonstrukcija
lubanje kako bi se dobio implantat §to je i cilj ovog rada.
Za kraj je jo$ prikazan postupak izrade lubanje i
implantata odabranim aditivnim postupkom
stereolitografije pomocu 3D printera Form 2 u vlasnistvu
Zavoda za industrijsko inZenjerstvo i management
Tehnic¢kog fakulteta u Rijeci.

2. Primjena aditivne tehnologije u medicini

Reverzno inzenjerstvo (engl. Reverse engineering, RE)
definira se kao proces umnozavanja ili rekonstrukcije
postojeceg dijela, sklopa ili gotovog proizvoda, u

SCAN DATA

- smooth
- fill holes
- optimizefreduce size

- align scan shots
- merge into single model

Figure 1.
Slika 1.

Reverse engineering process
Proces povratnog inzenjerstva [3]

MESH PREPARATION

-deform
- thicken/offset
- apply color and texture

slucajevima kada nisu dostupni crtezi, tehnicka
dokumentacija ili racunalni model.
Za razliku od klasi¢nog inzenjeringa gdje se kreée od
ideje, njene razrade i transformacije u konacan proizvod,
ovdje se kreée s gotovim proizvodom koji se kroz proces
3D digitalizacije prevodi u CAD model.
Proces RE sastoji se od dva osnovna koraka:
1. digitalizacije (skeniranje ili sli¢ni postupak)
fizickog objekta
2. 3D modeliranja dijela na osnovu prije
dobivenih podataka
Nakon toga modelom se moze upravljati uz pomoc¢
uobicajenih CAD aplikacija te ih se na kraju moze i
proizvesti aditivnim metodama ili CNC strojnom
obradom kako je prikazano na slici 1. Prednost koriStenja
RE je u tome §to smanjuje troSkove i skracuje vrijeme
potrebno proizvodu da izade na trziste. [1,2]
Aditivna proizvodnja (engl. Additive manufacturing,
AM) je formalni pojam za ono $to se nekad nazivalo
brzom proizvodnjom prototipova (engl. Rapid
Prototyping, RP). Princip svih aditivnih procesa izrade je
isti 1 sastoji se od sljedecih faza: [4]
1. Izrada CAD modela (I-DEAS, Catia,
SolidWorks, Pro/Engineer...)
2. Pretvaranje CAD modela u STL ili AMF
standardnu datoteku
3. Virtualno rezanje datoteke na slojeve
(engl. slicing)
4. Izrada objekta na AM stroju sloj po sloj
5. Naknadna obrada (ovisno o AM postupku)

2.1. Primjena AM postupaka

U mnogim granama industrije koristi se AM. Na slici 2.
prikazani su rezultati istrazivanja Wohlers 2012. godine
gdje su vidljiva podruéja primjene i koliki im udio
pripada. Najveé¢i udio zauzimaju proizvodi Siroke
potrosnje te elektronika, npr. sport, tekstilna industrija,
igracke itd. Zatim je tu automobilska industrija gdje se
izraduju dijelovi ovjesa, izrada kalupa za odljevke itd.

MESH MODELING

EXPORT

- save as 5TL, OBl or other
mesh format for archiving,
30 printing, rendering, or
CAE use
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Trec¢a po redu je medicina, gdje je AM primjenjiva kod
pripreme i planiranja slozenih operacija, kod izrade
implantata, proteza i ortoza, a razvijaju se i prema
proizvodnji mati¢nih stanica, odnosno pokusaju 3D
tiskanja organa.

Other 5,3%

Architectural 3%

W Government/military
6%

B Consumer
products/electronics
20,3%

Academic
institutions 8%

Motor vehicles

M Aerospace 12,1% 19,5%

Industrial/business

machines 10,8% B Medical/dental 15%

Figure 2.
Slika 2.

Fields of application of additive manufacturing
Podrudja primjene aditivne proizvodnje [5]

Medicina je podru¢je gdje svakom novom inovacijom
mogu biti spaseni novi zivoti, a AM tehnologija potice
doktore, znanstvenike i proizvodace medicinskih
pomagala na brzi rad, temeljitije ispitivanje novih
proizvoda te s time omoguciti bolju zdravstvenu skrb. U
usporedbi s tradicionalnim metodama lijeCenja 3D
tehnologija je u suvremenu medicinu donijela znakovita
poboljsanja. [6]
Najcesce primjene AM postupaka u medicini su: [6]

- istrazivanje novih medicinskih uredaja

- predklinicka ispitivanja

- proizvodnja medicinske opreme

- izrada demonstracijskih modela

- izrada realnih modela za obuku i vjezbu

kompliciranih zahvata

- ortopedija i protetika
Tijelo svake osobe je jedinstveno. Zbog toga su
implantati, ortopedija i proizvodi za stomatolosku
upotrebu tako izazovan proces. Za takve potrebe
savrSeno su prilagodene pojedinacne i male serije
proizvoda koje su ekonomiéne i brze za proizvodnju te
koje zadovoljavaju najvise standarde kvalitete u smislu
materijala i metoda obrade. Zbog toga je AM tehnologija
sve raSirenija u sektorima medicine i stomatologije jer
moze zadovoljiti postavljene zahtjeve. [7]
Biomedicinsko inZenjerstvo je jedna od grana
inZenjerstva s najbrzim Sirenjem. Inovacije koje se
pritom proizvode, imaju za cilj poboljSati zdravlje i
kvalitetu Zivota — razvoj umjetnih organa, poboljSanje
tehnologije oslikavanja koja lijeCnicima omogucuje
preciznije preglede nego dosad pa sve do tehnologije
pracenja pacijenata na daljinu. Dolazi do spajanja
inzenjerskih znanja s primijenjenim znanjima iz
prirodnih znanosti poput kemije, biologije i fizike.

2.2. Materijali u medicini
Jedan od najvecih problema pri koriStenju medicinskih
pomagala izradenih od razli¢itih materijala, npr. metala,
stakla, polimera, itd., je odbacivanje stranog tijela od
strane ljudskog organizma. Zbog toga je veoma vazno
istraziti materijale koje tijelo ne¢e odbaciti, tj. koji ¢e se
uspje$no implementirati. Tu se onda pojavljuju
biokompatibilni materijali koji se sve ¢eS¢e primjenjuju
u medicinske svrhe. Njihovo istrazivanje je skupo i
potrebno je okupiti inzenjere materijala, kemijske
inzenjere, kemicare, biologe, kako bi se istrazili i izradili.
[8]. Materijali koji se koriste unutar zivih bi¢a moraju
zadovoljiti odredene kriterije i imati sljedeca svojstva:[9]

Biokompatibilnost
Netoksi¢nost
Izdrzljivost
Visoka Cvrstoca i zilavost

2.3. Podjela AM postupaka
AM postupci mogu se podijeliti prema: vrsti materijala

za potrebnu izradu, izvoru energije, postupku
oblikovanja sloja i gotovom obliku proizvoda.
Table 1. Division of additive procedures
Tablica 1. Podjela aditivnih postupaka [11]
State of | Process | Material Layer creation | Typical
starting preparation | technique materials
material
SLA |Liquid resin |Laser UV curable
in a vat scanning/light resin,
projection ceramic
suspension
- MIM |Liquid Ink-jet printing | UV curable
Liquid o .
polymer in jet acrylic
plastic, wax
RFP | Liquid droplet | On-demand Water
in nozzle droplet
deposition
FDM | Filament Continuous Thermo-
melted in extrusion and plastics,
Filament nozzle deposition waxes
/ Robo- |Paste in Continuous Ceramic
Paste | casting |nozzle extrusion paste
FEF |Paste in Continuous Ceramic
nozzle extrusion paste
SLS | Powder in bed | Laser scanning | Thermo-
plastics,
waxes, metal
powder,
ceramic
SLM | Powder in bed | Laser scanning | Metal
EBM |Powder in bed | Electron beam | Metal
scanning
Powder | LMD |Powder On-demand Metal
injection powder injection
through and melted by
nozzle laser
3DP | Powder in bed | Drop-on- Polymer,
demand binder | metal,
printing ceramic,
other
powders
LOM | Laser cutting |Feeding and Paper,
Solid binding of plastic, metal
sheet sheets with
adhesives
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Ti faktori utjecu na zavrSnu kvalitetu povrsine, - troSkove

dimenzijsku preciznost, mehanic¢ka svojstva, vrijeme i - toénost

cijenu izrade proizvoda. [10] U tablici 1. prikazana je - materijale

podjela aditivnih postupaka.

2.4. Stereolitografija

Kod ove tehnologije koristi se podloga sa teku¢im
fotopolimerom, tzv. smolom i UV laser kako bi se izradio
model sloj po sloj. Svaki se sloj izraduje na naéin da se
skrucuje samo onaj dio UV osjetljivog fotopolimera u
tekucem stanju kojeg obasja vodeni laserski snop te se
spaja sa Cvrstim slojem ispod njega. Kako se koji sloj
skrutne, tako se radna platforma pomakne za tu debljinu
prema dolje, obicno od 0,025 mm do 0,15 mm. Smola
ponovno prekrije model i ponavlja se postupak. Nakon
izrade 3D modela, model se Cisti od preostale smole, a
zatim se dodatno ucvrS¢uje u UV komori. Slika 3.
prikazuje postupak stereolitografije. [12]

HeCd & Lenses
laser L . Tunable
oy & mirror
Elevator Level
detection

HeNe
lasar

pooi g

Phétocurable resin .

Figure 3. Stereolitography (SLA)
Slika 3. Stereolitografija (SLA) [12]

2.5. Ograni¢enja AM postupaka za medicinske
primjene

Iako nema sumnje da su medicinski modeli korisna
pomagala kod rjeSavanja kompleksnih kirurskih
problema, postoje brojni nedostaci u postojeéim
tehnologijama aditivnih metoda vezani uz njihovu
upotrebu za generiranje medicinskih modela. Dio razloga
je to §to su aditivne metode izvorno dizajnirane za
rjeSavanje problema u Sirem smislu podruc¢ja razvoja
proizvodnje, a ne specificno za rjesavanje medicinskih
problema. Stoga se razvoj tehnologije usredotocCio na
rjeSavanje problema proizvodata umjesto problema
lijenika 1 kirurga. Medutim, nedavna i1 buduca
poboljSanja u tehnologiji aditivnih metoda mogla bi
otvoriti vrata mnogo Sirem rasponu primjena u
medicinskoj industriji. Kljuéna pitanja koja mogu
promijeniti ove nedostatke u prednosti koristenja AM
ukljucuju:

- brzinu

- jednostavnost koriStenja
Analizom ovih problema moze se odrediti koje bi
tehnologije mogle biti najpogodnije za medicinske
primjene, kao i kako se te tehnologije mogu razviti u
buduénosti kako bi bolje odgovarale za te primjene.
Izrada modela aditivnih metoda Cesto moze trajati dan ili
viSe. Zbog toga Sto se medicinski podaci moraju
segmentirati i obraditi prema anatomskim znacajkama,
priprema podataka moze u stvari potrajati dulje od
vremena izgradnje AM-a. Osim toga, proces
segmentacije zahtijeva odredenu vjestinu i razumijevanje
anatomije. To zna¢i da se medicinski modeli mogu
ucinkovito uklju¢iti samo u kirurSske zahvate koji
ukljucuju dugoro¢no planiranje i ne mogu se koristiti, na
primjer, kao pomagala za brzu dijagnozu i lijeCenje u
hitnim operacijama.
Za proizvodnju medicinskih proizvoda koji su spomenuti
ranije, troS§kovi stroja nisu jednako vazni kao i neki drugi
faktori. Za usporedbu, svrha medicinskih modela za
dijagnozu, kirur§ko planiranje i razvoj protetike je da se
optimizira vrijeme planiranja kirurga i da se poboljsa
kvaliteta, udinkovitost i efikasnost. Sto su strojevi,
materijali i operativni troskovi nizi, biti ¢e prikladniji za
vise medicinskih modela.
Mnogi AM postupci se poboljsavaju kako bi se stvorile
preciznije komponente. Medutim, mnoge medicinske
aplikacije trenuta¢no ne zahtijevaju visoku to¢nost jer su
podaci iz 3D sustava znatno manje to¢ni od AM strojeva
u koje ulaze. To ne znaéi da korisnici u medicini ne bi
trebali biti zadovoljni. Kako CT i MRI tehnologije
postaju sve tocnije i sofisticiranije, tako ¢e zahtjevi za
AM postati izazovniji.
Samo nekoliko AM polimernih materijala klasificirano je
kao sigurno za transport u operacijsku salu, a jo§ manje
njih je kvalificirano za postavljanje unutar tijela.
Opéenito su uredaji koji pruzaju najprikladnija svojstva
materijala i najskuplji uredaji. Sustavi na bazi praha
takoder su nes§to tezi za implementirati zbog
potencijalnih problema s oneci§¢enjem. To ograni¢ava
raspon aplikacija koristenih za medicinske potrebe. [13]

3. Rekonstrukcija lubanje

Cilj eksperimentalnog dijela rada je konvertirati podatke
iz CT (engl. Computerized Tomography) sustava u
CAD/CAM sustav te sluzeéi se aditivnim postupkom
stereolitografije izraditi fizicki objekt. CT snimak
ostecene ljudske lubanje dobiven je iz Klinickog
bolni¢kog centra Susak, Rijeka.

Dobiveni CT snimak spremljen je kao DICOM (engl.
Digital Imaging and Communications in Medicine)
format. To je standardan format koji se koristi diljem
svijeta za pohranu, razmjenu i prijenos medicinskih slika.
To ukljucuje definiciju formata datoteka (ime ustanove u
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kojoj je izvrSen pregled, ime pacijenta, datum, vrijeme,
rezolucija slike, itd.) i mrezni protokol za komunikaciju.
Na taj nacin dva uredaja mogu mrezno izmjenjivati
podatke o pacijentu preko TCP/IP (engl. Transmission
Control Protocol/ Internet Protocol) protokola. S
obzirom da se informacije grupiraju u podatkovne setove,
snimke se ne mogu pomijesati ili zamijeniti. [14]

3.1. 3D Slicer

3D Slicer je besplatan softverski program za analizu,
obradu i 3D vizualizaciju medicinskih slika. Izgraden je
tijekom dva desetlje¢a uz pomo¢ podrske Nacionalnih
instituta za zdravstvo i zajednice u razvoju diljem svijeta.
Jednostavan je za koriStenje lije¢nicima, istrazivac¢ima,
ali 1 8iroj javnosti. Podrska je za multidisciplinarnu
snimku, uklju¢ujuéi MRI, CT, US, nuklearnu medicinu i
mikroskopiju. Moguénost prikaza vise organa, od glave
do pete. 3D Slicer sadrzi vise od 100 modula za
segmentaciju slike, registraciju i 3D vizualizaciju
medicinskih slika. Moduli se mogu implementirati u
C++, Python, Matlab. [15]

Figure 4. View the user interface in 3D Slicer

Slika 4.  Prikaz korisni¢kog sucelja u 3D Slicer-u
Uz pomo¢ njega moguce je niz 2D slikovnih podataka
transformirati u racunalni 3D model. Na slici 4.
prikazano je korisnicko sucelje. Jedan prozor predviden
je za 3D preglednik, dok su ostala tri preglednici za
presjeke ravnina. U anatomiji covjeka koriste se tri
zamisljene ravnine:
- sredis$nja (medijalna) ili sagitalna (engl. sagittal) —
Zuti prozor
- Ceona (frontalna) ili koronalna (engl. coronal) —
zeleni prozor
- poprecna ili transverzalna (engl. axial) — crveni
prozor
Pomoc¢u modula Volume Rendering dobije se prikaz 3D
modela te se od ponudenih predlozaka prikaza odabire
MR-Default kojim se prikazuju samo kosti lubanje.
Prikaz je potrebno izostriti. Rezanjem volumena ostavlja
se samo onaj dio koji je potreban za daljnju upotrebu kao
§to je vidljivo na slici 5. U svim prozorima preglednika
pojavljuje se okvir s osima koje pomicanjem odreduju
podrucje interesa.

Figure 5. Crop to region of interest
Slika 5.  Odrezivanje do Zeljenog volumena

Pomoc¢u modula Editor odreduje se struktura lubanje.
Ovdje je potrebno medicinsko znanje kako bi se
preciznije izdvojila Zeljena anatomija glave, tj. lubanja.
Izradeni model pohranjuje se kao STL datoteka.
Obzirom da je dobiveni STL format mreza trokuta koja
okruzuje CAD model, kao takav ne zadovoljava funkciju.
Potreban je jos jedan korak prije same rekonstrukcije, a
to je zagladivanje povr§ine pomocu interpolacije mreze
trokuta u krivulje kako bi se doslo do prihvatljivog
izgleda lubanje. Taj korak ¢e se odraditi u rac¢unalnom
softveru Optical RevEng-u. STL datoteke opisuju samo
geometriju povrSine trodimenzionalnog objekta bez
ikakvog prikaza boje, teksture ili drugih uobicajenih
atributa CAD modela. Moze biti spremljena u ASCII
formatu, ali se ¢eSce koristi binarni zapis.

Bad solution Gaod solution

Figure 6. Triangulation conventions

Slika 6.  Konvencije pri triangulaciji [16]

STL datoteka opisuje sirovu nestrukturiranu trokutastu
(trianguliranu) povrSinu uobicajenim jedinicama i
vrhovima (pravilo desne ruke) trokuta pomocu
trodimenzionalnog kartezijevog koordinatnog sustava.
Prilikom izvoza u STL format, moraju se postovati
pravila konvencije pri triangulaciji, tj. spremanja trokuta
kako je prikazano na slici 6. [16]

3.2. Optical RevEng
Optical RevEng korisnicima omogucuje vizualizaciju i
transformaciju podataka iz oblaka tocaka i uvezenih 3D
formata (3DS, STL, OBJ, DXF, itd.) u 3D poligonske
mreze za izradu, analizu, dizajn, itd. Posjeduje snazne
alate za brzo i precizno stvaranje Cistih poligonskih
modela iz neobradenih podataka skeniranja, takoder i
alate za uredivanje poligoniziranih modela. U¢itani STL
model prikazan na slici 7. podvrgava se postupku
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Repairing kako bi se uklonile nezeljene greske poput
sitnih komponenti koje nisu vezane za lubanju ili vrhova
Siljaka koji nisu spojeni u trokute. Potrebno je ponavljati
postupak sve dok greske u potpunosti ne nestanu.

Figure 7. Optical RevEng
Slika7.  Optical RevEng

Uklanjanjem prethodno navedenih greSaka dolazi do
otvaranja nezeljenih rupa na modelu. Odabirom opcije
Hole filling otvara se izbornik u kojem postoje razliciti
nacini zatvaranja rupa. Postoji vise modula oznacavanja
rupe, kao S§to je oznaCavanje cijele rupe, zatim
povlacenjem linija od ruba do ruba parcijalno zatvaranje
rupe, itd. Isto tako postoji viSe naéina popunjavanja rupe,
kao §to je ravna povrsina, izbocena povrsina, itd.

Nakon zatvaranja svih rupa, opcijama Denoising i
Smoothing zagladuje se povrsina. Opcijom Denoising se
uz pomo¢ iteracija mreza trokuta pretvara u krivulje.
Iteracija se provela 5 puta uz jacinu 1,7. Opcijom
Smoothing se definiranjem vrijednosti  svojstva
osjetljivosti i svojstva zaStite zagladuje i poboljsava
povrsina. Transformacija je vidljiva na slici 8. Poslije
svakog koraka provodi se pocetni postupak Repairing.
Konaéni model se ponovo sprema kao STL datoteka.

Figure 8. 3D mode — after Denoising — after Smoothing
Slika 8. 3D model — nakon Denoising — nakon Smoothing

3.3. Geomagic Design X
Geomagic Design X je softverski program predviden za
3D skeniranje i reverzno inzenjerstvo. Namijenjen je za
pretvaranje podataka 3D skeniranja u visoko kvalitetne
CAD modele. Omogucuje brzu obradu oblaka tocaka,

poligonizirane mreze, povrsina i solida, sve u jednoj
aplikaciji. Brza i precizna interpolacija ulaznih podataka,
brza isporuka rezultata i povecanje produktivnosti u
dizajnu i inZenjerskom tijeku rada. [17]

S obzirom da je cilj rekonstrukcije nadomjestiti osteceni
dio, to ¢e se napraviti zrcaljenjem zdravog dijela lubanje.
Za to je prvo potrebno odabrati novu ravninu presjeka
klikom na Plane gdje postoji viSe nacina odabira ravnine,
ali za ovaj slucaj uzima se Pick Multiple Points. Odabiru
se tocke kako bi se njihovom aritmeticCkom sredinom
dobila ravnina potrebna za nastavak, slika 9.

iigure 9. Making plane
Slika 9.  Izrada ravnine

Opcijom Split i odabirom prije definirane ravnine
odrezuje se oSteéena polovica. Ponovnim odabirom
definirane ravnine i opcijom Mirror zrcali se originalna
polovica.

Sljedeci korak je kopirati pocetni ulazni Mesh, iskljuéiti
vidljivost odrezane originalne polovice te usporediti
koliko novi zrcaljeni dio odstupa od originala lubanje. Na
slici 10. kopirani Mesh je sada Zute boje, a prethodno
zrcaljeni dio je roze boje te se vidi njihova razlika.

- TS

Figure 10. Comparison with the original state
Slika 10. Usporedba s postoje¢im stanjem

Zrcaljeni dio dosta odstupa od originala te ih je potrebno
poravnati, tj. namjestiti jedan na drugi. Naredbom Align
Between Scan Data koristiti ¢e se metoda na temelju
izbora toCaka. Kao referentni element uzima se original
(zuta boja), a kao pomicni element uzima se zrcaljeni dio
(roza boja).

Potrebno je odabrati dovoljan broj toc¢aka, prikazano na
slici 11, ali ne prevelik kako ne bi doslo do jos§ vecih
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odstupanja. Problem moze predstavljati uloga ¢ovjeka, tj.
osobe koja odabire tocke jer je njihov izbor proizvoljan,
a i potrebno je pogoditi isto mjesto na oba dijela. Proces
je iterativan, Sto znac¢i da se ponavlja dok god se ne
postigne priblizna to¢nost.

Figure 11. Alignment with the point selection method
Slika 11.  Poravnanje uz metodu izbora tocaka

Jednom kad je proces poravnanja gotov, slijedi rezanje
zrcaljene polovice na manji dio kako bi se dobio potrebni
implantat. Isklju¢i se vidljivost originalnog dijela, uz
pomo¢ oznacene ikone Paint Brush proizvoljno se
odreduje dio koji se zeli ukloniti te se on jednostavno

......

naredba za namjestanje. To je Datum Match gdje se kao
pomicni element odabire zrcaljeni dio te se rucno uz
pomoc¢ X, y, z osi namjesta na original.

GANELNEREEAEE o REEIT

Figure 12. Manually move the mirrored part
Slika 12. Ruc¢no pomicanje zrcaljenog dijela

Nakon namjestanja, ponovo se pristupa procesu rezanja
zrcaljenog dijela. Proces se ponavlja tako dugo dok se ne
dobije prihvatljiva veli¢ina implantata. Paralelno se
ukljucuje 1 iskljuCuje vidljivost originala kako bi se
vidjelo pravo stanje. S obzirom da se dio rezao, pojavile
su se nezeljene rupe na njemu. Njih ¢e se zatvoriti uz
pomo¢ naredbe Fill Holes.

Tako zatvorenom implantatu promijenjena je boja u crnu,
radi lakSeg prepoznavanja koraka u samom procesu
izrade. Predzadnji korak je na mjestima spojeva ova dva
elementa napraviti nalijegajucu povrSinu, tj. udubljenja
na implantatu kako bi $to bolje ,,sjeo na svoje mjesto.

Opcijom Boolean odabire se metoda rezanja (ponudene
su metoda spajanja, rezanja i krizanja). Kao Tool Mesh,
odnosno dio koji ¢e napraviti rezanje, koristi se lubanja
(zuta boja), a kao Target Mesh, odnosno dio na kojem ¢e
se izrezivat, koristi se implantat (crna boja). Na slici 13,
vidi se implantat i njegovi izrezani, odnosno udubljeni
vrhovi (mjesta na kojima nalijeze na lubanju).

Final look
Zavrsni izgled

Figure 13.
Slika 13.

3.4. Izrada lubanje i implantata
Nakon pretvorbe podataka iz CT snimke oste¢ene ljudske
lubanje u racunalni 3D model (STL format) i kasnijom
njenom rekonstrukcijom stvoreni se uvjeti za izradu
fizickog modela. Aditivnim postupkom stereolitografije
biti ¢e izradeni lubanja i implantat.
S obzirom da je njena stvarna veli¢ina prevelika za radni
prostor printera, lubanja se skalira na 65% ukupnog
volumena. Ru¢no se okrece i naginje radi $to boljih
uvjeta samog printanja. Postavljaju se potpornji uz
parametre gdje je njihova gustoca 0,9, a prihvatna tocka
0,55 mm. Kao materijal je odabrana siva smola koja je
savrSena za opcu svrhu prototipova i dizajn te za sitne
detalje. Debljina sloja je 0,05 mm. Potrebna koli¢ina
smole iznosi 208,01 mL. Broj slojeva koji je potreban za
izradu lubanje je 2741, a vrijeme printanja iznosi 19 sati
i 16 minuta, slika 14.
Za izradu implantata vrijedi isti postupak. Implantat se
takoder skalira na 65% ukupnog volumena, a ostali
parametri su jednaki kao i za lubanju. Koristi se prozirna
smola u koli¢ini od 10,29 mL. Debljina sloja je 0,025
mm, a broj slojeva iznosi 1389. Vrijeme printanja iznosi
4 sata i 35 minuta.
Rekonstruirana lubanja spojena je s implantatom preko
nalijegajucih povrsina koje su definirane u prethodnim
programima. Krajnji rezultat je zadovoljavajuéi te je
implantat uz manje dorade spreman za upotrebu. Postoji
odstupanje na predjelu gornje vilice koje se moze rijesiti
dodatnim namjestanjem u Geomagic Design X-u.
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Figurel4. Making skulls and implants - the ultimate model

Slika 14. Izrada lubanje i implantata - kona¢an model

4. Zakljucak

Cilj ovog rada bio je konvertirati podatke iz CT sustava
u CAD/CAM sustav te sluzec¢i se aditivnim postupkom
stereolitografije izraditi fizicki objekt. Kako aditivna
proizvodnja ima Siroko podru¢je primjene, tako se u
ovom primjeru htjelo pokazati povezanost medicine i
tehnike. Biomedicinsko inzenjerstvo je jedna od grana
inzenjerstva s najbrzim Sirenjem te su AM postupci jedan
od vaznijih alata. Dosadasnja rjeSenja viSe ne
zadovoljavaju brzinom izrade i svojom precizno$c¢u te je
potreba za razvojem novih tehnologija sve veca.

U slucajevima kada nisu dostupni crtezi, tehnicka
dokumentacija ili racunalni modeli pristupa se reverznom
inzenjerstvu, kao §to je i ovdje bio slucaj. CT snimak

g e

=

oSteCene ljudske lubanje spremljen je kao DICOM
format, koji je svojstven za medicinsku primjenu.
Koristenjem softverskih programa, niz 2D slikovnih
podataka transformirao se u racunalni 3D model te je
daljnjim  postupcima napravljena  rekonstrukcija,
odnosno od postojeeg zdravog dijela dobiven je
implantat koji je u moguénosti nadomjestiti osteceni dio.
Rezultat je prihvatljiv, izradeni implantat vrlo dobro
nalijeze na originalni dio lubanje. Postoji mala
nepravilnost u predjelu gornje vilice koje se mogu rijesiti
dodatnim namjeStanjem u Geomagic Design X-u.

Ovo je bio pokazni primjer na jednom stvarnom modelu
gdje se uz vecu suradnju i povezanost s medicinskom
strukom mogu proizvesti iskoristiva rjeSenja. Potrebno je
prosirivati znanja i viSe ulagati u istraZivanje ovih
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postupaka. Iako ima mnogo prednosti, jos se uvijek o
tome prica kao o fenomenu i iznimkama.
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1. Introduction

The investigation of microstructure and alloy
composition in material engineering is an interesting and
important subject leading to improving their properties.
Nowadays, Electron Backscattered Diffraction (EBSD)
technique is steadily gaining popularity as a tool used for
materials characterization at the micro-scale. EBSD is
used for the investigation of crystalline sample
microstructure, morphology, phase, and texture in
crystalline samples [1]. Aluminum prepared by powder
metallurgy route (PM) is one of the main candidates for
material selection in different industries due to its
excellent mechanical behavior, design easiness, high
strength to weight ratio and manufacturability [2], [3] and
[4]. Moreover, more than 80 years PM aluminium
components are used in automobile industries and for
light weight construction [5]. In case of EBSD
techniques, the quality of measured surface is very
important. It is necessary to remove scratches and surface
layer affected by local stresses during classical
preparation route by grinding and polishing. In case of
conventional bulk materials (steel, titanium, copper, zinc,
etc.) without important volume of oxides between grains,
sufficiently strain-free surface could be reached by
standard metallographic procedures with or without final
oxide polishing suspension (OPS) technique. However, if
material contains inner oxides, (usually materials
manufactured via PM route) the preparation method
depends on their amount since it decreases conductivity
of material [6] and [7] leads to the decrease of index rate

Original scientific paper

Abstract: For successful EBSD analysis, the most important is preparation
of sample surface which assures index-able Kikuchi patterns. In case of
hard materials, it is sufficient to remove top surface layer with residual
strain induced by polishing which could be done by standard metallographic
procedures with final oxide polishing suspension. However, depending on
the type of material, it is necessary to adapt sample preparation method. The
aim of the work is to reveal effects of different types of preparation methods
of aluminium prepared by powder metallurgy on the quality of Kikuchi
pattern in dependence on the size of aluminium powder particles. Effect of
polishing, polishing and large-beam Ar ion milling and focused Ga ion
beam is analysed.

in EBSD. The preparation method depends on grain size
(influenced by original powder particle size), process of
powder manufacturing (e.g. milling or spraying) and
compaction technique (hot extrusion, ECAP, forging,
etc.). Therefore, it is necessary to adapt the sample
preparation method respecting the above mentioned
factors. Generally, lower grain size material requires
more demanding sample preparation.

In case of EBSD observation of soft materials prepared
by PM as aluminium or magnesium with grain size < 9
um it is necessary to use polishing and different types of
ion milling to remove surface with residual stresses
appearing after classical preparation route which
negatively influences quality of the Kikuchi pattern. The
aim of this work is to reveal the effect of the preparation
techniques on the quality of the EBSD measurement in
dependence on the grain size of the PM aluminium
produced through direct extrusion.

2. Material and methods
preparation

of samples

For this study, aluminium powders of different particle
size (250 pm and 9 pm) were hot direct extruded at
450°C [8]. To study an effect of the preparation methods,
all EBSD maps of cross-sections were acquired after
grinding and polishing using automatic machine PRESI
Mecatech 334 without additional etching. To remove
deformation layer after mechanical grinding and
polishing, final polishing step was performed by Oxide

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE
CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES 99


mailto:ummsorov@savba.sk

MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

Polishing Suspensions - Type S (OP-S). OP-S is
especially suited for polishing of very ductile metals like
refractory metals, aluminium, titanium, tungsten, copper
and other materials. For lower grain size of aluminium,
the surface was additionally modified by Ar ion milling
with a GATAN PIPS II machine using 6kV voltage and
etching time of 60 min and focused ion beam (FIB)
milling performed by double-beam scanning microscope
FEI Quanta 3D 200i using 30 keV Ga ions (the beam
current of 1 nA) [6].

EBSD analysis was carried out using scanning electron
microscope (SEM, Jeol JSM-7600F) equipped by EBSD
detector (Oxford, NordlysNano, UK). In this particular
set-up, the tilt of the sample was 70° with working
distance of 25mm and magnification 1500x. The EBSD
patterns were taken at locations of a square grid with
320 x 225 x 0,2 um using electron accelerating voltage
of 15 kV and current of approximately 12 nA. HKL
Channel5 evaluation software was used to evaluate
crystallographic misorientation. A noise reduction after
EBSD was not performed to show and demonstrate index
rate after different methods of sample preparation.

3. Results

There are differences in quality of surface in case of
compacts manufactured from 250 pm powder size

prepared by classical preparation route - grinding and
polishing without OP-S shown in fig. 1a and using final
OP-S polishing step (fig. 1c). The final OP-S polishing
has removed scratches and revealed grains and grain
boundaries by surface etching. Moreover, it has enhanced
quality of Kikuchi pattern (fig. 1d in comparison to fig.
1b). The reason is that OP-S as chemical-mechanical
polishing completely removes top surface layer
containing scratches and deformations produced in
preceding preparation steps. In previous research
performed at IMMM SAS focused on EBSD observation
of aluminium bulk materials, the index rate of 86% was
gained for samples prepared by classical preparation
route and 94% if final polishing by OP-S was used.
Observation parameters were identical (15kV current
12nA, Aperture 1).

As mentioned in introduction, in case of aluminium
powder compacts, the preparation is more difficult and
strongly depends on powder particle size. Therefore, in
case aluminium compacts made of lower particle size (<9
um), volume ratio of oxides (oxides boundaries) in inner
structure is higher. In process of hot extrusion the
deformation of relatively small aluminium particles does
not occur and the fragmentation of fine surface oxides as
in for example larger particles (>9 um) [6], [7] and [8]
does not take place.

Figure 1. Microstructure and gained Kikuchi patterns of compacted aluminium powder made from 250 pum particles a) and b)
classical preparation route and ¢) and d) classical preparation route with final OP-S polishing.

All Euler EBSD maps of the extruded compacts made
using 250 um powder in fig. 2a, (longitudinal direction)
and in fig 2b (transverse direction) show differences in
grain size. Index rate is 88% in case of longitudinal
direction and 81% in case of transverse direction due to
different density of grain and sub-grain boundaries. The
un-indexed points (showed as green in fig. 2a and 2b)
mainly present grain boundaries. The grain boundaries
contain oxide layers of different thickness. As visible in
top right corner marked in fig. 2b by red rectangle —
rectangle, it illustrates technical limitations of

observation in the case of smaller grain size due to
sample preparation or chosen step size during data
gathering. To obtain better index rate in case of lower
grain size it is necessary to adapt suitable preparation
process or to change observation parameters as gun
voltage, gun current or step size due to possible
overlapping of the Kikuchi pattern close to grain border
which makes it impossible for proper evaluation [1], [9].
Moreover, different working distance could also help to
enhance the indexation of the Kikuchi pattern.

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE

CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES

100



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

Figure 2. EBSD maps in Euler contrasts without noise reduction in a) longitudinal cross-section along to hot extrusion

direction and b) transversal cross-section .

In fig.3, there is presented difference in dependence on
preparation methods for 9 pm powder particle size. Figs
3a, b show microstructure and Kikuchi pattern after
mechanical grinding and polishing. In fig. 3 ¢, d, there
are microstructure and Kikuchi pattern after additional
OPS. Fig. 3e, f, and 3g, h reveal effect of additional Ar
ion milling and Ga focused ion beam milling,
respectively. As can be seen in fig.3 a (grinding and
polishing without final OP-S), the quality of surface is
comparable with that obtained for 250 pm powder
compact (fig. 1a), but quality of Kikuchi pattern is worse

(compare figs. 1b and 3b). The same effect is also
observed after polishing with final OP-S (compare figs.
1d and 3d). Improvement of surface quality is assured
after preparation performed by Ar ion milling (fig. 3 e,f)
due to removal of the residual surface stresses. In case of
FIB technique, the quality of Kikuchi pattern is decreased
probably due to damaging the material surface by Ga
beam and implantation of the Al powder compacts by Ga.
On the other hand, the FIB milling increased the index
rate of Kikuchi patterns. In case of lower grain size e.g. 1
pm this method can be more effective than ion milling

[6].

Figure 3. Microstructure of compacted aluminium powder made from 9 um powder ; a) classical I;reparation route, c) classical
preparation route with final OP-S step, e) with additional ion milling on PIPS II and g) via FIB. b), d), f) and h) are

corresponding gained intensity of Kikuchi patterns.

Euler EBSD maps of PM compacts for 9 pm powder size
in the longitudinal cross-section are shown in fig.4 in
dependence on preparation method. Effect of polishing
process with final OP-S polishing is shown in fig. 4a and
after ion milling in fig.4b. Index rate is 54% for samples

prepared with OP-S and 56% for additional ion milling
applied. It suggests that in case of lower powder size,
additional ion milling helps to remove surface residual
stresses and to improve indexation.
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Figure 4. EBSD maps in Auler contrast band a) polishing surface with OP-S b) by Ion milling

Conclusion

Effects of different sample surface preparation were
observed on extruded compacts made using Al
powders with particle size of 250 and 9 um.

In the case of 250 pm extruded compact, different
index rates of 88% in longitudinal cross-section and
81% in transversal cross-section was observed after
OP-S final polishing due to different grain boundary
density.

In case of compacts with powder particle size < 9
pum, it is necessary to adapt preparation technique
using Ar ion beam milling to improve quality of
measured surface and quality of Kikuchi pattern as
well.
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1. Introduction

Original scientific paper
Abstract: In the last two decades additive manufacturing (AM) technology
has been emerged as a powerful fabrication method to obtain finished
components within a short span of time, without any tooling requirements
and minimal human interface. Fused Deposition Modeling (FDM) is one of
the most used AM techniques. It has an ability to produce a complex
functional geometries with a good properties. Properties mainly depend on
process parameters and can be improved by setting parameters at
appropriate levels. In this paper, mathematical models for prediction of
ultimate tensile strength (UTS) and cost were developed. Process
parameters whose influence was analyzed are top and bottom surface layers
number, fill spacing and layer resolution. Experiments were conducted on
specimens manufactured from Acrylonitrile butadiene styrene (ABS)
material. Design Expert software and ANOVA analysis were used for
mathematical modelling and optimization and based on that process
parameters that lead to maximal tensile strength and minimal cost were
defined. Thus obtained results will have practical meaning for users
involved in FDM additive manufacturing process.

Izvorni znanstveni rad
Sazetak: U posljednja dva desteljeca tehnologija aditivne proizvodnje
(AM) se istaknula kao moéna metoda izrade za dobivanje gotovih
komponenata u kratkom vremenu, bez potrebnih alata i uz minimalno
ucesée Covjeka. Talozno ocvr$¢ivanje materijala (FDM) je jedan od
najcesc¢e koristenih postupaka aditivne proizvodnje. Uz pomo¢ njega se
mogu proizvesti kompleksni funkcionalni geometrijski oblici s dobrim
svojstvima. Svojstva uglavnom ovise o parametrima samog procesa i mogu
biti pobolj$ana postavljanjem parametera na odgovarajuée nivoe. U ovome
radu razvijeni su matematicki modeli za predvidanje vlaéne ¢vrstoée (UTS)
i troskova. Parametri procesa ¢iji utjecaj je analiziran su broj nanesenih
slojeva materijala na pocetku i na kraju izrade, razmak izmedu slojeva i
rezolucija slojeva. Eksperimenti su provedeni na uzorcima izradenim iz
akrilonitril-butadien stirel (ABS) materijala. Za matemati¢ko modeliranje
su primjenjeni Design Expert softver i ANOVA analiza i temeljem toga su
definirani parametera procesa kojima se postize maksimalna vlaéna
¢vrsto¢a i minimalni tro§ak. Tako dobiveni rezultati ¢e imati praktican
znacaj za korisnike uklju¢ene u FDM postupak aditivne proizvodnje.

components. In FDM process parts are built by applying
polymer wire material in a molten state to the moveable
platform according to computer controlled paths (x-y

Additive  manufacturing  (AM) is relatively new  pjane). Extruded material quickly solidifies at a room

technology used to fabricate three dimensional computer
aided designed (CAD) component by building it in layers
of material. Today on the global market exist several
different AM processes. These processes differ mainly
according to the type of material used in production
process and a manner in which the layers of material
apply and join together. Among all available AM
processes the Fused Deposition Modeling (FDM) is one
of the most popular due to its lower production costs,
simple manipulation and higher strength of fabricated

temperature and thereby generates the first layer of
component. After generating the first layer the building
platform moves down by the thickness of the new layer
(z axis) and furtherly next layer applies. Building process
is repeated until a complete part is generated. If some
complex geometric parts should be created then it is
required a supporting material structure. Once the model
is built a supporting structure can be easily removed by
melting in water of fracturing. Also built parts can be
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further processed by conventional machining operations
such as turning, milling or grinding. Materials that are
mainly used in this process are plastics as ABS, PLA, PC,
PP, PE-HD, PE-LD etc.[1][2][3]. Parameters of FDM
process differently affect the properties of build parts. To
analyze their effects and to find values that lead to
optimal responses many authors conducted a
comprehensive researches. Sood et al. [4] made an
extensive study to understand the effect of five important
FDM parameters such as layer thickness, part build
orientation, raster angle, raster width and air gap on the
compressive stress of test specimens. They also
developed a statistically validated predictive equations
using artificial neural network approach and regression
analysis and found optimal parameter settings through
quantum-behaved particle swarm optimization (QPSO).
Raut et al. [5] investigated the effect of the built-up
orientation on the mechanical properties and total cost of
the FDM parts. Considered responses were mechanical
and bending strength . The specimens were prepared at
three different orientations (0°, 45°, 90°) and in three
different axes with the axis of rotation parallel to the
larger length of the specimen and perpendicular to the
other two sides. Onwubolu et al. [6] analyzed the
influence of layer thickness, part orientation, raster angle,
raster width and air gap on tensile strength of test
specimens. Mathematical models relating the response
with the process parameters were developed using group
method of data handling (GMDH). Optimal process
parameters that lead to maximized tensile strength were
defined through application of differential evolution
(DE) algorithm. Panda et al. [7] performed experiments
to analyze the impact of layer thickness, orientation,
raster angle, raster width and air gap on tensile, flexural
and impact strength. Response surface methodology
(RSM) was used for mathematical modeling and
bacterial foraging optimization algorithm (BFOA) for
finding optimal process parameters settings. Mohamed et
al. [8] studied the influence of layer thickness, air gap,
raster angle, build orientation, road width and number of
contours using Q-optimal response surface methodology.
Their effects on build time, feedstock material
consumption and dynamic flexural modulus were
critically examined. Mathematical models were
formulated to describe a functional relationship between
the processing conditions and the process quality
characteristics. ANOVA technique was employed to
check the adequacy and significance of mathematical
models and furtherly optimal setting of process
parameters were determined. Nidagundi et al. (9)
performed parametric optimization of ultimate tensile
strength, surface roughness, dimensional accuracy and
manufacturing time using Taguchi method and ANOVA.
Input process parameters that were considered were layer
thickness, orientation angle and fill angle. Validation of
optimal conditions was conducted by making verification
experiment. Panda et al. [10] carried out performance

modelling of FDM parts using two soft computing (SC)
methods such as multi-gene genetic programming
(MGGP) and general regression neural network
(GRNN). Proposed SC models predict compressive
strength of fabricated specimens in terms of input process
parameters, layer thickness, orientation and raster angle.
The predictions of compressive strength by mathematical
models were evaluated against the data generated in
experimental study. Liu et al. [11] considered three
responses that characterize the mechanical properties of
FDM parts, tensile strength, flexural strength and impact
strength. As significant factors that contribute to the
strength of a FDM product were identified deposition
orientation, layer thickness, deposition style, raster width
and raster gap. The influences of input parameters on
responses were analyzed by the use of ANOVA analysis.
Finally, based on the gray relational analysis, process
parameters values that optimize mechanical properties of
built parts were obtained. Except these mentioned, there
is also a large number of other research papers dealing
with modeling and optimization of FDM parts properties
related with various input process parameters.

In present article experiments were conducted on
samples fabricated from ABS material. ABS parts are
sufficiently resistant to heat, chemicals and moisture and
that enables FDM parts to be used for prototyping,
functional testing and installation. It was analyzed the
influence of input process parameters, top and bottom
surface layers number, fill spacing and layer resolution
on ultimate tensile strength and cost. Mathematical
modelling and optimization were performed using
regression analysis (RA) and Design Expert software.

2. Experimental procedure

In order to optimize FDM process and develop
mathematical models design of experiments (DOE)
method was utilized. Usually, DOE method is followed
by analysis of variance (ANOVA) and regression
analysis (RA). These mathematical models should be
able to predict process output responses based on some
influential input parameters. In this paper, DOE was
prepared using D-Optimal response surface design [12].
D-optimal design is very often used because offers the
possibility of process optimization. Furthermore,
selection of both numerical and categorical factors are
possible. In order to optimize FDM process, influence of
fill spacing, layer resolution and number of top and
bottom surface layers on built samples maximal tensile
strength and material cost are investigated. Numerical
factors, in this case, are top and bottom surface layers
number in range from 3 to 15 and fill spacing in range
from 2 mm to 15 mm. The categorical factor is layer
resolution and it is varied on three levels, 70 um, 200 pm
and 300 pm. Main aim is to optimize process and to
develop mathematical models which will be enabled to
predict the cost of material for desired ultimate tensile
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strength (UTS) of built samples. The second goal is to
find optimal parameters to produce FDM samples with
good mechanical properties and lower cost. Utilizing
DOE and D-Optimal design experimental plan is created
by means of “’Design Expert’’ software (Table 1). Fixed

input parameters are: building material: ABS, print
mode: custom, print strength: strong, print pattern: cross,
outer walls: 1.

Table 1. Design of experiment and results
Tablica 1. Dizajn eksperimenata i rezultati
: : Top and bottom surface | Fill spacing Layer resolution UTS Cost
Simulation

layers number [mm] [pm] [MPa] [€]

1 6 8.50 200 9.74 1.14

2 10 2.00 300 10.94 1.06

3 3 7.39 300 6.19 0.69

4 15 15.00 70 17.61 1.59

5 15 15.00 200 12.45 1.39

6 15 9.62 300 8.42 0.97

7 8 15.00 300 9.50 1.00

8 8 15.00 300 8.97 1.00

9 15 2.00 70 20.30 2.22

10 9 8.50 70 12.83 1.28

11 9 8.50 300 10.17 1.13

12 3 8.50 70 8.49 1.02

13 6 2.00 70 14.82 1.84

14 15 2.00 200 11.70 1.49

15 3 15.00 70 6.83 0.73

16 9 2.81 200 12.38 1.60

17 3 15.00 200 7.69 0.79

18 15 15.00 200 9.82 1.37

19 15 15.00 70 17.67 1.57

20 10 2.00 300 11.83 1.05

21 15 9.62 300 8.88 0.96

22 3 2.00 200 8.52 1.19

According to experimental plan, 22 experiments should
be performed. As shown in Tab. 1, AM machine was set
to build part with top and bottom surface layer number 3,
6, 8,9, 10 and 15, values of fill spacing are 2 mm, 2.81
mm, 7.39 mm, 8.50 mm, 9.62 mm and 15 mm. Finally,
layer resolutions are 70 pm, 200 pm and 300 pm.
Experimental work was conducted on a CubePro (3D

Systems) additive manufacturing machine (Fig. 1a). Test
specimens were generated according to standard HRN
EN ISO 527:2012 (Fig. 1b). Building material was
applied in layers in z axis (Fig. 1¢). Furthermore, ultimate
tensile strength evaluation was performed on universal
testing machine “’Instron 8801’ (Fig. 2a).
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Figure 1. a) CubePro additive manufacturing machine, b) Test specimen dimensions, ¢) Building direction

Slika 1.

a) CubePro uredaj za aditivnu proizvodnju, b) Dimenzije ispitnog uzorka, ¢) Smjer izrade
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Figure 2. a) Universal tensile testining machine ¢’ Instron 8801°°, b) 22 samples after tensile testing

Slika 2.

3. Results and analysis

After experiments, obtained results for the ultimate
tensile strength are in the range from 6.19 MPa to 20.30
MPa, while samples material cost is in the range from
0.69 € to 2.22 €. In order to create mathematical models,
RA and ANOVA are performed by means of Design-
Expert software. According to analysis three quadratic
mathematical models were proposed, one for each
categorical factor (Table 2). Also, ANOVA indicates that
all three parameters have an influence on UTS. R-

a) Univerzalna kidalica ¢’ Instron 8801°", b) 22 uzorka nakon vlagnog testa

Squared, Adj R-Squared, Pred R-Squared and Adeq
Precision in this case are 0.9371, 0.9056, 0.8139 and
18.455, respectively. Three mathematical models for
each categorical factor predict UTS based on input fill
spacing and surface layers number are presented in Table
2. For further notice, surface layers number will be
denoted as A model term, while fill spacing will be
denoted as B model term.
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Table 2. Mathematical models for UTS
Tablica 2. Matematicki modeli za vla¢nu &vrstoéu (UTS)

rei:)al?lfiron Mathematical models Eq.
70 um UTS =4.35429+1.82541- 4-0.14126- B—0.053183- 4’ €))
200 pm UTS =5.74949 +1.26549- 4—0.14126- B—0.053183- 4 2
300 um UTS =5.13681+1.15089- 4—0.14126- B—0.053183- 4° 3)

Figure 3. in continuation is a graphical representation of
the influence of top and bottom surface layers number
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Figure 3. Influence of fill spacing and top and bottom surface layers number on ultimate tensile strength for three different layers

resolution (70 um, 200 pm and 300 pum)

Slika 3. Utjecaj razmaka izmedu slojeva i broja nanesenih gornjih i donjih slojeva materijala na vla¢nu ¢vrstoéu za tri razliite

rezolucije slojeva (70 pm, 200 pm and 300 pum)

Generally, the higher number of surface layers increase
UTS, while the higher value of fill spacing decrease UTS,
(Figure 3). For samples produced with layer resolution
70 pum influence of surface layers number of the sample
on UTS is more pronounced than the influence of fill
spacing, (Figure 3a). However, the influence of fill
spacing on UTS is more pronounced for samples
produced with layer resolution 200 um and 300 um than

for those with 70 um layer resolution, (Figure 3b and 3c).
However, for samples produced with layer resolution 200
pm and 300 um and one chosen fill spacing in range from
2 mm to 15 mm, a number of surface layers between 12
and 15 provide similar results in UTS. Overall, lowest
values of UTS are for layer resolution 300 um, while
highest are for layer resolution 70 um.
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Statistical analysis was also done and for material cost
evaluation and also three linear mathematical models
were proposed, one for each categorical factor, (Table 3).
Also, ANOVA indicates that all three parameters have
the influence on cost. R-Squared, Adj R-Squared, Pred

Table 3. Mathematical models for cost evaluation
Tablica 3. Matematicki modeli za procjenu troska

R-Squared and Adeq Precision in this case are 0.9117,
0.8573, 0.7255 and 17.257, respectively. Three
mathematical models for each categorical factor predict
material cost based on input fill spacing and surface
layers number are presented in Table 3.

¢ ei)alifir on Mathematical models Eq.
70 um Cost =1.36282+0.068244- A—-0.057569- B 4
200 um Cost =1.12455+0.039034- 4A-0.024704- B (5)
300 pm Cost = 0.85449+0.014560- 4—1.87306-107 - B (6)

Figure 4. in continuation is graphical representation of

influence of top and bottom surface layers number and
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Figure 4. Influence of fill spacing and top and bottom surface layers number on material cost for three different layers resolution

(70 um, 200 pum and 300 pm)

Slika 4. Utjecaj razmaka izmedu slojeva i broja nanesenih gornjih i donjih slojeva materijala na trosak materijala za tri razlicite

rezolucije slojeva (70 pm, 200 pm and 300 um)

According to the results for layer resolution 70 pm and
200 um both fill spacing and surface layers number have
great influence on the material cost, (Figure 4a and 4b).
Fill spacing decrement and surface layers number

increment results with the material cost increase.
However, for samples with layer resolution 300 um, the
influence of fill spacing on samples cost is not that
pronounced as for samples with layer resolutions 70 pm
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and 200 pm, (Figure 4c). As expected highest cost (2.22
€) have samples with layer resolution 70 pum, 15 surface
layers and fill spacing 2 mm, but this samples also have
higher UTS (20.30 MPa). On the other hand lowest cost
(0.69 €) have sample produced with 300 um layer
resolution, 3 surface layers and 7.39 mm fill spacing.
Furthermore, according to the results as already was
mentioned highest values of UTS have samples with 70
um layer resolution, while lowest have samples with 300
um. Influence of fill spacing, for samples with 70 pm
layer resolution, is much less pronounced on the UTS
than on the material cost of the same samples.

Thus, authors of this work found that optimization of the
process could be performed in order to find which
parameters are better to produce samples with good
mechanical properties, but also with reduced price.
Utilizing Design-Expert software package and D-
Optimal response surface methodology optimization of
the process was performed. According to optimization
results samples produced with 11 surface layers, fill
spacing 15 mm and layer resolution 70 um will have UTS
15.79 MPa and their cost will be 1.24 €.

According to this results, it is possible to produce
samples which have 77.8 % of maximal UTS (20.3 MPa)
obtained in this research, but these samples also cost 45.9
% less than those with the maximal value of
UTS (2.22 €).

4. Conclusion

In the present work an attempt has been made to study
the effect of three processing parameters, layer
resolution, fill spacing and surface layers number on
tensile strength and cost of FDM built parts. The
experimental results were wused to establish a
mathematical relationship between tensile strength and
cost (output) and process parameters. Mathematical
models were validated by using statistical measures.
Effect of factors and their interactions were explained
using response surface plots. Also, the models were
proven to be effective for further analysis to define the
process parameters values that lead to optimal
combination of tensile strength and cost. According to
that, desirability analysis was performed and it was found
out the process parameters settings that result in minimal
cost and maximal tensile strength should be 11 surface
layers, fill spacing 15 and layer resolution 70 um. Future
research will take into consideration other mechanical
properties of FDM built parts and their modeling and
optimization procedures.
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1. Introduction

Scientific paper
Abstract: Modern methods of severe plastic deformation (SPD) currently
allow obtaining the ultrafine-grained (UFG) structure nearly in any
material. In the manufacturing process of wire with UFG structure, a main
restriction is the continuous drawing scheme in which this process occurs,
thus it is important to consider the factors affecting the drawing efficiency.
Despite the data on SPD steels such as strength, plasticity and conductivity,
obtained by classical methodologies, further investigations are needed: a
key information is the residual stresses (RS) status, and RS determination
is an essential issue to improve knowledge of SPD effects.
In this work, 15 wires samples made of low-alloyed quality structural steel
Grade 08G2S GOST 1050 with accumulated shear deformation - as result
of rolling with shear of the metal ingot and conventional wire drawing -
have been investigated by neutron diffraction (ND). Results provide
substantial data helping to evaluate the effect of shear deformation on RS
of the considered steel, as well as additional support to complement the
information already achieved by wusing the other characterization
methodologies. Knowledge of the RS status can help developing a low-
carbon wire drawing technology with needed manufacturability and
efficiency, playing a decisive role in the debugging of material selection
and engineering design requirements.

deformation is in the base of SPD methods: SPD leads to
significant grain refinement, thus it allows achieving
enhanced properties [1]. Besides SPD materials

Contemporary approaches of SPD consent to get the
UFG structure almost in several materials, and to produce
a wire with UFG involves a continuous drawing scheme.
A typical volume of orders, e.g., is calculated in tons by
weight and in tens of thousands of kilometres by length.
SPD, hence, should take place while drawing using
special dies without reduction of process efficiency. In
this case, it is very essential to take into account the
parameters affecting the drawing efficiency while
developing the technology, based on the SPD process.
These factors include, e.g., the speed of wire passage
through the die, the required number of passes and the
method of alternation of dies with shear and a standard
round shape dies. Optimization of these parameters will
permit creating a low-carbon wire drawing technology
with required manufacturability and efficiency. Shear

combines unique complex of properties such as high
strength with maintain level of plasticity.

Previous studies have shown the effect of SPD on low-
carbon steel properties [2-5]. In particular, structural and
physico-mechanical properties changes of low-carbon
steel were examined. On example of rolling with shear
[2], it was shown that shear deformation induces micro-
pore healing during the consequent process of cold
drawing.

This feature reflects on metal's density and conductivity.
These data are in good agreement with the
microstructural analysis already carried out by small
angle neutron scattering (SANS) on low-carbon steel

Symbols/Oznake

- lattice spacing, nm
dnki

- unstressed lattice spacing, nm

do, hkt

Greek letters/Gréka slova
- lattice strain
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- diffraction angle, degrees
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wires subjected to consequent rolling with shear and cold
drawing. The saturation of micro-inhomogeneities
(SANS scattered objects size) accumulation for rolling
with shear metal was registered instead of standard
rolling metal. Those results are closely correlated with
the curves of the electrical conductivity (see Figures 1
and 2).

=8 5T _averaged

—8—RS_averaged

Size of the particles, A
P
n o e |
o o o
\
\
| L -\ &

120 i |
65 50 30 20
Wire diameter, mm
Figure 1. Graphs of the particle size distribution from the

wire diameter, for averaged size of the particle [6].

Despite the amount of data on SPD steels such as
strength, plasticity, conductivity, further investigations
are needed. One of the key information is the RS status,
and RS determination is an essential issue to improve
knowledge of SPD effects. Last development of

2. Materials and method

For this experiment, 15 wires samples have been
investigated, made of low-alloyed quality structural steel
Grade 08G2S GOST 1050 with accumulated shear

continuous SPD is drawing with shear technology
(DShT), which includes shear deformation [7-8].
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Figure 2. Electrical conductivity vs. accumulated strain
(deformation of drawing): rolling with shear with
cold drawing (solid line) and standard rolling with
cold drawing (dotted line).

The results obtained by adopting neutron techniques in
materials analysis have often proved their strong support
for better understanding of material’s characteristics and
behaviour [9-11]. In this connection, the main objective
of the present work has been to evaluate the effect of
shear deformation on the RS status in these wires.

deformation, as result of rolling with shear of the metal
ingot and conventional wire drawing. Table 1 reports the
chemical composition of the steel.

Table 1. Chemical composition of low-alloyed structural steel grade 08G2S GOST 1050

element C Mn Si S P Cr Ni Cu N2
wt % 0,08 1,87 0,82 0,020 0,022 0,02 0,02 0,02 0,007
21 6. initial non deformed & 5.35 mm
A schematic representation of the samples is reported in 7. shear def. (16.6%) & 4.65 mm
Figure 3. 8. shear def. (16.6%) + drawing def. (9.3%) & 4.65

These samples are 10 cm in length, and they are
subdivided as follows:
o Wires with accumulated shear deformation of 8%
1. initial non deformed & 5.1 mm
2. shear def. (8%) & 4.65 mm
3. shear def. (8%) + drawing def. (9.3%) & 4.65 mm
4. shear def. (8%) + drawing def. (16.6%) & 4.46
mm
5. shear def. (8%) + drawing def. (23.2%) & 4.28
mm
o Wires with accumulated shear deformation of 16.6%

mm
9. shear def. (16.6%) + drawing def. (16.6%) & 4.46
mm
10. shear def. (16.6%) + drawing def. (23.2%) &
4.28 mm

o Wires with accumulated shear deformation of 23%
11. initial non deformed & 5.57 mm
12. shear def. (23%) & 4.65 mm
13. shear def. (23%) + drawing def. (9.3%) & 4.65
mm
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14. shear def. (23%) + drawing def. (16.6%) & 4.46  positions and their widths were determined by fitting

mm Gaussian curve to the measured strongest diffraction
15. shear def. (23%) + drawing def. (23.2%) & 4.28 peak from the (310) plane for each sample. From the 26
mm. peak positions, the strains were calculated by using Eq.

1:

d —d Ad
__ hkl 0,hkl __ —
& = - —M =—cotd A0, (1)
0,hkl 0,hkl

obtained by differentiating d in Eq. 2 (Bragg law) with
respect to 6:

2dsinf=4 . Q)
Then, stresses were calculated from the measured strains
by using Eq. 3.

E

ﬁ?{} N "{} IV | U 0,=————H{1-V)E +V(E +E )- 3
OOO OOO OO T (1-2v)(14v) x yTE )

BLES BLL6 PLJS BLES BLLE BLID BLES #4465 #4078 For stress calculation from the measured strains, it was
SRR AR TR bR B AR TREE L assumed that in the centre of the wire hoop strain is the

same as radial strain.

Using this assumption, radial and axial stresses were

calculated using the procedure described in [12].

die with shear

Figure 3. Scheme of drawing for a model experiment.
Percentage shows the reduction degree.

TKSN-400 facility of CANAM NPL infrastructure was
used for the measurement. The samples were positioned
for measurement of axial and radial component of the
strain. Due to the size of the samples, the measurement
was carried out only in the centre of the wires. The peak

Concerning the successive full tests, Figure 5 shows the
measured (310) peaks for the radial direction, related to
samples 6 to 10.

3. Results and discussion

Fig. 4 shows a wire sample during the preliminary

measurements. 3000
In these preliminary tests, each wire sample was placed
with its axis in vertical position, and a 2 mm wide slit and 2500 | Radial L
" =535 =
© =485 shear 16.6 % "
2000 - A drawing 9.3 % .
7 drawing 16.6 % =
# cdrawing 23 % 00

1 L L I
B2.B &30 32 834 B3E B3B8

TTH / deg

Figure 5. Measured 310 peaks for the radial direction, related
to samples 6 to 10

Figure 6 and 7 report respectively the resulting axial and
radial RS for all the investigated samples.

Figure 4. Wire sample during the preliminary measurements.

a hole having a diameter of 3 mm were used respectively
for the incident and the diffracted beam.
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Figure 6. Resulting axial RS for all the investigated samples.
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Figure 7. Resulting radial RS for all the investigated samples.

For 8% and 23% shear deformation, the stressing by
shear causes a large increase of axial RS (about 200 MPa
in compression). These relevant RS significantly
decreases after subsequent drawing deformation. In case
of 23% shear deformation, the subsequent larger drawing
deformations even lead to appearance of tensile axial RS.
8% and 23% shear deformation also cause certain
compressive radial RS in the range of 40+50MPa. After
subsequent drawing deformation, the radial component
of the RS decreases and becomes gradually tensile RS.
Surprisingly, 17% shear deformed sample does not cause
the same behaviour: in fact, the axial RS does not appear
after shearing and radial RS is in the range of 50+-60MPa
in tension. Further development of the stresses with
increasing drawing deformation has no clear trend.

Full width at half maximum (FWHM), i.e. width of the
measured diffraction peaks (in this case, 310) measured
between those points on the y-axis which are half the
maximum amplitude, were also evaluated. Figures 8 and
9 report respectively the resulting FWHM for the axial
and the radial directions for all the investigated samples.
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Figure 9.

The peak width and shape supply information related to
imperfections of the crystal structure, i.e. about the grain
size and dislocation densities. In this simple analysis, we
have qualitatively assessed the evolution of these
imperfections with subsequent deformation steps.
FWHM increases, as expected, with the intensity of
deformation, as shown in Figure 9. The largest increase
occurs during the shearing step, and the subsequent
drawing further gradually adds an amount of
imperfections (dislocations and/or amount of grain
boundaries, due to the grain refinement).

4. Conclusions

ND results have provided substantial data helping to
evaluate the effect of shear deformation on RS of low-
carbon steels (and, in particular, of the low-alloyed
quality structural steel Grade 08G2S GOST 1050), as
well as additional support to complement the information
already achieved by using the other characterization
methodologies.
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Knowledge of the RS status can help developing a low-
carbon wire drawing technology with needed
manufacturability and efficiency, and can play a decisive
role also in the debugging of material selection and
engineering design requirements.
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Scientific paper
Abstract: External milli-beam particle induced X-ray emission
spectroscopy (PIXE) has been adopted as non-destructive technique to
investigate two fishing net samples made of polymeric materials. The
primary goal of this study has been to create indications to advance the
correct technological and material description of the objects providing
scientific data for further and more comprehensive comparative analyses.
PIXE has supplied quantitative data related to major and trace elements
(e.g., S, K and Ca) in order to recognize the constitutive mixtures and to
supply information on the near-surface elemental composition
complementary to the data characteristic for the bulk. The obtained results
give an important contribution to complete the data achieved by using the
classical methodologies, being useful also to set up a classification
according to the chemical composition.
Considerations are reported, furthermore, concerning the possible
investigation of these kind of fishing tools by using neutron beam
techniques (NBT), and in particular small angle neutron scattering (SANS).

1. Introduction

Various categories of polymeric materials, after long
periods under the combined influence of thermo-
mechanical and weathering actions, meet ageing and
consequent deterioration. A contribution to ageing is also
in their chemical composition, which combines long
organic molecules (i.e. the polymers) with additives that
supply the material with the required characteristics of
resistance to temperature, plasticity and workability. The
material loses these features if the chemical bonds
between the different components are broken and the
additives migrate. The very subtle but however important
chemical signatures significantly affect the physical
properties and hence performance. Ropes, e.g., are
frequently wused in the industrial sector (e.g.,

construction) and in various other activities (e.g., fishing
and sailing ships). A rope may consists of a hierarchy of
fibres, as shown in Figure 1.

The interesting scale is usually 5 nm: nylon is a semi-
crystalline polymer, made of crystallized lamellas piled
up uniformly, linked up by amorphous zones.

The rupture of a fishing net or of a rope can be followed
by problematical consequences, sometimes devastating,
hence a complete characterization of these tools is
necessary to advance products and safety levels.

The progress in diagnostics of these materials is directly
dependent on the adoption of successful evaluation
methods of damages due to the ageing process, in order
to determine the relationship between defects
characteristics and macroscopic functional properties.

Symbols/Oznake

- concentration, %om/m
Conc.

) - diameter, nm
dia

- limit of detection, %m/m
LOD

- resultant linear mass density, g/1000m
Rtex

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE
CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES 117



International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

MTSM2017
o,
2 1C=0
D vy
1 C=0- - - H-N
Ve I
CH, :CHz
N 1/
ICH2 CHQ
|
le[ S
, J/CHZ
[T 0.&m
!‘ J
i
bl
& HE
.I AT\ .L-:Azﬁl'ﬂ?-_l‘fx-
A

Figure 1. Scheme of the hierarchy of fibres of a rope.

Spectroscopic analyses (e.g., Fourier transform infrared,
near-infrared and Raman spectroscopy) are typically
adopted as routine testing for quality control and failure
analysis and, generally, to investigate polymers and
clarify problems associated to their production [1].

The netting materials used to make fishing gears are
typically described in terms of their mesh size and shape
and the thickness, number, tenacity and material type of
the twines from which they are made. For instance, it is
spoken of 120 mm, 5 mm double, high tenacity
polyethylene (PE) diamond mesh netting.

These variables are important since they help
determining the mechanical, engineering and fishing
performance of the fishing gears they make up. They can
affect the longevity of the gear, the ease of handling on
deck, the fuel efficiency of the fishing operation, the fish
behavioural reactions and the selective performance of
the fishing gear.

Chemical analysis of polymeric materials and, in this
case, of fishing net has become, recently, an important
tool based on the determination of major- and trace
elements.

2. Investigated objects and their

conventional tests

Basically, netting panel for fishing gears is characterized
by twine mechanical resistance and elongation. Such
tests are commonly deployed by using stress/strain test
machines. Despite the results coming from
strength/strain tests is the nominal stiffness or the
nominal traction resistance, as the material commonly-
used is the same, potential differences between different
stock of netting are generally negligible. For this reason,
netting panels are more often described in terms of

density vs. diameter section - see Figure 2 [2]. The
leakage of interest by end-users of specific properties of
netting materials make manufacturers less interested in
testing and reporting the performances and properties of
their nettings [3].

Some specific test tool has been conceived, nevertheless,
focusing at the properties of a netting panel, tested not as
a single twine, but applying a force system to the entire
netting. A prototype instrument, named resistance to
opening and deflection meter (ROD-m) was designed by
CNR-ISMAR, Ancona, and described in [4]. ROD-m
reproduces a system of force which is symmetric along
two horizontal and perpendicular axes.

15+

dia[mm]

0o

1] 2,500 5,000 7,500 10000 12300 15,000 17 500

Riex[g/1000m)

Figure 2. Empirical relationship among mesh twine
thickness parameters: diameter (dia) and resultant
linear mass density (Rtex). Experimental data are
knotless polyamide netting materials [2].

Two different samples of new (not used) fishing nets
made of polymeric materials have been investigated, in
the present work (see Figure 3), which are adopted in the
bottom trawl fisheries.

Figure 2. The investigated network samples.

Their characteristics are described as follows:

Sample 1

- material: high density polyethylene (rope
diameter 3.5 mm), used in the front
parts of the network body.

- colour: white
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Sample 2
- material: high density polyethylene (rope
diameter 1.8 mm), used in the front
parts network body.
- colour: green

3. Experimental method and results

Particle induced X-ray emission (PIXE) is an X-ray
emission spectroscopy technique, which can be applied
as non-destructive, simultaneous elemental analysis of
samples and objects. Bombardment of the target by high
energy ion, usually proton of MeV energy, creates inner
shell ionisations. Outer shell electrons drop down and fill
the inner shell vacancies. When an inner shell vacancy is
filled, an x-ray photon of energy characteristic for the
target atom is emitted [5]. An energy dispersive detector
is applied to measure the emitted characteristic x-rays,
the x-ray spectrum is analysed off-line and the
characteristic x-ray intensities are converted to elemental
concentrations [6-7]. The sensitivities are in the range of
50-1000 ppm, they vary with the elements and depend
also on the matrix composition [8]. Since size of the
proton beam on the target can be as small as 0.8-3 mm,
small spots and selected particularities can be analysed
on the samples. The PIXE technique can be successfully
in several fields such as life sciences [9], as well as in art
conservation, geology and archaeology [10, 11].

The measurements of the present experiment have been
carried out by using the SMV Van De Graaff accelerator
of the Institute of Particle and Nuclear Physics of the
Wigner Research Centre, Hungarian Academy of
Sciences. The elemental composition of the base material
could be determined in the upper 10 um thick layer of the
studied objects. Spot measurements were carried out on
these objects, and no beam scanning was performed. The
properly collimated proton beam of 2.5 MeV energy was
extracted from the evacuated beam pipe to air through a
7.5 micrometre thick Kapton foil. A target-window
distance of 10 mm was selected for the measurements,
therefore the resulting beam diameter was =1.5 mm. The
characteristic X-rays were collected by an Amptek X-123
spectrometer. The SDD type detector of 25 mm?x500 pm
active volume was positioned at 135 degree with respect
to the beam direction. The energy resolution was 130 eV
for the Mn-Ka line. A beam of 2.5 MeV protons was
adopted with currents around 2 nA, with measurement
times varying in the range 600-1800 s. Figure 4 shows
the fishing net sample 2 during the PIXE investigation
PIXE has been used for quantitative analysis and it
allowed identifying and quantifying trace elements on the
surface of the considered samples, determining their
distribution and supplying data complementary to those
from other investigations techniques. The results of the
PIXE investigation of sample 1 are reported in Table 1.

Figure 4. The fishing net sample 2 during the PIXE

investigation.

Table 1. Results of the PIXE investigation of sample 1.
Element/ Conc. Error LOD #

(Yom/m)/ | (%) | (Y%em/m)/

S 18.7 23.9 4.1 Y
K 222 9.4 2.3 Y
Ca 51.1 2.9 1.4 Y
Ti 1.4 55.4 1.1 ?
Mn 1.8 22.8 0.4 ?
Fe 43 11.0 0.3 Y
Cu 0.3 64.3 0.2 Y
Zn 0.2 95.7 0.3 ?
Notes: #) The last column is a decision on the presence of
that element in the spectrum. Y: present at level of
quantization; N: not present at LOD; ?: may be present
near LOD levels

The results of the PIXE investigation of sample 2 are
reported in Table 2.

Table 2. Results of the PIXE investigation of sample 2.
Element/ Conc. Error LOD #
(Yom/m)/ | (%) | (Y%em/m)/

S 16.4 13.0 22 Y
K 8.1 6.6 1.1 Y
Ca 55.2 1.1 0.5 Y
Ti 1.6 15.2 0.4 ?
Mn 0.2 48.3 0.2 ?
Fe 14.9 24 0.3 Y
Cu 2.9 7.9 0.2 Y
Zn 0.7 22.8 0.2 ?
Notes: #) The last column is a decision on the presence of
that element in the spectrum. Y: present at level of
quantization; N: not present at LOD; ?: may be present
near LOD levels

The obtained results are helpful for the identification of
the compositional details, and they can be interpreted
also as possible indications to create copies of the major
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element compositions, as well as to make comparisons
with analogue nets from different manufacturers.

4. The integrity of fishing nets and their

nano- and micro-structure
In order to advance the considered fishing tools, studies
of correlations should be carried out, between the
evolution of the nano- and micro-structure and different
chemical or physical ageing fishing nets and ropes made
of polymeric materials. Neutrons represent an
increasingly substantial probe for exploring and
modifying the internal nano features of materials
throughout an extensive range of disciplines in
engineering, chemistry, physics and medicine. They are
able to reveal significant properties and allow the
monitoring of key nanoscale parameters helpful to
evaluate the origin of structural failure. Such assessment
conversely enhances the quality of manufacturing
processes. This is all primarily due to the uniqueness of
neutrons, which probe the bulk of a specimen in contrast
to X-ray techniques which are typically surface-sensitive.
Neutrons, thus, can give a substantial contribution to
solve complex problems connected with the analyses of
polymers. A wide range of other materials can be
investigated, e.g. plastics, metals, composites, ceramics,
nanomaterials, shape memory alloys, semi-crystalline
systems, biomedical and pharmaceutical materials,
fibres, glasses, gradient materials, membranes and
multilayer structures. The applications of NBT are also
concerning various new industrial sectors [12, 13] where
the Rogante Engineering Office has developed special
procedures using neutron measurements data particularly
for industrial applications.
SANS, as well as other NBT, is a solution tool able to
answer key industrial questions as well as provide in a
non-destructive way, the fundamental information to
develop the design, manufacture and maintenance
phases. SANS-monitoring serves to characterize
materials on the nano and microscopic level, also
detecting cohesion breaking leading to internal surface
growth and fracture.
The fundamental principles of the analysis of nanoscopic
defects in solids (e.g., atomic clusters formed by
precipitation and micro-phase inclusions) were designed
in the early period of small-angle X-ray scattering
(SAXS) and SANS techniques [14-16]. SANS, averaging
over a macroscopic sample volume, provides information
with high enough statistical accuracy to determine void
sizes and their distributions in porous media. Such
averaging also investigates particle agglomeration and
the evolution of pores during the sintering process. A
SANS analysis of polymers can be related to the bulk
structure, specifically observing nano-pores and nano-
micro cracks and their grouping in the matrix of the
polymer.

The invisible total internal surface of these defects can be
assessed, and leads to material fracture during loading.
The structure of macromolecules in solution can be
studied by exploiting the hydrogen—deuterium isotopic
substitution for polymer or solvent, which supplies a high
contrast in scattering between the polymer and the
surrounding medium. Industrial polymers, when
protonated, can be investigated in the bulk material (e.g.,
in polymeric networks) since in this case the coherent
scattering length density of the material allows
determining the contrast of some structural defects [17].
For a SANS investigation, the samples should be washed
with solutions containing various detergents or acids.
These solutions can be deuterated, as above mentioned,
in order to assure a good contrast with the polymer,
revealing thus a characteristic peak of the piling up of the
crystalline lamellas. A nano- and micro-scale
investigation of the considered polymeric fishing nets,
performed in the planning phase by NBT, would improve
the knowledge and design of these tools, and assist in
overcoming the methodological limitations of
conventional analyses. Thereby giving additional
information for forecasting the behaviour of materials.
SANS would permit materials’ characterization at atomic
and nano-scale level and offer existing technologies an
essential contribution of precise structural methods [12,
13]. This information can give essential support in
improving the quality and durability of these fishing
tools.

NBT can be used also to characterise the nano-composite
morphology of polymers with added inorganic
nanoparticles, to optimize this addition in order to better
study the interaction between nanoparticles and
polyamide units [18] and to enhance the performances of
the final products.

In consideration of the described peculiarities of
neutrons, NBT could be taken into consideration as a part
of the improvement process of fishing nets, since this
technology has been wused in various polymer
investigations, obtaining information complementary to
those achieved by using other techniques and relevant to
the main features of the nano- and micro-structure. The
SANS data can be applied not only to improve material's
properties, but also to enhance the precision in the control
and prediction of functional properties, which strongly
depend on the size, extent of defects and their total area.

5. Conclusions

PIXE has been successfully adopted to investigate
fishing nets, supplying in a non destructive way useful
data on major and trace constitutive elements.

The feasibility of a neutron investigation of these fishing
nets has been considered, furthermore, to complete the
information achievable by the methodologies usually
adopted in this case. A possible application of NBT to the
various materials, in fact, has already moved their

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE

CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES

120



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

industrial applicability for polymer investigation
forward. SANS therefore, can be considered to be useful
industrial tool for micro-scale polymer analysis sectors.
This technique, in the present case, can supply significant
data on basic parameters connected with degradation,
fracture and other phenomena, allowing also a more
reliable material lifetime assessment.
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1. Introduction - the neutron

Review paper
Abstract: Neutron methods constitute an essential and unique part of the
science tool kit for exploiting information about the properties and
behaviour of matter at the atomic and molecular level — this indispensable
in order to design novel materials, devices, drugs and solve complex
engineering problems. Neutrons can probe structure and dynamics of matter
from mesoscale to nanoscale and from seconds to nanoseconds. Intense
neutron beams are produced in nuclear reactors or accelerator based neutron
sources. In Europe 9 neutron source centres provide access to about 150
various neutron spectrometers for materials research. The Budapest
Neutron Centre (BNC) is one of these 9 facilities, it operates 15
experimental stations. BNC is the research organisation for the open access
utilisation in science and technology development for the 10 MW Budapest
Research Reactor (BRR), a unique infrastructure of this kind in the Central
European region. Industrial applications of neutron techniques, which offer
unique possibilities for non-destructive testing of materials and structural
components, have been pioneered by the BNC and by the Rogante
Engineering Office (REO) in various industrial sectors. BNC makes part of
the SINE2020 EU network/project to promote these applications. The
interaction of neutrons with matter has three major ways: 1) Imaging by
passing neutron beams through objects — this is called neutron radiography
and tomography; this can reveal internal parts or hidden objects inside
bulky materials. 2) Absorption of neutrons by nuclear reaction with atoms
of studied materials — radiative capture via (n,y) reaction; this technique
gives information on the elemental composition of objects. 3) Week
interaction with atoms — changing in the trajectory and velocity of neutrons
passing through solid or liquid materials — neutron scattering (elastic or
inelastic); measuring intensity variation of scattered neutrons from the
sample reveal information on microstructure. The uncharged neutron
penetrates deeply in materials and with extreme sample environments and
the combination of the techniques can provide complex information and in-
situ studies on engineering materials. The neutron experimental capabilities
of BNC are presented and examples are given for lifetime management,
quality assurance problems of materials, technology development for
industry and unveiling secrets of archacological objects.

Neutrons can probe structure and dynamics of matter

In order to design novel materials, devices and drugs, from mesoscale to nanoscale a}nq from secqnds to
scientists are increasingly exploiting information about ~ nanoseconds. Neutrons have distinct properties for
the properties and behaviour of matter at the atomic and ~ Mmaterials research:

molecular level. This information is acquired using - Large penetration into the bulk of materials,
advanced techniques, X-rays, electrons, photons, and - Suitable wa\{e'le'ngth/ Cnergy range '
neutrons are suitable probes of the micro-structure of the - Isotope sensitivity, spin/magnetic scattering

matter, and neutron methods constitute an essential and

unique part of the science tool kit.

Symbols/Oznake

h -

- wave vector, 1/A
k -

- mass of neutron, g
m

- Planck’s constant, m?>xkg/s

Greek letters/Gréka slova
- neutron wavelength, A

- velocity of neutron, m/s

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE
CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES 123



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

Thus, neutrons provide unique possibilities for non-
destructive  testing of materials and structural
components. Figure 1 shows the energy scale of neutrons.

slow neutrons intermediate

epithermal

cold
2e-4 meV||0.05 meV|| 25 meV

thermal n

Figure 1. Energy scale of neutrons.

Intense neutron beams are produced in nuclear reactors -
e.g., the Budapest Research Reactor (BRR), see Figure 2
- or accelerator based neutron sources.

Figure 2. The 10 MW BRR, the largest research
infrastructure in Central-Europe.

In Europe 9 neutron source centres provide access to
about 150 various neutron spectrometers for materials
research. The BNC operates 15 experimental stations.

2. Interaction of neutrons with matter
There are three major ways/techniques to get information
with neutrons on materials properties and internal
topology of objects:

1. Imaging by passing neutron beams through
objects, this technique is the neutron
radiography and tomography.

In this technique the ,,Drawing with radiation” is realised.
Radiography is a direct imaging technique, where the
visual representation of an object is obtained non-
destructively by detecting the modification of an incident
beam as it passes through the matter. Figure 3 shows the
principle set-up of radiography experiment.

Source Collimation Detector

Object

Figure 3. Transmission of neutron or X-ray beam through an
object provides a contrast image in the detector.

Neutrons penetrate deep into bulk materials (metals,
alloys, stones etc.), so radiography transforms invisible
radiation into visible images.

2. Absorption of neutrons by nuclear reaction with
atoms of studied materials, this called radiative
capture — (n,y) reaction.

In (n,y) reactions: captured neutrons induce emission of
gamma rays. Figure 4 shows the principle of this process.
This technique is useful for the determination of
elemental composition of materials.

>
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Figure 4. Neutron-gamma reaction scheme. By neutron

radiative capture activation, a gamma cascade is
produced, each element/isotope has its own
characteristic gamma emission spectrum.

3. Week interaction with atoms — changing in the
trajectory and velocity of neutrons passing
through solid or liquid materials, this process is
called neutron scattering (elastic or inelastic).

This interaction is based on that distinct particle
properties of neutrons, which influence the experimental
scattering results. Neutrons have nearly no electrical
properties: “no” electrical charge, “no” electrical dipole
momentum. Neutrons mainly obey nuclear interactions.
However, their magnetic moment couples to the local
magnetic field of magnetic atoms and ions. Neutrons
with the mass m and a velocity v (for thermal neutrons v
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~ 2000 m/s) have a De Broglie wavelength 4 and a wave
vector k (or often denoted as ¢q).

mv=hk=h/A (1)

The wavelength is in the order of tenths of nanometres,
and it is comparable to atomic distances, similarly to x-
rays. Figure 5 shows the scheme of a scattering set-up.

T1Y

| -

B I L

. /=

Figure 5. Neutron scattering scheme. Measuring intensity
variation of scattered neutrons from the sample as
a function of the wavelength and the scattering
angle reveal information on microstructure by
reconstructing a model of structural arrangements

in real space.

Comparing with other scattering methods, the special
features of neutrons are explained as below.

In the case of light scattering (e.g. laser spectroscopy)
photons of typical energy of 10 eV (500 nm wavelength)
interact with the matter through an electromagnetic
interaction described as the polarizability of the
scattering kernels. Relatively large assemblies of atomic
structures and a wide range of energies (but in a very
limited reciprocal space) can be studied.

X-rays with typical energy of 10 000 eV (0.1 <1 <0.5
nm) interact with the electron shell of the atoms and in
this way the atomic scattering length scales with the
atomic (isotopic) number, i.e. the heavier of an atom in a
material the larger is the scattering cross section
characteristic for this substance. Due to the very suitable
wavelength scale of X-ray photons comparable to atomic
distances, X-ray techniques are essential for a versatile
range of investigation of materials structures. Because of
the weak interaction of X-rays with light elements (e.g.
hydrogen), X-ray scattering has, however, strong
limitations in the study of organic materials.

Neutrons have typical energies in the range from neV to
hundreds of meV (0.01 <4 <5 nm). The interaction is of
nuclear nature and varies from isotope to isotope. The
atomic scattering length can be positive or negative. For
example light water (H,O) or heavy water (D,0O) have
neutron scattering length as -0.165 and +1.92 barn,
respectively. This enables neutron experiments to use the
contrast variation technique, i.e. distinguish for example

between organic atomic-molecular fragments in mixture
solutions of light and heavy water.

3. The Budapest Neutron Centre facilities
for materials research

The BNC is a consortium of the Wigner Research Centre
for Physics and the Centre for Energy Research. Both
research centres with their staff over 400 persons each are
part of the research network of the Hungarian Academy
of Sciences and they have become important national
hubs of their research fields including the jointly operated
BNC as the largest research infrastructure in the country
[1]. BNC’s mission is to operate and provide research
services by the neutron experimental stations at the BRR,
which is the largest neutron research facility in Central
Europe. At 10 MW power the reactor provides a
maximum thermal neutron flux of 2.2x10' n/cm?’s and a
fast neutron flux of 1x10'* n/cm?s in the core. The reactor
has 10 horizontal beam tubes (eight radial and two
tangential). At one of the tangential beam tubes a cold
neutron source (CNS) has been installed. Three neutron
guides transport neutrons to the measurement site in the
guide hall adjacent to the reactor building. The neutron
guides have bi-spectral nature, i.e. they can provide
neutrons both with thermal or cold spectra [2].

The scheme of the neutron instruments at BRR are
presented in Figure 6.

The most important instruments are described below.

SANS - Small Angle Neutron Scattering Diffractometer
The Yellow Submarine covers a Q-range from 0.003 to
0.5 A" allowing probing structures at length scales from
5 A to 1400 A. The instrument is installed on the curved
neutron guide No.2, with 4x4 c¢cm? cross-section, made
from supermirrors. It has a wide range of applications
from studies of chemical aggregation, defects in
materials, surfactants, colloids, ferromagnetic
correlations in magnetism, alloy segregation, polymers,
proteins, biological membranes and macromolecules.

PSD - Neutron diffractometer

The instrument is installed on the tangential thermal
channel  No. 9 (see Figure 7, with
10° cms™! neutron flux at the sample position. It is a 2-
axis diffractometer equipped with a linear position
sensitive detector system. The detector assembly is
mounted on the diffractometer arm and it spans a
scattering angle range of 25° at a given detector position.
The entire diffraction spectrum can be measured in five
steps.

The neutron diffractometer is suitable for atomic
structure investigations of amorphous materials, liquids
and crystalline materials where the resolution
requirements are not very high.
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THERMAL NEUTRON INSTRUMENTS:
RAD: DYNAMIC N/GAMMA & STATIC RADIOGRAPHY
BIO: PORTUSED FOR BIOLOGICAL IRRADIATION
MTEST: MATERIAL TESTING DIFFRACTOMETER
TAST. TRIPLEAXIS SPECTROMETER

PSD: POWDER DIFFRACTOMETER

TOF: TIME-OF-FLIGHT DIFFRACTOMETER

COLDNEUTRON INSTRUMENTS:
GINA: POLARIZED NEUTRON REFLECTOMETER

IMBS: IN-BEAM MOSSBAUER SPECTROMETER

SANS: SMALL ANGEL SCATTERING SPECTROMETER

PGAA: PROMPT GAMMA ACTIVATION ANALY SIS

NIPS: NEUTRON INDUCED PROMPT GAMMA SPECTROMETER
REF: REFLECTOMETER

ATHOS: TRIPLE AXISSPECTROMETER

Figure 6. Layout of the BNC instrument suit in the Reactor Hall and the neutron guide halls (TOF — thermal neutrons, and the
Cold Measuring Hall).

Figure 7. The PSD Diffractometer at the BRR.
High Resolution TOF Powder Diffractometer

The instrument has been installed on a radial thermal
neutron beam in a new guide-hall. Full diffraction
spectrum can be recorded within a variable bandwidth
with high resolution or with high intensity at
conventional resolutions. In high resolution mode the
very short (10us) neutron pulse and the 25m total flight

path allows us to obtain a diffractogram with an accuracy
of 107A in a single measurement on poly-crystalline
materials, while in low resolution mode liquid diffraction
can be performed at good neutron intensity up to 15 A™!
scattering vector. The diffractometer is suitable for
determination of single and polycrystalline structure,
strain analysis-, texture- and phase analysis.

PGAA - Prompt Gamma Activation Analysis

It provides non-destructive element analysis of samples
by observing prompt gamma-rays from neutron capture
from the irradiated sample. Before the beam enters to the
experimental area, the beam is divided by suitable
collimators. The thermal-equivalent neutron fluxes at the
PGAA sample positions to 7.7x107 cm? s~!, while at the
NIPS position it is 2.5%107 cm™ s, where a neutron
tomograph (NORMA) is installed. The beams can be
collimated from 2x2 ¢cm? down to 5mm?. All chemical
elements can be observed, with accuracy varying
between 0.1 ppm to 1000 ppm. The most sensitive
elements are H, B, Cl, Cd, Nd, Sm, Eu and Gd.
Measurements of radiative capture of Isotopes and
neutron tomography can also be performed [3].
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RAD - thermal neutron imaging facility

The RAD thermal neutron imaging facility is served by a
Cd-covered pin-hole-type collimator located at the No 2.
radial horizontal channel, inside the biological shielding.
The imaging device can be moved parallel to the beam
axis on a rail system. Its closest and farthest measurement

positions (see Figure 8) are used for dynamic (DNR at
209 cm from beam port, to prefer intensity) and for static
(SNR at 282 cm from beam port, to prefer beam quality)
imaging, respectively.

Primary aperture to screen distance:
463 -53%em

Flux: 4.6 =338 x 10 n.cm st
Bnca/ Py = 52

L/D (geom)=170-195
L/D (meas) = 260

Beam size: @195 — 230 mm
Neutron

sample beam

Reactor

Avallable modalities:

= Thermal neutran

*  Fast neutron

*  X-ray tubes: 5-300 keV; 5-10 mA
Detector options:

*  16-bit (12-bit) 5.5 Mpx sCMOS camera
*  Low-light-level TV camera
*  Photo-luminescent Imaging Plates

Imaging options:

= Radio- or tomography of larger objects
= Smaller FOVs, better spatial resolution
= Sapphire crystal to filter outfast neutrons

Figure 8. The RAD neutron imaging station at the BRR thermal neutron beamline No. 2.

The measured L/D ratios are around 260, which are
reasonably good values for a traditional imaging
beamline. The beam diameter is adjustable up to a
maximum of 230 mm at the SNR position. The thermal
neutron fluxes at the two positions are 4.64x107 cm?s’!
and 3.38x107 cm?s’!, respectively. The beam has a
neutron-to-gamma ratio of 1.72x105 ¢cm?mR™! and a
cadmium ratio of 3.3. The thermal to epithermal flux
measured by the cadmium covered and bare gold monitor
method is about 51. The gamma-ray intensity is about 8.5
Gy/h. The RAD facility is also equipped with a set of X-
ray generator tubes, covering the energy range between
501300 keV with max. 10 mA current, for dual beam
imaging. A massive, motorized sample manipulator with
maximum load up to 250 kg, and a smaller one up to 5 kg
are available to position the investigated objects. The
RAD station has an up-to-date digital imaging
equipment. The facility is able to carry out radiographic
or tomographic imaging based on scintillation screens;
for neutron imaging, scintillation screens with
resolutions of 50-450 pm; for X-ray imaging,
intensifying screens with resolutions of 100-200 pm. To
make the instrument more flexible it is possible to set
larger or smaller fields of view with respective lower or

higher spatial resolutions. The static radiography and
tomography are accomplished by an Andor Neo 5.5
sCMOS 2560x2160 px camera. In the light-tight optical
box, three different optics can be used (computer-
controlled interchangeable lenses with 50 mm, 105 mm
and 300 mm fixed focal lengths) coupled to the digital
camera, as shown in. Real-time radiography can be done
by means of a low-light-level TV camera (640%480 px)
with a light sensitivity of 10 lux. The imaging cycle of
this camera is 40 ms (25 Hz), making possible the high-
frame rate imaging, resulting in a video file. A zoom
optics coupled to this camera provides inherently a
variable field of view. The two cameras can be used as
alternatives in the light-tight camera box. A mirror placed
at 45 degree reflects the light towards the camera [4].

4. Examples of case studies for materials

research
Neutron beam methods are essential tools for the
investigation of very practical problems in materials
science [5-7]. Below some examples of imaging,
elemental analysis and structural investigations by
neutron beam techniques are outlined.
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Neutron imaging (radiography and/or tomography) can
play a crucial role in quality assurance for industrial
products especially of high security importance. In
Figure 9 a high resolution image of a turbine blade is
shown. In case of aircraft engines each blade of the rotor
is inspected by neutron radiography. The engine operates
at higher temperature than the melting point of the
superalloy of the blade, thus cooling by internal channels
is essential. As a part of the manufacturing procedure
internal fins are produced and their perfect transmission
ability is to be controlled, thus neutron imaging is applied
to avoid eventual defects in these cooling channels.

50 mm 100 150

50

ASTM E545
BPI T
[ O

mm

Core
residues

Sl i

Turbine blade inspected by neutron radiography
for the defect analysis of the internal cooling
channels of the device.

Figure 9.

Figure 10 shows another application: the internal part of
a step-motor is visualised and a parallel measurement by
PGAA reveals the main elemental compositions, which
correspond to the compositions of the motor along the
axis. The dominant elements as Cu, Fe, B, H at the
different parts are seen.

In the next example present that SANS investigations
revealed life-time prolongation features of tungsten wires
used in lighting industry. From sintered W bars wires are
drawn and the presence of a small amount of potassium
(0.5%) improves the quality of wires at high temperature
usage. The presence of potassium filled bubbles is
responsible for blocking grain-size growth, thus the
quality of the wire is improved. The structure of bubbles
follows the macroscopic deformation of the wire. As a
consequence of oriented macroscopic strain induced by
wire drawing the bubbles are oriented parallel to the wire
axis. This is shown in Figure 11, where 2D SANS

patterns represent the anisotropy of the bubbles [8]. By
matching and unifying the scattered intensities in a wide
scattering vector range at different neutron centres
(Figure 12), we have concluded that the potassium
bubbles are not the only reason of the small angle range
scattering. This “additional” scattering is not influenced
by the annealing temperature; it originates in the
micrometre sized oriented cracks along the wires. The
existence of these always presumed, but never seen
cracks has been finally demonstrated experimentally [9].

Coust. (3 [l Ter &
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;
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3

Figure 10. Combination of radiography with elemental
analysis on a step-motor.
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Figure 11. Electronmicroscopy image of W wire with
clongated boubles.

WSBEC waaro

Figure 12. 2D SANS maps of W wire samples after different
drawing and tempering stages.

Figure 13 shows the SANS curve measures for various
potassium bubble sizes.
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Figure 13. SANS curve measures for a wide range of bubble
sizes in the range 1-1500 nm.

Figure 14 is related to another example of SANS
investigation, carried out by the REO at the BNC and
concerning polymer cement concretes [10].
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Figure 14. SANS curve measures for different polymer
cement concrete samples.

Different PCC specimens made of Portland cement with
added yAl;O3 and redispersible dry polymer RDP were
investigated. The objective of the measurement was to
verify the assumption that these polymers change the
concrete's structure when the binding agent and water
forms the cement stone that joints the particles together
to make a monolith. Key parameters of the material (e.g.,
porosity, fractal dimensions and size distribution) at
nanoscale level.

The deep penetration of thermal neutrons into the bulk of
material makes neutron diffraction a powerful tool for
the residual strains measurement by the high precision
determination of lattice parameters and such non-
destructive validation plays an important role in
engineering sciences. For a series of “standard metal”
samples a worldwide Round Robin test was performed,
here we used the cold neutron triple axis spectrometer
ATHOS in order to validate the followed procedure with
our instrumental setup. ATHOS is an instrument with
high flexibility and a relatively big sample table for
investigation industrial samples. A vertically focusing
PG monochromator provides continuously changeable
wavelength, the detector is 200200 mm position
sensitive delay line type detector. The Round Robin
sample was VAMAS Aluminium Ring & Plug
Aluminium Ring & Plug Set. Figure 15 shows the
experimental setup and the scheme for measuring radial
and hoop stresses.

For stress measurement we used the 111 reflection using
a gauge volume determined by the incident beam
20x3mm (HxW) and by the outgoing beam 20x3mm
(HxW) at the detector direction. At the 111 reflection we
used the wavelength of 0.33 nm giving us the 90 deg
scattering angle. The measured strain data fit well to the
results measured elsewhere of the Round Robin series.
Figure 16 shows the strain distribution for hoop strains.
It is seen that the strain fits well on the negative side of
sample position, while on the positive side the fit is rather
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poor due to longer beam path in the sample well
corresponding to the peak intensity weakening.

Figure 15. The experimental setup for measuring the strain

distribution.
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Figure 16. The measured and calculated hoop strain in the
Aluminium Ring & Plug Set.

Figures 17 and 18 are related to another example of
neutron diffraction application, carried out by the REO at
the BNC and concerning a new and a used (25000 hours)
Inconel 738 turbine blade [5].
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Figure 17. Turbine blade (new). Diffraction spectrum.
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Figure 18. Turbine blade (25000 hours). Diffraction
spectrum.

By comparing both spectra, different interplanar
distances are indicated between the new and the old
blade, showing a strain status. During the exercise, the
crystallinity is growing; near the Ni peaks, the satellites
indicate some phase decompositions, such effect
depending on temperature and stress. These satellites are
much lower in the new bucket. The present study has
shown the possibility of following the blade's ageing.
The combination of various neutron techniques proved
itself to be very useful for non-invasive characterisation
of objects of Cultural Heritage [11]. A complex
experimental work was performed at the BNC to reveal
features of the mankind’s known earliest iron objects.
5000-year-old Egyptian iron beads have been found to be
made from hammered pieces of meteorites [12]. The
nature and origin of humankind’s earliest iron artefacts
has been a matter of debate for over a century. This
discovery not only demonstrates successful nuclear
analytical methodology to uncover trace elements after
complete corrosion, but also proves that already in the
fourth millennium BC metalworkers had mastered the
smithing of meteoritic iron, an iron-nickel alloy much
harder and more brittle than the more commonly worked
copper. Nine small beads securely dated to circa 3200
BC, from two burials in Gerzeh, northern Egypt. It
highlights that these beads were made from meteoritic
iron, shaped by being careful hammered into thin sheets
before being rolled into tubes. The iron beads were strung
into a necklace together with other exotic minerals such
as lapis lazuli, gold and carnelian, revealing the status of
meteoritic iron as a special material on a par with
precious metal and gem stones. Figure 19 shows a
neutron image of an iron bead.
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Neutron
radiography

Photograph

1 2

Figure 19. Neutron image of one of the iron beads, its in-side
view and photo.

3Cl"|"|

Using various neutron techniques at BNC —
complemented by X-ray spectroscopy analysis — the
ability to determine the nature of material even after
complete corrosion of the iron metal has been
demonstrated. In contrast to former investigations of the
beads which involved only surface analysis, taking
advantage of the deep penetration but non-invasive
nature of the neutron techniques used, the authors were
now able to get a more detailed insight into material
features. PGAA, ND and NR reviled features such as the
elemental composition, crystal/amorphous structure and
the internal topology of the beads, respectively. Particle
induced X-ray emission has also complemented to the
full understanding of compositional data showing that the
beads were made from meteoritic iron.
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1. Uvod

Izvorni znanstveni rad
SaZetak: Razvijen je numericki model kontroliranog ohladivanja toplo
valjanih Celi¢nih Sipki. Razvijeni numericki model opisuje promjenjivo
temperaturno polje, razvoj mikrostrukture te tvrdo¢u ¢eli¢nih Sipki tijekom
ohladivanja na klupi za ohladivanje.
Numericki model promjenjivog temperaturnog polja temelji se na metodi
konaénih volumena. Algoritam za predvidanje tvrdoée i mikrostrukture
&eliénih $ipki temelji se na stvarnom kemijskom sastavu. Celi¢ne §ipke se
posebnim slaganjem na klupi za ohladivanje kontrolirano hlade.
Numericki model i raunalni program eksperimentalno su verificirani u
stvarnim  industrijskim uvjetima proizvodnje Sipki izradenih iz
niskolegiranog ¢elika. Numericki je model verificiran usporedbom tvrdoca
dobivenih simulacijom i eksperimentalno izmjerenih tvrdoc¢a.

Numerical modelling and simulation of controlled cooling of hot
rolled steel

Original scientific paper
Abstract: Numerical model of controlled cooling of steel hot rolled bars
was developed. Numerical model of controlled cooling describes a transient
temperature field, microstructure evolution and hardness of steel bars
during their cooling in cooling beds.
The numerical model of transient temperature field is based on control
volume method. The algorithm for prediction of hardness and
microstructure distribution in steel bars is based on real chemical
composition. The controlled cooling is performed by special placement of
hot rolled bars on cooling beds.
Numerical model and computer program was experimentally verified in
real industrial manufacturing of low-alloyed steel bars. The verification of
developed numerical model was performed by comparison of simulated
hardness with experimentally evaluated results.

gustoca Celika i koeficijent prijelaza topline okoline
celinog uzorka. Ove varijable mogu se procijeniti

Istrazivanja u vezi numeri¢ke simulacije ohladivanja
Celicnih uzoraka prioritetna su istrazivanja u simulaciji
toplinske obrade celika [1, 2]. Rezultati ohladivanja
Celika ovise o geometriji  Celicnog  uzorka,
karakteristi¢nim fizikalnim svojstvima ohladenog celika
te o naCinu ohladivanja. Znacajna fizikalna svojstva
ukljucena u proces ohladivanja su specifi¢ni toplinski
kapacitet celika, koeficijent toplinske vodljivosti celika,

inverznom metodom, na osnovi postignutih rezultata
ohladivanja i na osnovi kvalitativne analize krivulje
ohladivanja [2, 3, 4, 5].

U razvijenom racunalnom programu za simulaciju,
tvrdoca se u razli¢itim tockama obratka procjenjuju na
temelju TTT dijagrama i termokinetickih jednadzbi za
procjenu kinetike mikrostrukturnih pretvorbi.
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Oznake/Symbols
- specifi¢ni toplinski kapacitet, Jkg 'K-! .
¢ pee P AP g Gréka slova/Greek letters
- specific heat capacity
. - kineti¢ki parametar - koeficijent prijelaza topline, Wm2K"!
- kinetic parameter ¢ - heat transfer coefficient
- koeficijent toplinske vodljivosti, Wm"
- temperatura, K
T . . 2 IK—I
- temperature
P - coefficient of heat conductivity
- volumen, m? - vrijeme, s
V T .
- volume - time
X - transformirani dio mikrostrukture - gustoca, kgm™
- transformed part of microstructure P - density
- eksponent deformacijskog o¢vrs¢ivanja . .
n P . JSRog ! Indeksi/Subscripts
- strain-hardening exponent
- vrijeme, S - medij za kaljenje
t . f
- time - quenchant
- broj koraka ohladivanja od 800 do 500
- vrijeme ohladivanja od 800 do 500 °C, s °C
fsrs - time of cooling from 800 to 500 °C M - number of time steps during the cooling
from 800 to 500 °C
- gustoca, kgm - povrSina
P - density : - surface
oW . . .o 2
2. Matematicko modeliranje prijenosa 1(2 b Brucsom + b..] _
. i+n) i(j+n) ij
topline e po

Promjena temperature u izotropnom krutom tijelu moze
se opisati Fourierovim zakonom:

olcoT
(5'0) =div(A gradT) ()
t
gdje je A/Wm'K"!' koeficijent toplinske vodljivosti,
plkgm>  gustoéa, a c/Jkg'K! specifiéni toplinski
kapacitet.
Karakteristi¢ni grani¢ni uvjet je:
290 —alr - 1) @

gdje je a/Wm2K™! koeficijent prijelaza topline okoline
tijela, 74/K temperatura povrsine, a 77K temperatura
okoline tijela.

Za izradu modela promjene temperaturnog polja,
fizikalna svojstva ukljucena u model moraju biti
dosljedna postignutim rezultatima. Ulazni podaci bi
trebali biti procijenjeni u skladu s eksperimentalnim
rezultatima [6, 7].

Izraz 1 moze se rijesiti metodom konacnih volumena [8-
10]. Primjerice, promjena temperaturnog polje u
izotropnom krutom tijelu moze se definirati pomocu 2-D
metode kona¢nih volumena [8]:

~S b )+b,T° ©)
= D Buen, Tiery + bicson T o )+ 0,

i=1,2,0i , j=12,..

n=2-m, k=3-2m
gdje je 7y /K temperatura na pocetku vremenskog koraka
At/s,

Atls, by = (piciAViy)IAt, AV,,/m je volumen kontrolnog
volumena, biginy = Wiginy' 1 biiginy = Wiy, gdje su
varijable Wiy 1 Wi+ toplinski otpori za x os.
Primjerice, Wi+ je toplinski otpor izmedu volumena ij,
te volumena (i-1)j zan = 0izan = 1, dok je Wij+n); jednak
toplinskom otporu izmedu volumena ij i (i+1)).
Nomenklatura je jednaka i za y os.

Vrijeme ohladivanja od temperature Ty« do neke
odredene temperature, za pojedini volumen u uzorku,
odreduje se kao zbroj temperaturnih koraka:

M
=>Ar,
m=1
gdje je M broj temperaturnih koraka do odredene
temperature.

1/K temperatura na kraju vremenskog koraka

4)

HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE

CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES

134



MTSM2017

International conference “Mechanical Technologies and Structural Materials”

Split, 21-22.09.2017

3. Matematicko modeliranje tvrdoce i
sastava mikrostrukture

Prema adicijskom pravilu, kinetika neizotermickih
pretvorbi pri kontinuiranom ohladivanju moze se opisati
kao zbroj malih prirasta izotermickih pretvorbi.

Naslici 1 shematski je prikazana procjena mikrostrukture
na osnovi krivulje ohladivanja i izotermickog TTT
dijagrama. Na slici 1 temperaturni raspon je podijeljen u
seriju malih koraka. Ako su vremenski intervali A
dovoljno maleni, moze se pretpostaviti da su u svakom
vremenskom koraku vrijede izotermicki uvjeti pretvorbi.
Pretpostavljeno je da se u svakom vremenskom koraku
dogodi pretvorba jednaka onoj u izotermiCkom TTT
dijagramu pri istoj temperaturi i s istim mikrostrukturnim
sastavom.

!
U -
a ~
3T -
& L
2 T
£ N T
5 !
E_‘
\_I\ .
Time, s Time, s
A"-i At i+l
_EE
A
Slika 1.  Odredivanje mikrostrukturnog sastava i
mehanickih svojstava iz krivulje ohladivanja i
izotermickog TTT dijagrama
Figure 1. Prediction of microstructure composition and
mechanical properties from cooling curve and IT
diagram
Izotermicki TTT dijagram za celik EN 42CrMo4

prikazan je na slici 2a.

Kada se koriste TTT dijagrami za kontinuirano
ohladivanje, tvrdo¢a se mozZe procijeniti ucrtavanjem
krivulje ohladivanja u takav dijagram [11]. Ovo je vrlo
jednostavna 1 cCesto koriStena metoda. Tvrdo¢a u
razliCitim tockama uzorka takoder se moze procijeniti
pretvorbom izracunatog vremena ohladivanja, fg5 u
tvrdoéu, koriste¢i TTT dijagram za kontinuirano
ohladivanje. Razlika izmedu stvarnog kemijskog sastava
Celika 1 propisanog kemijskog sastava celika za koji je
izraden TTT dijagram za kontinuirano ohladivanje
takoder se mora uzeti u obzir. U ovom slucaju ta se
razlika uzima u obzir koriStenjem izraza 5 do 9. TTT

dijagram  za  kontinuirano  ohladivanje  celika
EN 42CrMo4 prikazan je na slici 2b.

Transformirani dio mikrostrukture, X pri nekoj
temperaturi 7, za vrijeme ¢ moze se izracunati
Avramijevom izotermi¢kom jednadzbom:

X =1—exp(—k-t") (5)

Za potrebe numericke analize pomocu rac¢unala kinetiku
raspada austenita prakti¢no je proucavati Avramijevom
izotermickom jednadzbom definiranom u
inkrementalnom obliku. Deriviranjem Avramijeve
jednadzbe, slijedi:

di:exp(—k-t")-n-k-t"’1 (6)
dt

a izluéivanjem vremenske komponente iz izraza 6, slijedi
da je:

1

1 1=

ij(:n-k”-(lnll)() "= x). %)
t —_

Izraz 7 moze se zapisati u inkrementalnom obliku, a
volumni udio transformiranog austenita AX, u
vremenskom intervalu Af#, na temperaturi 7; mozZe se
izraCunati na sljede¢i nacin:

1 =
; 1 n 8
AX , =n-k -{mlJ (= Xy ) A, ®

AN

Kinetic¢ki parametri k i n iz izraza 8 mogu se odrediti
inverzno KkoriStenjem podataka iz izotermickih TTT
dijagrama. Kada se koriste izotermic¢ki TTT dijagrami, u
skladu sa  Scheillovim  adicijskim  pravilom,
karakteristiéna mikrostrukturna pretvorba je zavrSena
onda kada je transformirani dio mikrostrukture, X jednak
jedan [11, 12]:

¢ dt 1 9)
0 T(XO’T)

gdje ©(Xo, T) predstavlja vrijeme izotermicke pretvorbe
za X=Xp pri temperaturi 7, a ¢ predstavlja ukupno
vrijeme transformacije. Vrijeme izotermicke
transformacije, T moze se ili izracunati termokinetickim
jednadzbama ili odrediti pomocu izotermickog TTT
dijagrama [12].
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Slika 2.
Figure 2.
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Tablica 1. Krivulje ohladivanja ¢eli¢nih Sipki promjera 60 mm i duljine 6000 mm

Table 1. Cooling curves of steel bar with dimension of 60 mm diameter and 6000 mm length

TTT dijagram za Celik EN 42CrMo4, a) izotermicki b) dijagram za kontinuirano ohladivanje [13]
a) IT diagram for steel EN 42CrMo4. b) CCT diagram for steel EN 42CrMo4 [13]

1 2
Temperatura/°C Vrijeme/s Temperatura/°C Vrijeme/s Temperatura/°C Vrijeme/s
920 0 924 0 926 0
892 34 913 26 890 52
841 110 880 57 847 87
797 136 849 86 820 121
758 190 805 150 780 167
733 224 736 245 751 206
726 241
Tvrdo¢a =298 HB Vrijeme ka$njenja =76 s Vrijeme kasnjenja=115s
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4. Eksperiment

Eksperiment je proveden na ¢eli¢nim Sipkama promjera
60 mm i duljine 6000 mm, izradenim od celika
EN 42CrMo4. Kemijski sastav celika EN 42CrMo4 je:
0,42 %C, 0,26 %Si, 0,84 %Mn, 0,013 %P, 0,034 %S,
1,07 %Cr, 0,22 %Mo, 0,19 %Ni, 0,01 %V.

U tablici 1 prikazani su rezultati izmjerenih krivulja
ohladivanja proucavanih celi¢nih Sipki promjera 60 mm
i duljine 6000 mm. U tablici 1, prvi stupac (1) prikazuje
slu¢aj ohladivanja jedne Sipke, a ostala dva stupca (2 1 3)
prikazuju slucajeve zajednickog ohladivanja slozenih
¢eliénih Sipki.

Temperatura je mjerena MIOR-1 pirometrom, ¢iji se
temperaturni interval mjerenja kreée u rasponu od 700 °C
do 2000 °C, s vremenom odaziva od 0,5 s.

S. Primjena

Razvijeni model primijenjen je u racunalnoj simulaciji
ohladivanja Sipki promjera 60 mm i duljine 6000 mm.
Sipke su od &elika EN 42CrMo4, kemijskog sastava
0,42 %C, 0,26 %Si, 0,84 %Mn, 0,013 %P, 0,034 %S,
1,07 %Cr, 0,22 %Mo, 0,19 %Ni, 0,01 %V.

Napravljena je numeric¢ka simulacija za slucaj zasebnog
ohladivanja jedne Sipke, te za slucajeve zajednic¢kog
ohladivanja dviju Sipki. Pocetna temperatura celi¢nih
Sipki, Tsare je 920 °C. Za slucaj zajednickog ohladivanja
dviju Sipki vrijeme kaSnjenja, #; je 76 s. Temperatura
zraka, Tur je 30°C. Raspodjela tvrdoce i

mikrostrukturnog sastava procijenjena je numerickom
simulacijom koristenjem softvera BS-QUENCHING [8].
Raspodjela tvrdo¢e i mikrostrukture razli¢ito sloZzenih
Sipki prikazani su na slikama 3-12.

Slika 3.  Raspodjela tvrdoce u ¢eli¢noj $ipki nakon
ohladivanja

Figure 3. Distribution of hardness of steel bar after cooling

Slika 4.  Raspodjela ferita u ¢elinoj Sipki nakon
ohladivanja

Figure 4. Distribution of ferrite of steel bar after cooling

Slika 5.

Raspodjela perlita u ¢eli¢noj Sipki nakon
ohladivanja
Figure 5. Distribution of pearlite of steel bar after cooling
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Slika 6.  Raspodjela bainita u ¢eli¢noj Sipki nakon Slika 8.  Raspodjela tvrdoce u dvije sloZene ¢eli¢ne Sipke
ohladivanja nakon ohladivanja
Figure 6. Distribution of bainite of steel bar after cooling Figure 8. Distribution of hardness of two packed steel bar

after cooling

Slika 7.  Raspodjela martenzita u ¢eli¢noj Sipki nakon Slika 9.  Raspodjela ferita u dvije sloZene Celi¢ne Sipke
ohladivanja nakon ohladivanja
Figure 7. Distribution of martensite of steel bar after cooling ~ Figure 9. Distribution of ferrite of two packed steel bar after
cooling
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Slika 10. Raspodjela perlita u dvije sloZene elicne Sipke
nakon ohladivanja

Figure 10. Distribution of pearlite of two packed steel bar
after cooling

Slika 11. Raspodjela bainita u dvije slozene celi¢ne Sipke
nakon ohladivanja

Figure 11. Distribution of bainite of two packed steel bar
after cooling

Slika 12. Raspodjela martenzita u dvije slozene Celi¢ne
Sipke nakon ohladivanja

Figure 12. Distribution of martensite of two packed steel bar
after cooling

6. Zakljucak

Razvijeni numericki model kontroliranog ohladivanja
celiénih Sipki na klupi za ohladivanje sastoji se od
predvidanja  promjenjivog  temperaturnog  polja,
razvijanja mikrostrukture i tvrdoce ¢eli¢nih Sipki tijekom
ohladivanja na klupi za ohladivanje.

Numericki model prijelaza topline temelji se na metodi
konacnih volumena. Algoritam za predvidanje tvrdoce i
mikrostrukture u celi€nim Sipkama temelji se na TTT
dijagramima za kontinuirano ohladivanje celika i
uzimaju u obzir stvarni kemijski sastav celika.

Razvijeni numericki model verificiran je usporedbom
tvrdo¢a dobivenih simulacijom s tvrdo¢ama dobivenim
nakon eksperimenta.

Razvijeni model primijenjen je u dva slucaja
kontroliranog ohladivanja razli¢ito slozenih toplo
valjanih Sipki na klupi za ohladivanje. U slucaju
zajednickog ohladivanja dviju slozenih Sipki postignuta
je prikladnija tvrdo¢a s minimalnim udjelom bainita i
martenzita.

Na osnovi postignutih rezultata moze se zakljuciti da bi
razvijeni softver mogao biti dobro rjeSenje za
predvidanje  promjenjivog  temperaturnog  polja,
mikrostrukturnog sastava i raspodjele tvrdoc¢e pri
optimizaciji proizvodnje toplo valjanih ¢eli¢nih Sipki.
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1. Introduction

Original scientific paper
Abstract: Flame sprayed Ni-based self-fluxing alloys are frequently used
for repairing worn out parts in many industrial applications thus prolonging
the service life of products. In practice, these alloys are used in sprayed and
fused state. The main purpose of fusing (at temperatures higher than 1000
°C) is the densification of the coating after spraying and forming the
metallurgical bond between the coating and base material. In order to
investigate the influence of the fusing temperature on the structure of
coating/base material system, but taking into account the dimensions of
samples, two different NiBSi alloys were flame sprayed and simultaneously
fused on the previously heat treated medium-carbon steel. The conclusion
is drawn that the microstructure is influenced not only by high fusing
temperature, but also by dimensions of the samples.

Znanstveni rad
Sazetak: Legure nikla s dodatkom bora i silicija nastrcane pomocu plinskog
plamena ¢esto se primjenjuju za produljenje vijeka trajanja istroSenih
dijelova u mnogim industrijama. U praksi se primjenjuju u naStrcanom i
pretaljenom stanju da bi se dobila bolja gustoca prevlake (odnosno uklonila
poroznost) i postigla metalur§ka veza izmedu prevlake i podloge. S ciljem
istrazivanja utjecaja temperature pretaljivanja (iznad 1000 °C) na
mikrostrukturu sustava prevlaka/podloga, ali uzimajuéi u obzir i dimenzije
uzoraka, na Celik prethodno poboljsan, nasStrcane su dvije vrste NiBSi
legura pomoc¢u plinskog plamena s istovremenim pretaljivanjem.
Zakljuéeno je da je visoka temperatura pretaljivanja utjecala na promjenu
strukture podloge, uz nezanemariv utjecaj i dimenzija uzoraka.

modified by CeO; and La;O; and then laser remelted.
The authors have mainly focused on the sliding wear

Flame spraying is a thermal spray technology that uses
heat energy of flame (mainly acetylene-oxygen) to melt
the powder or wire thus forming the coating on the base
material. The main purpose of applying this technology
is to maintain and repair worn out parts and to prolong
the service life. It is an effective and economic deposition
technology since many coatings and base materials can
be used.

Flame sprayed Ni-based self-fluxing alloy coatings are
frequently applied to protect steel parts [1, 2] against
wear and corrosion. Mostly, low carbon steels have been
used as base materials, but also medium-carbon and
alloyed steels (e.g. stainless steels).

Among medium-carbon steels, some authors investigated
coated carbon steel containing app. 0.5 % C which is
frequently used in hardened, quenched and tempered
condition in practice. In the paper [3], AISI 1045 steel
with 0.45 % C is flame sprayed with Ni-based alloy

properties and structure of the coating and dilution in the
interface zone. The same base material (SAE 1045) is
used in investigation [4] (although the authors have stated
0.15 % C), where the authors applied design of
experiment methodology to investigate sliding wear of
plasma and flame sprayed Ni-based self-fluxing alloy
coatings. The authors [5] have applied the AISI 1050
steel base material (but using the term “low carbon steel”)
flame sprayed with Ni-based self-fluxing alloy and added
WC particles, focusing their research on sliding wear
resistance and microstructure of worn out coating. Ni-
based self-fluxing alloy modified by rare earth elements
or oxides (Ce, La,O3; and CeO,) was deposited onto 1045
steel base material to investigate the sliding wear in [6-
8], where the emphasis was put on wear tracks on the
coating [6] and microstructure of the coating and
coating/base material interface [7, 8]. By the use of EDS
mapping, the authors have made conclusion about
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diffusion of chemical elements from the coating to the
base material and vice versa [7]. In addition, the authors
[8] have stated that the coating/base material interface
thickness is increased by the addition of CeO..

Abrasive wear resistance of flame and HVOF sprayed
Ni-based self-fluxing alloy coatings with added WC+Co
was investigated in [9]. Ck 45 steel was used as a base
material and the authors examined the structure of the
coatings and adhesion strength. The authors [10] also
used AISI 1045 steel coated with NiCrBSi alloy with
added Bi3C; to have more borides precipitated during
flame spraying.

Erosion resistance of Ni-based self-fluxing alloy coatings
was investigated in [11-13], where the normalized carbon
steel with 0.45 % C was used as a base material. The
authors have given the directions to select the appropriate
coating resistant to erosive wear. AISI 1050 carbon steel
was used as a reference material in a hardened and
quenched state to investigate erosive wear and compare
it with surface engineering treated state (boronising,
nitriding and thermal spraying) in the paper [14].

The authors [15] have noticed that the martensitic
structure was formed from ferrite and cementite in the
interface of AISI 1050 steel and flame sprayed and laser
remelted NiCrBSi coating. These authors investigated
laser surface alloying process too and mentioned a very
important property of the base material - thermal
conductivity (W/mK) that can influence on the structure
of heat-affected zone. For the base materials with higher
thermal conductivity, hardening in the interface can
occur because of faster conduction of heat. These authors
also made conclusion that the chemical composition of
the base material can affect the microstructure of the
coating. For the base material with 0.5 % C a higher
hardness of the coating can be obtained due to formation
of carbides in the coating, when comparing to the same
laser alloyed coating but deposited onto the stainless steel
(lower carbon content).

According to the review of recent literature it can be
concluded that there are not so many investigations
taking into consideration flame spraying of Ni-based
self-fluxing alloy coatings onto the previously heat-
treated base material (e.g. the authors [16] highlighted
using SAE 1045 steel as a base material without any heat
treatment). A similar is valid generally for all thermal
spray technologies when depositing Ni-based self-
fluxing alloy coatings. However, some authors used heat-
treated base material, but focusing their investigation on
fatigue and cracking properties [17-21]. Furthermore, the
authors mainly focused on the microstructure of the
coating and less often on the coating/base material
interface as well as base material. In some papers, the
base material is not even specified, confirming that a
majority of investigators is focused only on the properties
of the coating.

Therefore, the main aim of this study is to highlight the
influence of high fusing temperature as well as sample

size on the microstructure of completely coating/base
material system. This paper presents a more detailed
analysis of medium-carbon steel/Ni-based self-fluxing
alloy coatings system, previously investigated in [22, 23].
After introductory section where the problem is defined
and papers presenting investigations of flame sprayed
NiBSi coatings on 0.5 % carbon steel are analysed, the
sections describing the flame spraying procedure and
metallographic examination follow. Finally, the results
are analysed and discussed and the conclusions are
drawn.

2. Experimental procedure

Two different Ni-based self-fluxing alloy powders (Table
1) were flame sprayed onto the previously heat-treated
base material C45 (carbon steel with 0.45 % C), which
chemical composition is shown in Table 2. The powder
NiCrBSi+WC is a composite powder with 60 % of hard
WC particles and 40 % NiCrBSi matrix powder.

Prior to flame spraying the base material samples of
hardness 176 HV30 were hardened (temperature 840 °C;
time 15 minutes), water quenched and then tempered
(temperature 600 °C; time 30 minutes, air-cooling). A
small laboratory furnace (power 3000 W, max.
temperature 1150 °C) was used for heat treatment. After
tempering, the tempered martensite microstructure of
base material (Figure 1) was obtained with an average
hardness of 30.3 HRC (320 HV30). For flame spraying,
Castolin trade mark Eutalloy Super Jet acetylene-oxygen
torch (acetylene pressure 50000 Pa, oxygen pressure
200000 Pa) was used where the sprayed powders were
simultaneously fused, Figure 2, to obtain dense coatings
as well as metallurgical bond between the base material
and applied coating. The following terms for this
procedure can be found: hot flame spraying, flame
spraying with simultaneous fusion (fusing), one-step
flame spraying and fusing, spray and fuse, thermal spray
welding

Table 1. The chemical composition of powders, wt., % [23]
Tablica 1. Kemijski sastav praSaka, maseni udio, % [23]
NiCrBSi NiCrBSi+WC

Cr 15 7

B 3.2 3

Si 44 4.5

Fe 0.7 5.8

C 0.7 0.1

W - R

Ni balanced/ostalo balanced/ostalo

As compared to cold flame spraying where the
temperature of the base material is app. 200 °C, in hot
flame spraying high fusion temperature of app. 1000 °C
for Ni-based self-fluxing alloys can significantly affect
the base material. The fusing can be carried out
subsequent to flame spraying and this procedure is called
two-step flame spraying and fusing or remelting. The
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flame torch or laser can be used for remelting as well as
heat treatment in furnace or by induction [1, 2].

Table 2. The chemical composition of base material — steel C45 [23]

Tablica 2. Kemijski sastav osnovnog materijala — celik C45 [23]
Cherr.l.lca.l Element/ C Si Mn S P Fe
Kemijski element
wt. (%)/Maseni udio (%) 0.45 0.26 0.74 | 0.032 | 0.027 | balanced/ostalo

Figure 1. Microstructure of heat treated C45 steel (250:1;
etching: nital) [23]

Mikrostruktura osnovnog materijala — celik C45
(250:1; nagrizanje nital) [23]

Slika 1.

Having in mind one of the goals of the paper, two
different sizes of steel samples were used for flame
spraying and fusing (18x18x18 mm and 75x25x12.5
mm), Figure 2. For small 18x18x18 mm sample, time of
spraying and fusing was app. | minute (NiCrBSi coating
of 0.3 mm thickness; 3 passes), or 1.5 minute
(NiCrBSi+WC coating of 0.5 mm thickness; 4 passes).
For big 75x25x12.5 mm sample, time of spraying and
fusing was app. 4.5 minutes (NiCrBSi coating of 0.3 mm
thickness; 3 passes), or 6.5 minutes (NiCrBSi+WC
coating of 0.5 mm thickness; 4 passes). Since the big
samples were present within the group of samples in the
investigation [24], where the Taguchi design was
conducted (combining three different base materials,
three coatings and three thicknesses) to investigate the
cracking resistance, two different thicknesses appear in
this study.

b)

Figure 2. Flame spraying and fusing using samples of a) 18x18x18 mm, b) 75x25x12.5 mm
Slika 2. Topli postupak nastrcavanja pomocu plinskog plamena a) uzorak 18x18x18 mm, b) uzorak 75x25x12.5 mm

After flame spraying and fusing, the big samples were cut
to dimension 25x25x12.5 mm to be suitable for
metallurgical examination. The samples are then
prepared by grinding, polishing and etching (nital).

In the following text the terms “small sample” and “big
sample” will be used for original sprayed samples of
dimensions 18x18x18 mm and 75x25x12.5 mm,
respectively, while the term “sample cut from big

sample® will be used for cut samples of dimensions
25x25x12.5 mm.

3. Result analysis and discussion

Tables 3 and 4 present the microstructure of the systems
NiCrBSi coating/C45 base material and
NiCrBSi+WC/C45 base material, for small sample
(18x18x18 mm) and sample cut from big sample
(25x25%12.5 mm), respectively.
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Table 3. C45 steel base material + NiCrBSi coating (0.3 mm thickness)

Tablica 3. Osnovni materijal — ¢elik C45 + NiCrBSi prevlaka (debljine 0.3 mm)

Small sample Sample cut from big sample
T AN T e T ‘-151’:{{

Coating/base material interface

1 mm from coating/base material
interface

2 mm from coating/base material
interface

5 mm from coating/base material
interface
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Table 3 continued. C45 steel base material + NiCrBSi coating (0.3 mm thickness)

Tablica 3 nastavak. Osnovni materijal — ¢elik C45 + NiCrBSi prevlaka (debljine 0.3 mm)

Small sample

8 mm from coating/base material
interface

Base material remote to coating

By the analysis of pictures (obtained by the use of light
optical microscope Leica DM 2500M at proper
magnifications defined on the pictures), in Table 3, the
pearlite-ferrite structure of base material is visible for
both samples, i.e. the original martensitic structure of
base material present prior the flame spraying and fusing
(Figure 1) turned to pearlite and ferrite due to high
temperature for fusing NiCrBSi alloy coatings (about
1000 °C). At this temperature carbon steel is in austenitic
region. As mentioned above in the introductory section,
the authors [15] claimed that martensitic structure was
obtained in the interface zone. In the present study,
coarser grains of base material are noticed in the interface
due to longer exposure to heat input. This is more
pronounced in small samples, probably due to
concentrated heat input.

In addition, it is visible that there is a heat-affected zone
for both types of samples, but it is wider for samples cut
from big sample because the big samples were warmed

up completely during the flame spraying and fusing (see
Figure 2 b). Small samples have a narrower heat-affected
zone in the base material (between 2 and 5 mm from
interface) since they did not warmed up through the entire
thickness (see Figure 2 a).

The similar conclusions are valid for the samples coated
with NiCrBSi+WC coating (Table 4). However, due to
longer heating (thicker coating), the sample cut from big
sample has coarser grains through the entire thickness.
Finally, when considering the coatings of system
presented in Table 3, it can be seen that the structure of
the NiCrBSi coating near to base material in small
sample is different (dendritic) than the structure of the
coating on the sample cut from big sample. Because of
faster cooling, the formation of precipitates was not
possible near the base material when comparing to
sample cut from big sample. As to the NiCrBSi+WC
coating (Table 4), many coarse WC particles are visible
in a NiCrBSi matrix.
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Table 4. C45 steel base material + NiCrBSi+WC coating (0.5 mm thickness)
Tablica 4. Osnovni materijal — ¢elik C45 + NiCrBSi+WC prevlaka (debljine 0.5 mm)
Small sample Sample cut from big sample

Coating/base material interface

1 mm from coating/base material
interface

2 mm from coating/base material
interface

5 mm from coating/base material
interface
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Table 4 continued. C45 steel base material + NiCrBSi+WC coating (0.5 mm thickness)

Tablica 4 nastavak. Osnovni materijal — ¢elik C45 + NiCrBSi+WC prevlaka (debljine 0.5 mm)

Small sample

8 mm from coating/base material
interface

Sample cut from big sample

A

Base material remote to coating

4. Conclusion

As stated in section Introduction, the investigators mainly
focused their research on the microstructure of the
coating, eventually coating/base material interface and
less often on the base material. Moreover, a small amount
of investigations is carried out by the use of heat-treated
steel with app. 0.5 % C considered in this study. Finally,
one should be aware of the sample size. In this paper a
conclusion has been made that the sample size can have
an influence on the microstructure of the coating/base
material system because of different heating times and
warming up for small and big samples.
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1. Introduction

Original scientific paper
Abstract: Super duplex stainless steels are alloys that have good corrosion
resistance properties and are intended for applications in corrosive
environments. Due to their chemical composition and microstructure
providing high strength and thermal resistance as well as high ductility, the
machinability of these alloys is difficult, resulting in longer production
cycles and higher costs in terms of more frequent replacement of tools. In
this paper the machinability of the superduplex EN 1.4410 was
investigated in the machining process without using a cooling and
lubricating medium. Experimental data were generated using the range of
selected input parameters and correspondingly analyzed surface roughness
as output data. Predictive and mathematical models were developed that
were used in the optimization process to minimize the surface roughness.
The influence of input parameters on surface roughness was analyzed and
the optimum values of the input parameters were obtained using the genetic
algorithm. The accuracy of developed predictive models was analyzed
using different sets of experimental data. Developed predictive models
could be in practice used by operators while selecting optimal processing
parameters to achieve the surface roughness value requested by the
constructor.
Originalni znanstveni rad
SazZetak: Super dupleks nehrdajuc¢i Celici su legure koje imaju dobro
svojstvo otpornosti na koroziju te su namijenjene za primjene u korozivnim
okolinama. Zbog njihovog kemijskog sastava i mikrostrukture koja
osigurava visoku ¢vrstocu i toplinsku otpornost kao i visoku duktilnost,
strojna obradivost ovih legura je otezana, §to za posljedicu ima duze
proizvodne cikluse i vece troskove u pogledu ¢esée zamjene alata. U ovom
radu istrazivana je obradivost superdupleks celika oznake EN 1.4410 u
postupku obrade tokarenjem bez koriStenja sredstva za hladenje i
podmazivanje. Eksperimentalni podaci su generirani pomoc¢u odabranog
raspona vrijednosti ulaznih parametara te odgovarajuée analizirane izlazne
veli¢ine povrSinske hrapavosti. Razvijeni su prediktivni i matematicki
modeli koji su koriSteni u postupku optimiranja s ciljem minimizacije
veli¢ine povrsinske hrapavosti. Analizirani su utjecaji ulaznih parametara
obrade na povrsinsku hrapavost te su primjenom genetskog algoritma
dobivene optimalne vrijednosti ulaznih parametara. Analizirana je to¢nost
razvijenih  prediktivnih modela koriStenjem razliCitth  skupova
eksperimentalnih podataka. Razvijeni prediktivni modeli bi u stvarnoj
praksi mogli koristiti operaterima pri odabiru optimalnih parametara obrade
s ciljem ostvarivanja zahtijevane povrSinske hrapavosti od strane
projektanta.

group having a structure composed of approximately
50% austenite and 50% ferrite. These are duplex stainless

Stainless steel or corrosion-resistant steel is an iron alloy
containing at least 10.5% chrome (modern stainless steels
containing up to 30% chromium), unlike ordinary steel
that is rapidly oxidized to the air if it is not in some way
corrosion-protected. Unlike other materials that are
mainly classified by chemical composition, corrosion-
resistant steels are more often classified according to the
microstructure. Microstructure of stainless steel can be
ferrite, martensite and austenitic, so there are ferrite,
martensite and austenitic stainless steels. There is also a

steels which have better properties of austenitic and
ferrite steels. Today duplex steels are applied in many
places due to their superior corrosion resistance and very
good mechanical properties. Due to the high ferrite
content they are ferromagnetic, they have higher thermal
conductivity and lower thermal expansion than austenitic
steels. In places where high resistance to puncture
corrosion is required, the choice of austenitic steel is
more appropriate. Because of the relatively high strength,
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duplex steels are the optimal choice for structures
exposed to corrosion, where their remarkable
combination of corrosion resistance and mechanical
properties is highlighted. Duplex steels have a much
larger stretching limit (about 425 MPa) versus austenitic
(about 210 N / mm?2). Their hardness is also higher and,
accordingly, abrasion wear resistance. Most new steel
duplexes have good toughness and ductility. Because of
the large fraction of the ferritic phase, the temperature
drops rapidly from a tough to a fragile area, similar to
ferrite stainless steels. The temperature range of their
application is limited to -40 ° C or 315 ° C due to the
numerous microstructure precipitates that can be isolated
at a relatively low temperature, which have a poor
influence on corrosion resistance and mechanical
properties. First stainless duplex steel was manufactured
in Sweden in 1930 and has been successfully applied in
the paper industry as a replacement for austenitic
stainless steel that is sensitive to intercrystalline
corrosion. At the same time, the first duplex cast was
manufactured in Finland. After the Second World War,
more intensive application of crushed and casted duplex
alloys in the process industry begins. The first duplex
steels (duplexes of the first generation) do not have a
well-balanced chemical composition and generally do
not contain nitrogen. Such steels are difficult to weld and
have poorer mechanical properties and corrosion
resistance compared to later developed duplexes in which
nitrogen is an indispensable legal supplement. The
division of the second-generation steel duplex was based
on the resistance of the duplex of steel to perforated
corrosion by the Pitting Resistance Equivalent Number
(PREN).

2. Literature review

Super and hyper duplex steels contain more elements
which provide them with an effective sum value of more
than 40. The basic elements in duplex steel are chrome
and nickel, and also a very important role in the formation
of microstructures are still nitrogen, molybdenum,
copper, manganese, silicon and tungsten. An increased
percentage of molybdenum increased their corrosion
resistance. They have great application as construction
materials [1]. Super duplex stainless steels are extremely
corrosion-resistant alloys intended for applications in
corrosive environments such as sea water. Because of
their chemical composition and microstructure, which
ensures high strength and thermal resistance as well as
high ductility, the machinability of these alloys is poor,
resulting in longer production cycles and higher costs in
terms of more frequent tool replacement.

Oliveira Junior [6] investigated the turning process of
SAF 2507 alloy in order to analyze the influence of
machining process on corrosion resistance in practical
applications. The results of the experiments show that
using PVD coated tools at high pressure cooling achieves
a longer tool life, a satisfactory surface finish quality, and

high corrosion resistance of machined material after
machining process.

Rajaguru [2] was investigating the machining of
superduplex steel by using tools with different types of
coatings. Process characteristics such as tool wear,
cutting force, cutting temperature, and integrity of the
machined surface are analyzed. Tool wear analysis has
shown that the [MT-TiCN]AlO3 coating tool provides
relatively good wear resistance due to high MT-TiCN
hardness and AlO; oxidation stability. TiN- [MT-
TiCN]ALOs coatings are exposed to relatively high
cutting force values. TiIOCN-ALO;-TiCN-[MT-TiCN] -
TiN coating provides less cutting forces due to high
TiOCN hardness and of their lower friction coefficient.
AITiN coating generates the highest temperature due to
high friction and low thermal conductivity. [MT-TiCN] -
Al,O3 coating provides lower surface roughness due to
increased resistance to abrasion wear of cutting edges.
Finally, it can be concluded that the [MT-TiCN] -Al,O;
coating provides relatively good performance in terms of
tool wear, cutting force, cutting temperature and surface
integrity compared to other used coatings.

In his research, Paiva [3] used three types of PVD
coatings: AIS0Cr50N, Al60Cr40N, and AISOCrSON/
Ti95Si5N, which were applied to a carbide tool.
Analyzing the wear mechanisms of used tools, it has been
shown that in all types of coatings is the dominant
adhesive wear. Due to the more favorable chemical
composition, the AIS0Cr50N / Ti95Si5SN coating
provides less friction and consequently less tool wear.
Kumar [4] analyzed the impact of machining parameters
on the tool wear during turning experiment of super
duplex stainless steel SAF 2507 with uncoated carbide
tool. The process was carried out under dry conditions,
wet processing and using gaseous carbon dioxide.
Carbon dioxide has a beneficial effect as a coolant, which
ensures less tool wear.

Ahmed [5] has studied the wear mechanisms of uncoated
and coated carbide tools during the turning experiment of
SAF 2507 alloy. The results of the experiments show that
the dominant mechanism of tool wear is adhesive wear
for all the tools used and that AITiN coating provides
better process characteristics compared to CVD TiCN +
AlO; coatings and uncoated tools in the sense of a
significant reduction in the formation of the built-up
edge.

Dhanachezian [7] investigated machinability of the
austenitic stainless steel AISI 316L and SDSS 2507 by
using tools coated with Ti-AIN PVD coatings. The
results of the experiments show that higher cutting
forces, poor quality of the treated surface and higher wear
of tools occur in the machining of super duplex stainless
steel. It is also concluded that more preferred forms of
separate particles occur during the processing of
austenitic stainless steel. In the end, it can be concluded
that the super duplex stainless steel 2507 is an extremely
difficult material for machining.
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In this paper, the machinability of the super duplex
stainless steel EN 1.4410 will be investigated in terms of
obtaining satisfactory quality of treated surface. By
performing experiments on the chosen range of input
parameter limits, will be developed predictive Neural
Networks (ANFIS) models and also mathematical
models that will enable optimization of response
variables and input parameters. Comparative analysis
will determine the accuracy of each developed predictive
model.

3. Eksperimental work

The experimental work was obtained at the Laboratory of
Machine Tools at the Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture in Split.
The aim was to obtain measurement results that will
enable mathematical modeling for the selected output
value of surface roughness Ra in the turning process.
Experiments were carried out on the universal lathe
machine PRVOMAJSKA RASA under dry conditions,
figure 1. As tool holder was used from "PROMAX"
manufacturer and cutting insert "Partizan". The
workpiece material is super duplex stainless steel 1.4410
according to EN 10028-7: 2007. Figure 1 shows the
preparation of workipece material with dimensions
050x250mm. Measurements of the surface roughness
were used by the device of the manufacturer Mitutoyo,
Figure 2. The aim of experimental study of this paper is
developing the appropriate mathematical models that
would describe the output value of the process depending
on the input processing parameters. In the next chapter
by processing of experimental data will develop
mathematical models describing the dependence of the
observed output value on particular input processing
parameter.

Figure 1. Turning of super duplex steel

Figure 2. Surface roughness measuring device

4. Developing the predictive models of
surface roughness

4.1. Mathematical modeling of surface roughness
The results of the experiments were used to develop a
mathematical surface roughness model using regression
analysis. The surface roughness equation is modeled
using the response surface method (RSM), which
consists of a series of statistical techniques that are useful
in analyzing a problem in which the response is
dependent on several variables to optimize the response
itself. For the calculation of regression constants and
parameters, the central composite (CCD) second order
test plan was used in the Design Expert software package.
The number of experimental points required in second-
order trial plans is determined by the following
expression:

N=2%+n,+n, (1)
where are:

2k — the number of experiments in the basic points

n, — number of repeat experiments at the middle level

n, —number of experiments on the central axes
Optimization implementation in Design Expert requires
application of limit input parameters, whose values have
been adopted on thebasis of the manufacturer's
recommendation and physical limitations of the machine,
as well as the testing of the test experiment, as shown in
Table 1.

Table 1. Input parameters physical values

Input Unit of | Lower | Upper
parameters | measure | bound | bound
Feedrate | mm/rev | 0.063 0.224
Cutting | in | 28 45
speed
Cutting
depth mm 1 2

According to the above expression, the number of
experimental points required for k = 3, but = 6, to = 6 is
N = 20. In the next chapter, Table 3 shows all input
parameters of the experiment and the corresponding
response surface roughness.
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Impact of input parameter on response can be found by
variance analysis (ANOVA). Variance analysis is a
comparison procedure of multiple samples, each sample
being the basic set. After examining the significance of
the coefficients of the second order model, a final
mathematical model of surface roughness was obtained:
Dependence diagrams of the mathematical model of
surface roughness on the processing input parameters are
shown in Figures 3, 4 and 5.
Ra = —7,97119 + 20,55505 - f;, + 0,24488 - v,
+4,33502 - a, — 0,14249 - f,, - v,
+0,12422 - f,, - a, — 0,00235294
‘v, - a, —45,69440 - f;
—0,00311973 - v — 1,34708 - a
where are:
- Ra - surface roughness,
- v, cutting speed,
- a,— cutting depth.
- f,— feedrate,

Figure 3. Surface roughness dependence of federate
and cutting speed

Figure 5. Surface roughness dependence of cutting
depth and cutting speed

4.2. ANFIS predictive model

ANFIS (engl. Adaptive neuro fuzzy inference system) is
an artificial intelligence method that implies a hybrid
approach to combining artificial neural networks and FIS
(Fuzzy Interference System) systems, which are typically
used to approximate unfamiliar functions. The result is a
system that allows the use of well-known algorithms for
learning artificial neural networks, which can’t be used
in fuzzy systems, while retaining the ability to use fuzzy
logic and inconceivable conclusions. Prior to
implementing this method, it is necessary to make
experimental data sharing on learning, testing, and
validation sets. Then starts working with the Matlab
software package. Creating a fuzzy system provides an
automatic structure of the ANFIS network. ANFIS
networks are generated with differences in fuzzy logic
systems, generated by differences in membership
functions, by the number of affiliation functions for each
input variable and the value type for the output variable.
[8] Considering the results obtained by the validation of
the generated ANFIS networks, Gauss2mf linear
membership function was chosen (Figure 6), which had
the lowest validation error.

Bl Membership Function Editarn Untitled — o b
File Edit View
FI5 Ve Membership funclion plats  Biot powta. 181
i nime mimti
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Figure 4. Surface roughness dependence of federate povore |t | "—“‘m——‘ﬂ‘l
and cutting depth pret :
Figure 6. Gauss2mf membership funtion
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For the SUGENO fuzzy locking system (Figure 7), three  BJnevener tniees - % |
input values and one output value are defined. Each input L —
value generates three linear Gauss2mf membership ¢ '
functions, and the output value is also generated by the k=08 brae,rezani = 5 g Jewia =15 ek o= f
linear Gauss2mf function. By generating a fuzzy logic LS s [
system, the ANFIS network structure shown in Figure 8 3 . ,
and the "if-then" rules shown in Figure 9 and Figure 10 4 . [ A | [ ]
are automatically generated. - — |l
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After generating the fuzzy logic system and structure of
the ANFIS network and the if-then rules follows the train
of the ANFIS network hybrid algorithm, which takes
place over 100 cycles (epochs) and the result can be seen
on the graph in Figure 11. The ANFIS training network
error is 0.0075593. After training the ANFIS network,
then follows the test procedure for the network. An error
0f 0.058022 was found when testing the ANFIS network,
as shown in Figure 12. After testing the ANFIS network,
the validation of the trained ANFIS network is provided.
During validation of ANFIS network there was obtained
0.051512 validation error, Figure 13.
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Figure 11. ANFIS network trainig
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Figure 13. ANFIS network validation

Analog to variance analysis, ANFIS predictive surface
roughness dependence diagrams on input processing
parameters are shown in Figures 14, 15 and 16.
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Figure 14. Surface roughness dependence of cutting
speed and feedrate
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Figure 15. Surface roughness dependence of cutting
depth and feedrate
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Figure 16. Surface roughness dependence of cutting
speed and cutting depth
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5. Comparative accuracy analysis of

developed predictive models

In order to evaluate the performance index of the learning
algorithm in solving the selected task, it is necessary to
define measure accuracy. By using a measure of accuracy
for typical learning tasks it is possible to compare the
applied algorithm with other learning algorithms. To
compare predicted and measured surface roughness
values, a statistical approach will be used to determine
the root mean square error according to the expression:

1
RMSE = [, - P2

Where are:

M; — measured value

P; — predicted value

N - number of measurements

The statistical error of surface roughness values predicted
by response surface method and ANFIS based learning
database method are shown in Table 2, and a graphical
comparison of the accuracy of developed predictive
models in Figure 17.

@

Comparison of accuracy of predictive models

Measurad =i ANFIS

sl RS

Figure 17. Comparison of the accuracy of developed
predictive models

Table 2. Results of conducted experiments and comparison of accuracy of predictive models

fu Ve ap Ra
[mm/rev] [m/min]  [mm] Measured

0.063 28 1 0.27
0.224 28 1 0.75
0.063 45 1 0.31
0.224 45 1 0.37
0.063 28 2 0.55
0.224 28 2 1.02
0.063 45 2 0.52
0.224 45 2 0.63
0.045 36.5 1.5 0.19
0.28 36.5 1.5 1.11
0.1435 22.2 1.5 0.86
0.1435 50.8 1.5 0.84
0.1435 36.5 0.66 0.38
0.1435 36.5 2.34 0.69
0.1435 36.5 1.5 1.49
0.1435 36.5 1.5 1.38
0.1435 36.5 1.5 1.45
0.1435 36.5 1.5 1.4
0.1435 36.5 1.5 1.44
0.1435 36.5 1.5 1.48

RSM RMSE ANFIS RMSE
Predicted (%) Predicted (%)
RSM ANFIS
0.2317 0.856 0.27 0
0.873 2.750 0.749997 6.7082¢-05
0.3305 0.458 0.309999 2.2361e-05
0.5161 3.266 0.370001 2.2361e-05
0.4674 1.847 0.549998 4.4721e-05
1.0631 0.963 1.019995 1.1180e-04
0.5262 0.138 0.519999 2.2361e-05
0.7318 2.276 0.629999 2.2361e-05
0.7602 12.75 0.190001 2.2361e-05
0.9223 4.197 1.11 0
0.9024 0.948 0.86 0
0.7068 2.978 0.839 2.23e-05
0.3024 1.735 0.38 0
0.6817 0.185 0.69 0
1.4426 1.059 1.44 1.1180
1.4426 1.059 1.44 1.3416
1.4426 1.059 1.44 0.2236
1.4426 1.059 1.44 0
1.4426 1.059 1.44 0
1.4426 1.059 1.44 0.8944
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6. Optimization of processing parameters

It is necessary to determine the optimum processing
parameters to achieve the minimum cutting time with
required surface quality. In order to determine the
optimum processing parameters, the equation for
predicting the production time and the surface roughness
equation will represent the objective functions, which
includes the limitations of the input processing
parameters.

Surface roughness equation:

Ra = -=797119 + 20,55505 - f,, + 0,24488 - v, +
4,33502 - a, — 0,14249 - f,, - v, + 0,12422 - f, - a,, —
0,00235294 - v, - a,, — 45,69440 - f;/ — 0,00311973 -

v? —1,34708 - azz, 3)
Cutting time equation, according to [9]:
1-D-L
~ 10000 f, )
cJn
where are:

CT - cutting time

D — workpiece diameter: D = 50 mm.

To find optimal solutions, a multi-criteria optimization
technique was used with an evolutionary genetic
algorithm. The members of the population are vectors of
independent variables. During the implementation of the
genetic algorithm the population size does not change.
The initial population is the one with which the algorithm
starts and is randomly generated. After a certain number
of iterations, the process stops if the best member of the
current population is the solution closest to the optimum.
Using the MATLAB program package and introducing
the equation for processing (4) and surface roughness (3),
optimal processing parameters were obtained, as shown
in Table 3.

Table 3. Optimal values of processing parameters

Feedrate 0.045
[mm(rev]
Cutting speed 26.93
[m/min]
Cutting depth 0.66
[mm]
Ra [pm] 0.30

L - machining length: L=30 mm

7. Conclusion

This paper presents the development of predictive
surface roughness models in the super duplex steel
turning process under dry conditions. Input parameters
are feedrate, cutting speed, and cutting depth. Based on
the 20 experiments that were carried out, surface
roughness prediction models were developed using the
response surface method, variance analysis and ANFIS

predictive method, and the following conclusions were
derived:

e By analyzing the diagrams obtained by regression
analysis, it can be concluded that the feedrate has
the greatest influence on the roughness of the
treated surface. Determination coefficient of
mathematical model is R? = 0.97. It can be
concluded that the model is representative because
it explains 97% of the deviations resulting from the
processing parameters.

e 15 sets of experimental data were used for training

of the ANFIS network, while 3 sets of data were
used to test the developed network. Two sets of data
are used for validation of ANFIS network.
The average accuracy of the ANFIS model
validation is 94.9%, indicating the possibility of
applying this model when predicting surface
roughness for other set of input data.

e Analyzing Figure 17, it can be concluded that both
predictive models well describe the observed
process, given the small differences in predicted
and measured surface roughness values. By
analyzing the accuracy of the developed models, it
can be concluded that the ANFIS model is more
precise since it achieves a maximum root mean
square error of 1.3%, compared to the value of
12.75% for variance analysis, as can be seen from
Table 2.

e Based on the developed predictive models and the
process of multi-criteria optimization and knowing
the advantages and limitations of these processes, it
is possible to finally achieve a more productive
process based on further development and
application of the artificial intelligence methods and
development of an intelligent production system.
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1. Introduction

Original scientific paper
Abstract: This paper presents the results of corrosion investigation of cast
CuAlMn alloy in 0.9 % NaCl solution at 37 °C and pH = 3.4, 5.4 and 7.4.
Investigations were performed by open circuit potential measurements,
linear and potentiodynamic polarization measurements. After polarization
measurements, electrode surfaces were investigated by optical microscope
and also with SEM/EDS analysis. Results of polarization measurements
have shown that the corrosion current density of CuAlMn alloy was
decreased and the values of polarization resistance were increased with the
increasing in pH. Optical microscopy surface examination of the CuAlMn
alloy, after the polarization investigations, revealed the grain boundaries
within the alloy as well as damages on the surface of the electrodes due to
the uniform corrosion of the alloy. The EDS analysis determined the
chemical composition at certain sites on the surface of the samples.

Izvorni znanstveni rad
Sazetak: U radu su prikazani rezultati korozijskih ispitivanja lijevane
CuAIMn legure u 0.9% NaCl otopini pri 37 °C i pH = 34, 54 i 7.4.
Ispitivanja su provedena mjerenjem potencijala otvorenog strujnog kruga,
mjerenjima linearne 1  potenciodinami¢ke polarizacije. Nakon
polarizacijskih mjerenja povrSine elektroda su ispitane optickim
mikroskopom a takoder i SEM/EDS analizom. Rezultati polarizacijskih
mjerenja su pokazali da povecanjem pH otopine dolazi do smanjenja
vrijednosti gustoce korozijske struje i povecanja vrijednosti polarizacijskog
otpora. Pregledom povrsine CuAlMn legure optickim mikroskopom nakon
polarizacijskih ispitivanja vidljiva su granica zrna unutar legure kao i
ostecenja povrsine elektroda koje su posljedica opée korozije legure. EDS
analizom utvrden je kemijski sastav na pojedinim mjestima na povrsini
uzoraka

applications  impractical, particularly for  high
temperature usage. Copper-based shape memory alloys,

Shape memory alloys (SMA) are a family of metallic
alloys with the remarkable ability to switch from one
crystallographic structure to another through a change in
temperature or applied stress [1-3]. The uniqueness of
shape memory alloys lies in their ability to switch from
one crystalline structure to another by a diffusionless
transformation. The interchangeable crystalline forms are
austenite and martensite [4]. The reason the alloy attains
a particular phase at a given temperature is because the
alloy continuously tries to attain thermodynamic
equilibrium. As such, the alloy tries to attain the phase
which makes it thermodynamically stable at a given
temperature. If such alloys are plastically deformed at
one temperature, they will completely recover their
original shape on being raised to a higher temperature. In
recovering their shape the alloys can produce a
displacement or a force as a function of temperature.
Among many alloy systems which exhibit shape memory
effect, Ni-Ti, Cu—Al-Ni and Cu—Zn—Al shape memory
alloys have been studied extensively [5-8].

The Ni—Ti shape memory alloys in particular are used
extensively in many engineering and biomedical
applications. Nevertheless, the low transformation
temperatures (-100 to 100 °C) and excessive production
cost of NiTi alloys render their usage for many

on the other hand, are easier to produce and process and
are also less expensive. But most Cu—Al-Ni and Cu—Zn—
Al polycrystalline shape memory alloys are brittle and
cannot, therefore, be cold worked.

However, it has been reported in recent studies that Cu-
Al-Mn alloys with low aluminium contents show good
ductility because their parent phase with L2 structure
possesses comparatively a lower degree of order [9, 10].
This feature could well be useful for the shape memory
alloys to exhibit better pseudoelasticity.

Electrochemical experiments were conducted in a three-
electrode cell using a potentiostat (PAR M273A).
Corrosion investigations were performed in double-
jacketed glass corrosion cell, equipped with platinum
sheet as a counter electrode and saturated calomel
electrode (SCE) as reference electrode. The evaluation of
corrosion behaviour of CuAlINi alloy in 0.9% NaCl
solution were performed by open circuit potential
measurements (Eoc) in 60 min time period, followed by
linear polarization measurements in the potential region
of £20 mV around corrosion potential with the scanning
rate of 02 mV s Potentiodynamic polarization
measurements was performed in the potential region of
—0.250 V from open circuit potential to 1.500 V with the
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Symbols/Oznake

£ - open circuit potential, V
o - potencijal otvorenog strujnog kruga

) - corrosion current density, pAcm™
Icorr , .. .

- gustoca korozijske struje

- corrosion potential, V

Ecor - korozijski potencijal

R - polarization resistance, Qcm?
P - polarizacijski otpor

- saturated calomel electrode

SCE - zasi¢ena kalomel elektroda
- maseni postotak,

WE% - weigh percentage

"y - atomski postotak

- atomic percentage

scanning rate of 0.5 mV s™!. The surface morphology of
the samples after potentiodynamic measurements was
examined in detail by optical microscope Olympus GX 51,
and with scanning electron microscope Tescan Vega TS
5136 MM. The quantitative analysis of the elements on the
electrode surface was determined by energy dispersive
spectroscopy (EDS).

2. Electrochemical measurements

The open circuit potential changes for studied CuAlMn
electrodes in 0.9% NaCl solution of different pH values is
shown in Figure 1.

-0.28
-0.30 —
-0.32 —
-0.34 —
-0.36 —
-0.38 —
-0.40 —
-0.42 —

E/V vs. SCE

-0.44 —— 37°C,pH=74
: 37°C,pH=>54
-0.46 — —— 37°C,pH=34

048 \ \ \ \ \ \ \
0 10 20 30 40 50 60 70

t / min
Figure 1.0pen circuit potential measurement for CuAlMn alloy
in 0.9% NaCl solution of different pH values.
Slika 1. Mjerenje potencijala otvorenog strujnog kruga za
CuAIMn leguru u 0.9% NaCl otopini pri razli¢itim
vrijednostima pH otopine

The steady state is reached within 60 minutes of electrode
immersion in the electrolyte. It can be seen that lowering
pH values of NaCl solution leads to changes of E,. to the
negative direction. So the most negative E,. of CuAlMn
alloy was obtained in 0.9% NacCl solution pH = 3.4.

After open circuit potential measurements the linear
polarization measurements were performed, in the
potential region of +20 mV around Eoc and the results
were shown in Figure 2.

Polarization resistance (R,) represents the resistance of
metal to corrosion, and is defined by the slope of the
polarization curve near the corrosion potential, by the
equation (1):

AE
Rp :E(Q cm?) (1)

The values of corrosion resistance for the CuAlMn
samples were shown in Table 1. From the Figure 2 it can
be seen that lowering the pH values of NaCl solution leads
to decrease the slopes of the polarization curves, resulting
in lower values of Rp, which means lower resistance of
CuAlMn alloy to corrosion.

Right after linear polarization = measurements,
potentiodynamic  polarization measurements  were
performed in wide range of potential, from -0.250 V from
E. to 1.5V, and the obtained curves are shown in Figure
3.

-0.26
—— 37°C,pH=174
-0.28 37°C,pH=54
—— 37°C,pH=34
-0.30 —
o
3 -0.32 —
2 .0.34 -
>
~ -0.36
1S3
038 - /
-0.40 —
042 I T I M B

8 6 -4 -2 0 2 4 6 8§ 10

i/ uA cm’
Figure 2. Linear polarization curves for CuAlMn alloy, in 0.9%
NaCl solution of different pH values.
Slika 2. Krivulje linearne polarizacije za CuAlMn leguru u 0.9%
NaCl otopini razli¢itih pH vrijednosti

18 L— 37°Cpt=74
1.6 37°C,pH=5.4
14— 37°C,pH=34

E/Vvs.SCE
=]
~
I

-1.0 FEETITY EETRATTT AR ETTTY R AT RN RETTT SRR SR
0% 107 10° 10° 10* 10° 102 10!

i/Acm”
Figure 3. Potentiodynamic polarization curves of CuAlMn alloy
in 0.9%NaCl solution of different pH values
Slika 3. Potenciodinamicke polarizacijske krivulje za CuAlMn
leguru u 0.9% NaCl otopini razli¢ite pH vrijednosti
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Potentiodynamic polarisation curve is composed of two
branches: cathodic branch, which is the result of occurring
cathodic reaction and the anode part which is the result of
occurring the anodic reaction, in this case alloy
dissolution. Cathodic parts of polarisation curves should
reflect hydrogen evolution reaction due to deaeration of
the solution with Ar, 20 minutes before immersion of
electrode in electrolyte, as well as slow deaeration during
investigation. Anodic parts of the curve describe corrosion
of CuAIMn alloy and can be divided into different regions.
First region is the apparent Tafel region in which
dissolution of Cu and Al from the alloy surface occurs,
accompanied by formation of complexes (CuCly) that
diffuses from the surface of the electrode in a solution
[11,12]. After first region anodic current density reach its
maximum value and start to decrease which can be
explained by the formation of the surface corrosion
products which contains different chloride and oxide
compounds, for example cuprous chloride (CuCl) and
cuprous oxide (Cuy0), as well as aluminium
oxide/hydroxide (Al,O3/Al(OH); and manganese oxide
(MnOy). As the corrosion product forms on the CuAlMn
surface, the anodic reaction will be controlled by mass
transfer process and for this reason the active dissolution
of metals from the surface is reduced [13]

From the Figure 3 it can be seen that lowering the pH of
the solution leads to an increase the anodic current density
and also to shift the corrosion potential to negative values.

_a) PG . b)

" A

Corrosion parameters obtained from polarization
measurements are presented in Table 1:
Table 1. Corrosion parameters obtained from polarization

measurements

Tablica 1. Korozijski parametri odredeni iz polarizacijskih
mjerenja
pH icor (WA cm?)/ | Ekor (V) | Rp (kQcm?)
7.4 4.34 -0.320 5.950
5.4 4.97 -0.373 4.422
3.4 8.91 -0.389 2272

From the Table 1 it is obvious the negative effect of
reducing the pH of the NaCl solution on the corrosion
stability of CuAlMn alloy, which is manifested by the
reduction of the polarization resistance values and the
increase the values of corrosion current density

3. Surface investigations

After polarization measurements corroded alloy surfaces
were investigated by optical microscope (Figure 4).
Images of CuAlMn alloy after polarization measurements
reviled significantly damage surface due to intense
corrosion process.

Detail surface morphology was examined by scanning
electron microscope equipped with energy dispersive
spectroscope (EDS), and the results are shown in Figure 5
and 6.

o ©

£ Yl e Y ] ; ! ; SR
Figure 4. Optical micrograph of CuAIMn shape memory alloy after polarization measurements in 0.9% NaCl solution pH = 7.4 (a),

pH=5.4 (b) and pH=3.4 (c)

Slika 4. Snimke povrsine legure CuAlIMn opti¢kim mikroskopom nakon polarizacijskih ispitivanja u 0.9% NaCl otopini pH = 7.4

(a),pH=5.4 (b)ipH=3.4(c)

!
Weize “Atoms:

Element | percemtage pecentage
L at
5] 41 405 6161
%] 2211 1498
Al 16.53 1471
Mn 17.33 5]
Cu 2.96 112

60 pm

SEM MAG: 1000 x HV: 20.0 kV WD: 20.0 mm |
a)
Figure 5. SEM images of CuAlMn alloy surface after polarization measurements in 0.9% naCl solution (T = 37 °C,
pH =5.4) (a) and EDS analysis for marked position on surface (b)
SEM snimka povrSine CuAlMn legure nakon polarizacijskog mjerenja u 0.9% NaCl otopini (T =37 °C, pH =5.4) (a) i
EDS analiza za oznacenu poziciju na povrsini (b)

Slika 5.

b)
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Surface damages as well as partially undissolved
corrosion products are clearly visible at the figure 5 a).
EDS analysis confirmed that the corrosion products are
rich in O, Cl, Al and Mn, with the small quantities of Cu,
which could corresponds to aluminium oxides,

hidroxides and oxychloride complexes, as well as
manganese oxide and chloride with the small quantities
of copper oxide and chloride.

The matrix around the corrosion products consist mostly
of copper (Fig 6) which is the main element in alloy.

Weight Atamic

=H

SEM MAG: 1000 x HV: 20.0 kW WD: 20.0 mm

Elemeni | percemage | percentage
wili al %4
1] 118 4,42
(=] 172 2.
Al 0.97 215
fln 089 007
Cu R #3564

Figure 6. SEM images of CuAlMn alloy surface after polarization measurements in 0.9% naCl solution (T =37 °C, pH = 5.4) (a)

and EDS analysis for marked position on surface (b)

Slika 6. SEM snimka povr§ine CuAlMn legure nakon polarizacijskog mjerenja u 0.9% NacCl otopini (T = 37 °C,
(a) 1 EDS analiza za oznacenu poziciju na povrsini (b)

4. Conclusions

- Lowering pH values of 0.9% NaCl solution leads to
changes of E,. of CuAlMn alloy to the negative
direction.

- Polarization measurements were shown that
decreasing pH values of 0.9% NaCl solution leads
to reduction of the polarization resistance values and
the increase the values of corrosion current density

- Optical and SEM images of CuAlMn alloy after
polarization measurements reviled significantly
damage surface due to intense corrosion process.

- EDS analysis confirmed that the corrosion products
are rich in O, CI, Al and Mn, with the small
quantities of Cu, while the matrix around the
corrosion products consist mostly of copper.
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Scientific paper
Abstract: Structural steels with yield strength of 460MPa (S460M) and
higher are used in the construction of bridges, buildings and wind turbine
towers, as well as in the manufacture of metal structures for rail freight
transport. The use of high-strength rolled stock allows up to 80% decrease
of the total metal content in structures in comparison with the products of
St3 and 09G2S. In the constructions made of low-alloy steels of such
strength class, it becomes a relevant issue the study of their weldability. It
is known that in the welding process a metal heat affected zone (HAZ)
undergoes structural transformations that lead to changes in mechanical
properties. In this regard, this article examines the impact of thermal
welding cycles on properties and structure of the metal HAZ, particularly
the resistance to cold cracking. It justified, also, the choice of welding
consumables for steel grade S490 strength, and the changes in the
mechanical properties of welded joints are analysed.

Welded joints
Construction
Gas metal arc welding

1. Introduction

The development of modern constructions and energy
industries puts force on new demands for metal ware in
the case of their steel intensity and increasing of
reliability[1-8]. This effect could be reached by adopting
new high strength steels with yield stress more than
390MPa. Structural steel of such class of strength is used
in building industry, bridge construction, wind energy for
wind tower and also for metal ware of railway
transport[1,6]. The application of high strength steels
gives opportunity to reduce the overall weight up to 80%
(Figure 1) in comparison with steels of 300MPa strength
(for instance, st.3, 09G2S - former USSR GOST,
approximately S300 grade according to the EN10025-4
norm)[5]. In the modern industry, to develop steels with
improved mechanical characteristics (increased level of
strength), two approaches are used.

The first consist in the application of alloying elements,
i.e. increased strength value of steel. This method,
nevertheless, leads to significant rise in price of
manufactured rods.

An alternative path for the alloying procedure is thermal
mechanical cold processing (TMCP). Such kind of steel
is high strength low alloyed (HSLA) steel grade S460M
(490MPa level of strength, EN:10025-4), micro-alloyed
with Nb and V. It has the following mechanical
properties: YS > 460 MPa; UTS = 540+720 MPa; &5 >
18%; KCV_s > 27 J/em? These mechanical
characteristics of the S460M steel are conditioned by
refined structure, obtained by TMCP. During a
construction employing HSLA steels, the problem of
their weldability arises [3]. A number of definitions for
weldability exists, but in our consideration we hold with

the following one: weldability is the ability of welded
metal to form monolithic joints with equal properties. It
is commonly known that during a welding process, the
HAZ metal is subjected to the influence of high
temperature (up to the melting point in fusion line), thus
structural changes occur, resulting in changes of
mechanical properties [4]. In this connection, in the
current work we are considering the effect of thermal
cycle of welding (TCW) on structure and properties of
HAZ metal of S460M steel.

dM/M, %
@Galdshtein1978

» /(—' 5460M |
S

/ ~— 8t.3 09G2S

200 400 600 8OO
Yeld Strength, MPa
Figure 1. Steel intensity changes vs. strength grade.

2. Materials and method

For the experiments, the structural steel S460M was
selected having a thickness of 16 mm. The chemical
composition is reported in Table 1 and the mechanical
properties in Table 2.
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Symbols/Oznake

Ys - Yield Stress, MPa

UTS - Ultimate Tensile Stress, MPa
HAZ - Heat affected zone

Ua - Voltage of arc

Vw - Welding speed, m/h

Wes

KCV_4 - Impact toughness at —40°C (Charpy
test), J/cm?
Iw - Welding current, A-

- Cooling rate (600+500°C range), °C/s
- Elongation for failure, %

Table 1. As received steel S460M: chemical composition, wt.%

C | Si |[Mn|Cr| Ni | V |Nb| Al S P

0.15]0.23]1.310.09]0.019]0.01]0.05]0.025]0.013]0.017

Table 2. As received steel S460M: mechanical properties
or, MPa | o, MPa 35, % v, %
480 600 27 58

For the criterion of TCW, the cooling rate (W) was
chosen of heated up to 1300 °C metal in the temperature
range of 600+500 °C (interval of minimum equilibrium
of austenite).

Based on the research results, the cooling rates were
determined at which the HAZ metal strength, ductility
and toughness indexes decrease in comparison with the
regulated requirements for welded joints. The change in
the mechanical properties in relation to the HAZ metal
cooling rate in the 600+500 °C temperature range was
studied with 120x12x12 mm model samples, which were
heat-treated in accordance with welding thermal cycles at
the MCP-75 unit [9]. The heat treatment process was the
following. The samples, crossed by current were firstly
heated to temperatures in the range 1200+1300 °C, which
are typical for the coarse grain heat affected zone
(CGHAZ) of welded joints. The heating rate was in the
range 150+170 °C/s, which corresponds to the conditions
of metal heating in the zone of thermal influence during
arc welding processes. The samples were held at such
temperature for approximately 2 seconds, then they were
forcedly cooled.

For a static tensile test of the steel, cylindrical samples (3
for each cooling rate) with a 6 mm diameter of the
working part of were mechanically manufactured (type 11
in accordance with GOST 6996-96, equal to ISO
6892:1998 norm). The tests were carried out at ambient
temperature.

For impact toughness determination, the Charpy impact
tests were carried out at the temperatures of +20, —20 and
—40 °C (type IX GOST 6996-96, i.e. 10x10x55 mm with
V-notch, according to the ASTM A370 norm).

The welding process was carried out via different types
of consumables and modes, as reported in Table 3.

The shield metal arc welding (SMAW) of the S460M
steel joints was carried out with the UONI-13/55 and
FOX EV-50 4.0 mm electrodes using the following
modes: Iw=160-170 A; Ua=24-25V; Vw=8.5-9 m/h.
For the gas metal arc welding (GMAW) the solid wires

Sv-08G2S and G3Sil and the 1.2 mm diameter powder

wire of Megafil 821R were used. The welding process

was carried out in a gas mixture of 82% Ar + 18% CO,

at the following modes:

— when using wire of solid cross-section: [w = 170-190
A; Ua=26-28 V; Vw=12 m/h

— when using powder wire: Iw =220-240 A; Ua = 28—
30 V; Vw =15 m/h.

Table 3. Welding consumables characteristic.

Consumable Type C,% | Si, % | Mn, %
Fox ev 50%* electrode 0.08 0.4 1.2
G3Sil* wire 0.08 0.7 1.3
Megafil 821R* | Powder wire | 0.05 0.5 1.3
Uoni 13/55%* electrode 0.04 0.7 1.5
Sv-08G2S** wire 0.08 0.7 1.8
Note:

* and **: see correspondences in Table 4

3. Results and discussion

Structure and mechanical properties of as received metal
are the following. Thermomechanically hardened steel
S460M (strength class 440MPa) was manufactured
according to the EN 10025-4:2007 norm at the Mariupol
metallurgical plant, Ukraine. Due to the thermo-
mechanical rolling and controlled cooling in the
temperature range of 900+700 °C (TMCP) in S460M
steel, a ferrite-pearlite, banded structure with a Vickers
hardness of 195HV is formed (see Figure 2).

A slight contamination was observed, with non-metallic
inclusions such as silicates, alumino-silicates, sulphides
and oxysulfide. The fracture toughness of the S460M
steel is significantly higher than the standard values of
KCV_40 >34 J/cm? even at a test temperature of —60 ° C
(KCV_60 =76 J/cm?).

The dependencies characterizing the changes in the
strength and ductility parameters in the simulated metal
of the HAZ of S460M steel under the influence of TCW
are shown in Figures 3 and 4.

The results indicate that with the change in the cooling
rate from 3 to 25 °C/s in the temperature range
600+500 °C (Wes) the indices of the HAZ metal strength
increase in comparison with the initial state, namely YS
from 490 to 810 MPa and UTS from 600 to 1000 MPa.
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Figure 2. Microstructure of as received S460M steel (%500).
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Figure 3. Yield (green) and ultimate tensile (red) strength in
dependence of cooling rate for the S460M steel.

At the same time, the plastic properties of the simulated
HAZ metal deteriorate in comparison with the initial
state. This is especially true concerning the indices of
relative elongation, which are reduced by 2.5 times,
while the relative elongation is reduced by 15-20%.

In the impact bending tests of samples with a V-notch,
the impact toughness of the S460M steel HAZ metal
decreases with respect to the base metal ( see Figure 5).
The most significant decrease in the KCV values is from
4 to 9 times in the samples that cooled at the rate W¢s =
3 °C/s (from 111 to 33 J/cm? at the test temperature of
+20 °C, from 109 to 15 J/cm? at the temperature of —20 °
C and from 95 to 10 J/cm? at a temperature of —40 °C).
With an increase in the cooling rate to 10 °C/s, they
increase to KCV_4 = 27 J/em?, then they decrease
somewhat and at We/s = 25 °C/s they result: KCV.z0 =50
J/emy; KCVoy = 30 J/em?; KCV_g = 20 J/em? (for
comparison of the impact toughness of the S460M steel
at test temperatures in the range from +20 °© C to —40 ° C
are within 95—-110 J/cm?).

Such changes in the mechanical properties of the S460M
steel HAZ metal are due to various structural
transformations in the range of the studied cooling rates.
This is evidenced by the results of metallographic
studies, which showed that a structure consisting of
different morphological forms of ferrite and a small
amount of perlite is formed in the CGHAZ metal of the
S460M steel at a cooling rate of W5 = 3 °C/s (Figure 6).

Plasticity, 3,y, %
80

60 -t-u._____‘
40
@
20 -@ —
0 1
0 5 10 15 2 5

0 2
Cooling rate, We;s,°C/s

Figure 4. Relative reduction (green) and relative elongation
(red) in dependence of cooling rate for the S460M steel.
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Figure 5. Impact toughness in dependence of cooling rate for
the S460M steel.

The hardness of such metal is 240 HV, and the bands of
its structure, as observed before the thermal cycle,
disappears completely. An equiaxial ferrite-pearlite with
a bainitic component is formed with a finely dispersed
structure, with an increase in Wes to 10 °C/s. The grain
size, in this case, slightly increases to 15 mkm and the
hardness is almost unchanged, although the strength
indicators increase by ~100 MPa. With a further increase
in the cooling rate to Wes= 25°C/s in the imitated
CGHAZ metal, a structure is formed consisting of a
mixture of upper and lower bainite and a small amount of
martensite and ferrite. Due to this fact, the hardness of
the metal rises to HV = 2800 MPa, which in turn leads to
an increase in the indices of its static strength and the
drop in plastic properties. The analysis of the test results
shows that the welds made by the FOX EV 50 electrodes,
according to the EN 10025-4:2007 norms, correspond to
the S460M steel requirements, and the solid wire G3Sil
wire and powder wire Megafil 821R too (Table 4, *).
Somewhat lower by 5-13% of the normative indices, the
value of the yield stress of welded joints of S460M steel
made by UONI-13/55 and Sv-08G2S wires, which are
440 and 400 MPa, respectively. At the same time, the
tensile strengths and the elongation (85 = 31%) exceed
their minimum standard values for steel (Table 4, **).
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Figure 6. Microstructure of CGHAZ of the S460M steel: left
Weis =3°Cle, left; Wes = 25 °Clc, right (X500).

Table 4. Mechanical properties of as welded metal.

YS MPa UTS, MPa As, %
* 460 540-720 17
PP 440 556 31
as 480 600 27

Notes:

as = as received

* and ** correspond to the consumables listed in Table
3 and similarly marked

The high values of the yield strength and tensile strength
in relation to the welds made with UONI-13/55
electrodes and Sv-08G2S wire correspond to a metal
deposited with FOX EV-50 electrodes, as well as in a gas
mixture of G3Sil solid wire and Megafil 821R powder
wire respectively. On the other hand, the indices of
relative elongation in GMAW, although lower than those
for the metal deposited by coated electrodes, exceed the
standard values for the base metal.

A particular attention is drawn to the fact that the strength
and ductility parameters of the welds made by the UONI-
13/55 electrodes and solid wire Sv-08G2S are quite
close. This is evidenced by the results of metallographic
studies, which showed that the structure of such samples
is finely dispersed and consists predominantly of
polygonal ferrite with insignificant perlite inclusions
along the boundaries of ferrite grains with hardness 200
HV. When welding with Megafil 821R powder wire,
however, the metal structure results mainly of
structurally free ferrite with an insignificant content of
coarse-grained ferrite. The hardness, in this case, is 210
HV, which leads to an increase in strength and a
reduction of plastic properties. The metal structure in the
CGHAZ of welded joints made of S460M steel is
identified as coarse-grained ferrite-pearlite with an
approximately equal ratio of ferritic and pearlite
constituents and a hardness in the range of 200+221 HV.
According to the tests results of specimens with a sharp
notch, it is established that all these combinations of
steel-welding material are able to provide the impact
toughness of both weld metal and the HAZ metal of
welded joints of the S460M steel at the level of the
requirements of the EuroNorm, namely KCV_4 > 27
J/em?.

4. Conclusions

It is proven that in the cooling rates range of 7 < W5 <
15 °C/s related to the HAZ metal of the S460M steel
samples model, the values of static strength, ductility and
impact toughness at the level of the base metal are
retained.

It is shown that the application of welding consumables
such as Megafil 821R powder wire, solid wire G3Sil and
FOX EV 50 electrodes during the welding of S460M
steel provides good quality of the welded metal,
satisfying the EuroNorm requirements.
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