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REC UREDNIKA

Dragi maji,

svi mi obasuti ili dodirnuti, opeceni ili obasjani vatrom zavarivanja, posveceni knjizi, izmuceni
elektricnim lukom, op¢€injeni ili zdrobljeni organizacijom, u istom smo krugu. Svako od nas na
razli¢itom mestu.

Uti€emo li na to ili umisljamo? Da li uspevamo ili mislimo da smo veé uspeli? Da li nas novo jutro
gusi ili veseli? Da li nas posao zadovoljava ili zarobljava? Da li je novac blagodet ili prokletstvo?

Ciljevi nam nisu isti. Ma koliko oni bili razli¢iti, jo§ su razlicitiji nacini stizanja do njih. Sve $to smo

Svi smo samo ljudi a zajednicki sudija nam je VREME.

Zelimo vam da u novoj godini budete sreéni i uspesni. Neka u nastupajué¢oj prestupnoj godini nas i
nasih okupljanja bude vise. Zdravi bili.

Glavni i odgovorni urednik
Milica Antié¢, dipl.ing, EWE

Srecni Novogodisngi 1 BoZicni praznici
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VESTI ;[i Eé NEWS
METALURGIJA ZAVARIVANJA

Radica Proki¢ Cvetkovi¢, Olivera Popovié¢

Prava je prilika da ovu publikaciju iza8lu iz Stampe krajem oktobra ove godine, predstavimo nasem
Citalastvu.

Univerzitet u Beogradu
Masinski fakultet

Radica Proki¢ Cvetkovié
Olivera Popovié

METALURGIJA
ZAVARIVANJA

Beograd, 2019.

Ovaj udzbenik nastao iz potreba obrazovanja studenata MaSinskog fakulteta u Beogradu, uveliko
prevazilazi svoju namenu. Radi boljeg uvida posluzZi¢e deo predgovora:

,U Zelji da preglednije i jednostavnije predstave ovako kompleksnu materiju, autori su odlucili da je izloZe
kroz sledeca poglavija: osnovni pojmovi u zavarivanju, toplotni procesi pri zavarivanju, naponi i deformacije
u zavarenim spojevima, hemijske reakcije pri zavarivanju, strukturne promene u zavarenim spojevima,
zavarljivost, termiCka obrada zavarenih spojeva, ¢elici, podela i oznacavanje Celika, zavarivanje nelegiranih
Celika, zavarivanje Celika visoke ¢vrstoCe, zavarivanje ¢elika za rad na niskim temperaturama, zavarivanje
Celika otpornih na puzanje, zavarivanje nerdajucih Celika, zavarivanje raznorodnih materijala, zavarivanje
gvoZda, zavarivanje aluminijuma i njegovih legura, zavarivanje bakra, nikla i njihovih legura, zavarivanje
titana i ostalih obojenih metala, zavarivanje polimera, keramike i kompozita.“

Iz pregleda sadrzaja jasno je da ovakav materijal u vrlo velikom stepenu, odgovara polaznicima kurseva za
medunarodne inZenjere i tehnologe, a odli¢an je alat za one koji se dugo bave samo po nekim grupama
Celika u trenutku kada treba da reSavju probleme zavarivanja nekih ,novih®, a i dobar podsetnik za nas koji
»,SVe znamo*.

Ovakvu knjigu bi trebalo da ima svako ko se iole ozbiljno bavi zavarivanjem.

Istovremeno odajem priznanje koleginicama, autorkama Metalurgije zavarivanja profesorkama Radici
Proki¢-Cvetkovi¢ i Oliveri Popovi¢, na nacinu objasSnjavanja metalurSkin pojava pri zavarivanju i
sistemati¢nosti prikazivanja. Znajuci koliki je napor uloZen, da bi se ovakav materijal nadao pred nama,
najiskrenije Cestitke.

Milica Anti¢, dipl.ing metalurg, EWE
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P. Petrov ™, D. Kaisheva™®, G. Bokuchava®®, I. Papushkin®®, S. Valkov"®
Investigation of Residual Stresses in Dissimilar Copper-Steel Joint

Welded by Electron Beam
Ispitivanje zaostalih napona u raznorodnom spoju bakar-celik
zavarenom elektronskim snopom

Originalni nauéni rad / Original scientific paper

Rad je u izvornom obliku objavljen u Zborniku sa 4. lIW Kongresa
zavarivanja Jugoistocéne Evrope ,,Safe Welded Construction by
High Quality Welding“ odrzanog u Beogradu 10-13. Oktobra 2018

Rad primljen / Paper received:
Oktobar 2019.

Kljuéne reéi: zavarivanje elektronskim snopom,
raznorodni spojevi, neutronska difrakcija, zaostali naponi,
mikrodeformacije

Abstract

The results of experimental determination of
residual stress distribution in dissimilar materials
welded by EBW method via neutron diffraction are
presented. The joints between copper and stainless
steel were investigated. Two samples with different
beam current were welded. The residual stresses
were measured using TOF diffraction method at a
pulsed neutron source. The strain is determined by
the relative change in the neutron time of flight.
Analysis of the widths of the peaks made it possible
to obtain information on microstrains in the
samples. The residual stresses in copper do not
exceed 100 MPa in both samples. The maximum
stresses can be seen in the steel zone of thermal
impact in the X component — 450 MPa.

1. Introduction

Electron beam welding is one of the modern
methods of joining various refractory metals,
dissimilar, chemically active, high-quality steels and
high-strength alloys. The process of beam welding
is characterized by two features: the welding
process is realized in a vacuum environment, which
guarantees obtaining the cleanest surface and
degassing of the molten metal; heating occurs to
very high temperatures, thus the metal melts
quickly, and the seam results in a fine-grained and
minimal width as a result of the treatment. Welding
products composed of dissimilar materials makes it
easier to join parts and improve the performance
properties of structures based on them. Laser and
electron beam welding greatly simplified the
technology of welding of dissimilar materials.

Adresa autora / Author's address:

" Institute of Electronics, Bulgarian Academy of Sciences, 72
Tzarigradsko Chaussee, 1784 Sofia, Bulgaria

2 Frank Laboratory of Neutron Physics, Joint Institute for
Nuclear Research, 6 Joliot-Curie str., 141980 Dubna, Russia
‘:/)itiv@ie.bas.bg, ®darinakaisheva@abv.bg, °gizo@nf jinr.ru,
piv@nf.jinr.ru, °stsvalkov@gmail.com

Key words: electron beam welding, dissimilar joints,
neutron diffraction, residual stresses, microstrains

Rezime

Prikazani su rezultati eksperimentalnog odredivanja
raspodele zaostalih napona u razli¢itim materijalima
zavarenim elektronskim snopom (EBW) pomocu
difrakcije neutrona. lIspitivani su spojevi izmedu
bakra i nerdaju¢eg &elika. Zavarena su dva uzorka
sa razliCitom strujom snopa. Zaostali naponi su
mereni TOF metodom difrakciie na izvoru
pulsiraju¢ih neutrona. Deformacija se odreduje
relativnom promenom vremena proticanja neutron.
Analiza Sirina vrhova omogucila je dobijanje
informacija o mikrodeformacijama u uzorcima.
Zaostali naponi u bakaru ne prelaze 100 MPa u
oba uzorka. Maksimalni naponi se primec¢uju u zoni
uticaja toplote Celika u X komponenti - 450 MPa.

1. Uvod

Zavarivanje elektronskim snopom je jedna od
savremenih metoda spajanja razli€itih vatrootpornih
metala, razli€itih, hemijski aktivnih, visokokvalitetnih
Celika i legura visoke &vrstoée. Proces zavarivanja

snopom karakteriSu dve pojave: postupak
zavarivanja se realizuje u vakuumu, $to garantuje
dobijanje  najCistie  povrSine i degazaciju

rastoplienog metala; zagrevanje se deSava na
veoma visokim temperaturama, pa se metal brzo
topi, a Sav rezultuje finim zrnom i minimalnom
Sirinom. Zavarenim proizvodima sastavljenim od
raznorodnih materijala olak8avaju spajanje delova i
poboljSavaju karakteristike konstrukcija izradenih
od tih materijala. Lasersko i zavarivanje
elektronskim snopom uveliko je pojednostavilo
tehnologiju zavarivanja raznorodnih materijala.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2019, str. 149-156
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After electron beam welding (EBW) residual
stresses and strains are originated in welding joint
and in heat affected zone (HAZ) [1, 2] as a result of
differential contractions which occur as the weld
metal solidifies and cools down to the ambient
temperature. The residual stresses strongly affect
on the structure and solidity of welding joint [3] and,
consequently, on lifetime of the final product.
Therefore it is necessary to control their level and
spatial distribution after welding process.
Over many vyears, internal residual stresses in
materials have been studied using various non-
destructive techniques: X-ray diffraction, ultrasonic
scanning, and various magnetic techniques
(measurements of magnetic induction, permeability,
anisotropy, Barkhausen effect, magnetoacoustic
effects). However, all these methods have certain
limitations. For example, using X-ray scattering and
magnetic methods, only stresses near the material
surface can be studied due to their small
penetration depth; application of the magnetic
methods is restricted to ferromagnetic materials.
Moreover, the specimen texture has a significant
effect on the results obtained by magnetic and
ultrasonic methods. Among all these techniques,
the neutron diffraction study of residual stresses
has a special place, since, in contrast to
conventional methods, neutrons can penetrate
materials to a depth of 2-3 cm for steels and to 10
cm for aluminium. Other important advantages of
the neutron diffraction technique include high
spatial resolution, applicability for multiphase
materials, non-destructive character of the method,
possibility to characterize materials microstructure
and defects (microstrain, coherently scattering
crystallite size, dislocation density, etc.).
The main aim of the current research work was the
experimental determination of residual stress
distribution in the flat steel and copper plates
welded by EBW method using high resolution
neutron diffraction.
In this paper, we investigated the residual stresses
in dissimilar joints between copper and stainless
steel 304 welded by electron beam at different
| beam current. Two identical
samples (Fig.1) with size of 50x40x10 mm were
welded in Institute of Electronics of Bulgarian
Academy of Sciences (Sofia, Bulgaria) using
Leybold Heraeus welding unit. Samples were
prepared with a welding speed of 1 cm/s and U=55
kV. The first sample was prepared with a current | =
50 mA, second — | = 60 mA.
The neutron diffraction method was used to
determine the residual stress distributions in both
samples. The neutron experiments were performed

4
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Nakon zavarivanja elektronskim snopom (EBW)
nastaju zaostali naponi i deformacije u zavarenom
spoju i u zoni uticaja toplote (HAZ-ZUT) [1,2] kao
rezultat razliitih skupljanja koje nastaju kada metal
Sava ocvrsne i ohladi se do temperature okoline.
Zaostali naponi znaCajno utiCu na strukturu i
¢vrstoéu zavarenog spoja [3], a samim tim i na
Zivotni vek krajnjeg proizvoda. Zbog toga je
potrebno kontrolisati njihov nivo i prostornu
raspodelu nakon zavarivanja.

Veé viSe godina se proucCavaju zaostali naponi u
materijalima koriS¢enjem razli€itih tehnika bez
razaranja: difrakcije rendgenskih zraka,
ultrazvuénog skeniranja i razli€itih magnetnih
tehnika (merenja magnetne indukcije,
permeabilnosti,  anizotropije, = Barkhauzenovog
efekta, magnetno-akustic¢kih efekata). Medutim, sve
ove metode imaju odredena ograniCenja. Na
primer, pomoc¢u rasipanja rendgenskih zraka i
magnetnih metoda, samo mali naponi u blizini
povrSine materijala, se mogu proucavati zbog
njihove male dubine prodiranja; primena magnetnih
metoda ograni¢ena je na feromagnetne materijale.
Sta viSe, tekstura uzorka ima znadajan uticaj na
rezultate dobijene magnetnim i ultrazvuénim
metodama. Medu ovim tehnikama, kod ispitivanja
zaostalih napona, difrakcija neutrona ima posebno
mesto, jer za razliku od konvencionalnih metoda,
neutroni mogu prodirati kroz materijale do dubine
od 2 do 3 cm za Celik i do 10 cm za aluminijum.
Ostale vazne prednosti tehnike difrakcije neutrona
su visoka prostorna rezolucija, primenljivost za
visefazne materijale, nerazorni karakter metode,
moguénost karakterizacije mikrostrukture materijala
i oStecenja (mikrodeformacije, koherentno rasipanje
veliCine kristalita, gustina dislokacija itd.).

Glavni cilj trenutnog istrazivackog rada bilo je
eksperimentalno odredivanje raspodele zaostalih
napona u ravnim celiCnim i bakarnim limovima
zavarenim EBW postupkom, pomocu difrakcije
neutrona visoke rezolucije.

U ovom radu smo istrazili zaostale napone u
razli€itim spojevima izmedu bakra i nerdajuceg
Celika tipa 304, zavarenih elektronskim snopom, pri
razliitim jaCinama snopa. Dva identi€na uzorka
(slika 1) dimenzija 50x40x10 mm zavarena su u
Institutu za elektroniku Bugarske akademije nauka
(Sofija, Bugarska) pomoc¢u Leibold Heraeus
jedinice za zavarivanje. Uzorci su pripremljeni
brzinom zavarivanja od 1 cm /s i U = 55 kV. Prvi
uzorak je pripremljen sa strujom | = 50 mA, drugi - |
=60 mA.

Metoda difrakcije neutrona koriS8¢ena je za
odredivanje raspodele zaostalih napona u oba
uzorka. Eksperimenti sa neutronima izvedeni su na

150
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on the FSD diffractometer at the IBR-2 pulsed
reactor in the Frank Laboratory of Neutron Physics,

Joint Institute for Nuclear Research, Dubna,
Russian Federation.

2. Method

Internal stresses existing in a material cause

corresponding lattice strains, which, in turn, results
in shifts of Bragg peaks in the diffraction spectrum.
This vyields direct information on changes in
interplanar spacing in a gauge volume, which can
be easily transformed into data on internal stresses,
using known elastic constants of a material [4],

Mzﬁzi (1)
d, a FE

where de, is the measured interplanar spacing, dp

is the same interplanar spacing in a specimen

without internal stresses, A‘7‘/ao is the strain as the

relative change in the unit cell parameter of a
material, E is the Young’s modulus of a material,
and o is the stress.

Sample1

A scheme of the experimental design for
determining internal stresses in a bulk object is
presented in Fig. 1. Incident and scattered (at
angles 26 = +90°) neutron beams are limited by
diaphragms forming gauge volume in investigated
specimen. Measurement of neutron diffraction
spectra by +90° detectors (Fig. 2) allows
simultaneous determination of strains in two
mutually perpendicular directions. The strain is
measured in the direction parallel to the neutron
scattering vector Q (Q1 and Q2). The specimen
region under study is scanned using the gauge
volume by moving the specimen in the required
directions.

The incident beam is wusually formed using
cadmium or boron nitride diaphragms with
characteristic sizes from 0.5-1 mm to several cm
depending on the purpose of the experiment. To
define a gauge volume of optimum shape in the
studied specimen, at the scattered beam radial
Soller collimators with many (about several tens)
vertical slits formed by Mylar films with gadolinium

a
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FSD difraktometru na impulsnom reaktoru IBR-2 u
Frank laboratoriji za fiziku neutrona, Institut za
nuklearna istrazivanja, Dubna, Ruska Federacija.
2. Metoda
UnutraSnja naprezanja koja postoje u materijalu
izazivaju odgovarajuce naprezanje reSetki, Sto
zauzvrat dovodi do pomeranja Bragg-ovih vrhova u
difrakcionom spektru. Ovo daje direktne informacije
0 promenama interplanarnog rastojanja u zapremini
meraca, koje se lako mogu transformisati u podatke
o0 unutradnjim naponima, KkoristeCi poznate
elasticne konstante materijala [4],
(dexp_d())_&zg )
d, a FE
gde je dex, izmereni interplanarni razmak, d, je isti
meduplanarni razmak u uzorku bez unutrasnjih
naprezanja, Aa/ao je naprezanje kao relativna
promena parametra jedinicne Celije materijala, E je
Jungov modul materijala, i ¢ je napon.

Sample2
Figure 1. Samples welded by electron beam welding. The left side is copper, right - steel.
Slika 1. Uzorci zavareni elektronskim snopom. Leva strana je bakar, desna - celik.

Sema eksperimentalnog koncepta za odredivanje
unutrasnjih napona u objektu prikazana je na Sl. 1.
Upadajuci i rasprSeni (pod uglom 26 = + 90 °)
snopovi neutron, ograni¢eni su dijafragmama koje
formiraju merace zapremine u ispitivanom uzorku.
Merenje spektra difrakcije neutrona pomoéu
detektora £ 90 ° (SI. 2) omoguéava istovremeno
odredivanje deformacia u dva medusobno
normalna pravca. Napon se meri u pravcu
paralelnom vektoru rasprsivanja neutrona Q (Q1 i
Q2). Podrucje uzorka koje se prouc¢ava, skenira se
pomoc¢u meraCa zapremine pomeranjem uzorka u
traZzenim pravcima.

Upadni snop obi¢no se formira pomoc¢u dijafragmi
od kadmijuma ili bora ili bor-nitrida, karakteristicnih
veli¢ina od 0,5-1 mm do nekoliko cm, zavisno od
svrhe eksperimenta. Da bi se definisala zapremina
meraca optimalnog oblika u ispitivanom uzorku,
Cesto se koristi rasuti snop uz radijalne kolimatore
sa mnogo (oko nekoliko desetina) vertikalnih
proreza oblikovanih Milar flmovima sa premazom
gadolinijum oksida. Radijalni Soller kolimator

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2019, str. 149-156
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oxide coating are often used. A radial Soller
collimator is placed at a sufficiently large (at least
150-250 mm) fixed distance from the specimen
and provides high spatial resolution along the
incident neutron beam direction (0.5-2 mm).

4
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postavljen je na dovoljno velikoj (najmanje 150-250
mm) fiksnoj udaljenosti od uzorka i pruza veliku
prostornu rezoluciju duz pravca upadajuéeg
neutronskog snopa (0,5-2 mm).

—

Detector 1

—

Figure 2. Schematic of the experimental design for determining internal stresses in a bulk object. Incident and
scattered (at angles 26 = +90°) neutron beams are restricted by diaphragms shaping a gauge volume within the
specimen. Measurement of neutron diffraction patterns by +90° detectors allows simultaneous determination of strains
in two mutually perpendicular directions.

Slika 2. Sema eksperimentalnog koncepta za odredivanje unutra$njih napona u rasutom objektu. Upadni i rasprseni
(pod uglom 2 6 = £ 90 °) neutronski zraci ograni€eni su dijafragmama koje oblikuju mera¢ zapremine unutar uzorka.
Merenje uzoraka difrakcije neutrona detektorom od * 90 ° omogucava istovremeno odredivanje deformacijaa u dva
medusobno normalna pravca.

FSD
90°-detector

| i

0.5 1.0

1.5 2.0

d, A

Figure 3. Part of the diffraction spectrum of the a-Fe reference specimen, measured on the FSD neutron
diffractometer in the high-resolution mode using 90°-detector. The experimental points, the profile curve calculated by
the Rietveld method and difference curve are shown. Bars indicate diffraction peak positions.

Slika 3. Deo difrakcionog spektra referentnog uzorka a-Fe, mereno na FSD neutronskom difrakterometru u reZimu
visoke rezolucije, koriS¢enjem detektora 90 °. Prikazane su eksperimentalne tacke, kriva profila izracunata Rietveld-
ovom metodom i kriva razlika. Trake oznacCavaju pozicije vrha difrakcije

The principle of the determination of the lattice
strain is rather simple and it is based on the
Bragg’s law

2d,, sinf =1 2

where )\ is the neutron wavelength, dhkl is the
interplanar spacing, and 6 is the Bragg angle.

The neutron diffraction method is very similar to the
X-ray technique. However, in contrast to the
characteristic X-ray radiation the energy spectrum
of thermal neutrons has a continuous character
(Maxwellian distribution). The velocity of thermal
neutrons is rather small and this gives the

Princip odredivanja deformacije reSetke je prili€éno
jednostavan i zasnovan je na Braggovom zakonu

2d,,sinf@ =14 @

gde je A talasna duzZina neutrona, dhkl je
interplanarni razmak, a 6 je Bragg-ov ugao

Metoda difrakcije neutrona veoma je sli¢na tehnici
rendgenskih zraka. Medutim, za razliku od
karakteristicnog rendgenskog zraCenja, energetski
spektar toplotnih neutrona ima kontinuirani karakter
(Makvellian distribucija). Brzina toplotnih neutrona
je priliéno mala i ovo daje priliku da se analizira

152

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2019, str. 149-156



NAUKA#*ISTRAZIVANJE*RAZVO)J

opportunity to analyse the neutron energy using it’s
time of flight during the experiment at a pulsed
neutron source. When using TOF diffraction
method at a pulsed neutron source, the strain is
determined by the relative change in the neutron
time of flight At/t. Depending on the neutron
wavelength, the peak position on the time scale is
defined by the condition [see 3]:
_L :% _ 2mLd,,, sin @ (3)
v h h
where L is the total flight distance from a neutron
source to the detector, v is the neutron velocity, A is
the neutron wavelength, m is the neutron mass, h is
Planck’s constant, dhkl is the interplanar spacing,
and 6 is the Bragg angle.
Therefore, in case of TOF neutron diffraction the
lattice strain is determined as
:(dhkl_dl?kl)zg (4)
d}(z)kl t
where dy;,; and dp,, are the interplanar spacing for
strained and unstrained lattices, and t is the
neutron time of flight.
An analysis of the shape (width in the simplest
case) of diffraction peaks can yield information on
lattice distortions in individual grains (microstrain)
and their sizes [5]. This is especially convenient to
do that using a TOF diffractometer with the
functional dependence of the peak width on the
interplanar spacing [7],
W?=C,+ C,d?+ Cyd?+ C,d* (1)
where W is the peak width, C1 and C2 are the
constants defining the diffractometer resolution
function and known from measurements with a
reference specimen, C3=(Aa/a)2 is the unit cell
parameter dispersion (microstrain), and C4 is the
constant related to the crystallite size.
3. Experiment
TOF neutron diffraction study of residual stresses in
welded specimens was performed on FSD Fourier
diffractometer [6, 7] at fast pulsed IBR-2 reactor in
FLNP JINR, Dubna, Russia. FSD diffractometer is
dedicated for residual stress studies in bulk
industrial components and new advanced
materials. A special correlation technique - a fast
Fourier chopper for the primary neutron beam
intensity modulation and the RTOF method for data
acquisition - makes it possible to obtain high
resolution neutron diffraction spectra Ad/d =
2+4x10-3.
During the experiment on the FSD neutron
diffractometer a small scattering volume (gauge
volume) of the size of 2x2x24 mm for EBW
specimen were defined using radial collimators in
front of the 90° detectors (Fig. 4). The specimens
were scanned across weld regions along middle

t

& hkl
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energija neutron, Kkoriste¢i vreme leta tokom
eksperimenta na impulsnom izvoru neutrona. Kada
se koristi difrakciona metoda TOF na izvoru
impulsa neutrona, naprezanje se odreduje
relativnom promenom vremena leta neutrona At/t.
Zavisno od talasne duZine neutrona, polozaj vrha
na vremenskoj skali je definisan uslovom (vidi 3J:
_L :% _ 2mLd,,, sin @ (3)
v h h
gde je L ukupna duzina leta od izvora neutrona do
detektora, v je brzina neutrona, A je talasna duzina
neutrona, m je masa neutrona, h je Plankova
konstanta, dhkl je interplanarni razmak, a 8 je
Bragg-ov ugao
Zbog toga se u sluCaju TOF difrakcije neutrona,
deformacija reSetke odreduje kao

(dhk/_d}?kl) At (4)

e = _ A0

hkl d/?k/ ¢

gde su dy i dy), interplanarni razmak za
deformisane i nedeformisane reSetke, a t je vreme
leta neutrona.
Analiza oblika (Sirina u najjednostavnijem sluc¢aju)
difrakcionih vrhova moze dati informacije o
izobliCenjima  reSetki u  pojedinim  zrnima
(mikrodeformacija) i njihovim veli¢inama [5]. Ovo je
posebno pogodno za koriS¢enje TOF-ovog
difraktometra sa funkcionalnom zavisno$c¢u Sirine
vrha od interplanarnog razmaka [7],

W?=C,+ C,d?+ Cyd?+ C,d* (2)
gde je W S&irina vrha, C1 i C2 su konstante koje
definiSu funkciju razlu€ivanja difraktometra i
poznate su iz merenja sa referentnim uzorkom,
C3=(Aala)2 je disperzija parametara jedini¢ne celije
(mikrodeformacija), a C4 je konstanta povezana sa
veli€¢inom kristalita

t

3. Eksperiment

Studija o zaostalim naponima TOF difrakcijom
neutrona na zavarenim uzorcima izvedena je na
FSD Fourier-ovom difraktometru [6, 7], na brzo
pulziraju¢em IBR-2 reaktoru u FLNP JINR, Dubna,
Rusija. FSD difraktometar namenjen je studijama
zaostalih naprezanja u razlicitim industrijskim
komponentama i novim naprednim materijalima.
Specijalna tehnika korelacije - brza Fourierov-a
seckalica za modulaciju intenziteta primarnog
snopa neutrona i RTOF metoda za prikupljanje
podataka - omogucava dobijanje spektra difrakcije
neutrona Ad/d = 2+4x10-3 visoke rezolucije.

Tokom eksperimenta na FSD neutronskom
difraktometru, odredeni su mali volumeni
rasprSivanja (zapreminska vrednost) veliine

2x2x24 mm za EBW uzorak pomocu radijalnih
kolimatora ispred detektora od 90° (Sl. 4). Uzorci su
skenirani na podrucju Sava duz srednije linije line of
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the specimen thickness. Orienting a specimen in a
certain way, the main components of residual strain
in three mutual perpendicular directions (with
respect to the direction of the neutron scattering
vector Q) were measured.

\

a
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debljine uzorka. OrijentiSuéi uzorak na odredeni
nacin, merene su glavne komponente zaostalog
naprezanja u tri medusobno normalna smera (u
odnosu na smer vektora rasprSivanja neutrona Q).

e

- \ -
Figure 4. Photograph of the sample during the experiment on the FSD instrument.
Slika 4. Fotografija uzorka tokom eksperimenta na FSD instrumentu.

4. Results

Copper and steel have very different mechanical
and physical properties. These features exerted a
great influence on the stress distribution in the
welded samples. The stress diagrams clearly show
the difference between the two materials Fig. 5-6.
The residual stresses in copper do not exceed 100
MPa in both samples. The maximum stresses can
be seen in the steel zone of thermal impact in the X
component. The first sample has lower stresses in
the Z component than second sample. The residual
stresses in the Y component in both cases are
small, do not exceed 100 MPa.

4. Rezultati

Bakar i Celik imaju veoma razliCita mehanicka i
fizicka svojstva. Ove karakteristike imale su veliki
uticaj na raspodelu napona u zavarenim uzorcima.
Dijagram naprezanja jasno pokazuje razliku izmedu
dva materijala. Sl. 5-6. Preostali naponi u bakru ne
prelaze 100 MPa u oba uzorka. Maksimalni naponi
se primecuju u zoni uticaja toplote na Celiku u X
komponenti. Prvi uzorak ima niza naprezanja u
komponenti Z u odnosu na drugi uzorak. Preostali
naponi u Y komponenti u oba slu€aja su mali, ne
prelaze 100 MPa.

500 - Sample 1
450 4 —— X comp.(Cu)
400 —O—Y comp.(Cu)
L] Z comp.(Cu)
3501 \ —m- X comp.(Fe)
300 —@— Y comp.(Fe)
& 250 * Z comp.(Fe)
= 200 !
» \
8 150+ \ n
B 100 \ hd
50 1 ‘—ﬁ o po=—e
] = P N
-50 é r
-100
T T T T T T 1
20 15 10 5 5 10 15 20
X (mm)

Figure 5. Residual stress in the studied EBW specimen No. 1. (I = 50 mA)
Slika 5. Zaostlai naponi na prou¢avanom uzorku EWB Br. 1. (I = 50 mA)
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Analysis of the widths of the peaks made it possible
to obtain information on microstrains in the samples
(Fig. 7-8). The level of microstrains in the first
sample is slightly higher than in the second. The
discrepancy in the components far from welding
indicates the presence of microstrains in the
starting material.

4
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Analiza Sirina vrhova omoguéila je dobijanje
podataka o mikrodeformacijama u uzorcima (slika
7-8). Nivo mikrodeformacija u prvom uzorku je
neznatno viSi nego u drugom. Nesklad u
komponentama daleko od mesta zavarivanja
ukazuje na prisustvo mikrodeformacija u pocetnom
materijalu.

500
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400
350
300

—{— X comp.
—O—Y comp.

Z comp.
—m— X comp.
—@— Y comp.

Cu)
Cu)
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Figure 6. Residual stress in the studied EBW specimen No. 2. (I = 60 mA)
Slika 6. Zaostlai naponi na prou¢avanom uzorku EWB Br. 2. (I = 60 mA
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Figure 7. Residual microstrain in the studied specimen No. 1. (I = 50 mA)
Slika 7. Zaostali naponi na prou¢avanom uzorku Br. 1. (I = 50 mA)
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Figure 8. Residual microstrain in the studied specimen No. 2. (I = 60 mA)

Slika 8. Zaostali naponi na prou¢avanom uzorku Br. 2. (I =

60 mA)
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Microstrains grow in the region of thermal influence
in the X and Y component of copper and the X
component of steel. Z components also vary in both
materials, but less than in other components.
Microstrains in the second sample differ
significantly from the first. Z component practically
does not change. The X component in the welding
location has a dip almost to zero.

5. Conclusions

The residual stresses in dissimilar joints between
copper and stainless steel 304 welded by electron
beam at different beam current were investigated.
Copper and steel have very different mechanical
and physical properties. These features exerted a
great influence on the stress distribution in the
welded samples. The residual stresses in copper
do not exceed 100 MPa in both samples. The
maximum stresses can be seen in the steel zone of
thermal impact in the X component — 450 MPa. The
higher the beam current is, the higher the residual
stresses are.
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Abstract

Modern idea of the design and technological design
of welded structures using the latest digitalization
and classical approaches. Visionary generalization
of ideas for scientific and technological
breakthrough in the assembly and welding process.

Welding and related technologies that make a
significant contribution to the creation of gross
national products of developed countries cannot
remain aloof from the processes of digitalization of
economies and the construction of a new
postindustrial society. At the same time, intellectual
procedures for the development, modeling and
finalization of the design of basic welded structures
operating under variable loads, are crucial. It
determines the carrying capacity and resource of
the technical facilities and systems being
developed, as well as the structure, equipment and
organization of assembly and welding operations,
especially in serial manufacturing.
Multivariate development of welded structures has
a clearly expressed constructive and technological
character. This provision was first substantiated in
the works of Professor N.O. Okerblom [1]. Since
the middle of the last century, this position was
cautious, but later the principles of constructive and
technological design of welded structures received
scientific recognition, also in the International
Institute of Welding. Simultaneous (parallel) design
of welded structures and development of welding
technologies on the basis of calculation methods
was supplemented in work with scientific and
methodological approaches and with the
corresponding software complex for automated
design of technologically necessary assembly and
welding fixtures [2]. Three-dimensional solid-state
computer model of a welded structure and welds
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Key words: welded construction; constructive-
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Rezime

Savremena ideja projektovanja i tehnoloSkog
projektovasnja zavarenih konstrukcija koja koristi
najnoviju  digitalizaciju i klasiche pristupe.
Vizionarsko uopStavanje ideja za nauéni i
tehnolodki proboj u postupku montaze i
zavarivanja.

Zavarivanje i srodne tehnologije koje daju zna¢ajan
doprinos stvaranju bruto nacionalnih proizvoda
razvijenih zemalja ne mogu ostati podalje od
procesa digitalizacije ekonomija i izgradnje novog
postindustrijskog drustva. Istovremeno, klju¢ni su
intelektualni postupci za razvoj, modeliranje i
finalizaciju projektovanja osnovnih  zavarenih
konstrukcija koje rade pod razli€itim opterecenjima.
Odreduje nosivost i resurse tehnickih sredstava i
sistema koji se razvijaju, kao i strukturu, opremu i
organizaciju montaze i zavarivanja, posebno u
serijskoj proizvodniji.

Multivarijantni razvoj zavarenih konstrukcija ima
jasno izrazen konstruktivan i tehnoloski karakter.
Ova odredba prvi put je potvrdena u radovima
profesora N.O. Okerblom [1]. Od sredine proslog
veka ova pozicija je bila oprezna, ali kasnije su
principi konstruktivnog i tehnoloskog projektovanja
zavarenih konstrukcija dobili nau¢no priznanje,
takode i u Medunarodnom institutu za zavarivanje.

Istovremeno (paralelno) projektovanje zavarenih
konstrukcija i razvoj tehnologija zavarivanja na
osnovu metoda proracuna dopunjen je u radu,
naucnim i metodoloskim pristupima i odgovaraju¢im
softverskim kompleksom za automatizovano
projektovanje tehnolodki neophodnih montaznih i
zavarivaCkih instalacija [2]. Trodimenzionalni
raCunarski model stanja Cvrstoée zavarene
konstrukcije i zavarenih proizvoda postaje glavni
izvor i nosilac projektnih i tehnoloSkih informacija.
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becomes the main source and carrier of design and
technological information.

The principles of design proposed by N.O.
Okerblom, supplemented by the approach to the
parallel design of technological tooling, found
methodological confirmation in the concept of
integrated information systems supporting all
stages of the life cycle of technical objects and
systems (so-called CALS-technology). It speaks of
the correctness of direction of research and applied
research conducted by the authors.

It is not possible to provide the process of
constructive and technological development of
welded structures, made of ordinary quality steels
and low-alloy steels by arc welding methods,
without in-depth analysis of possible internal
residual stresses and deformations. Large numbers
of scientific works were devoted to this direction
both at the early stage of development of welding
technology and at the present time. In the era of
active computerization of the processes of
engineering objects designing, commercial systems
for finite element analysis like Ansys, Nastran,
Marc, etc. are widely used for these purposes.
Special software products (SYSWELD) are created
by leading companies (for example, ESI Group) to
simulate virtually all thermodynamic processes at
welding and hardening. However, in commercial
products, the features of welding technologies have
not yet been adequately reflected, and specialized
software products such as SYSWELD, Simufact
Welding (MSC-software) are often too expansive
for enterprises.

The approaches of computer forecasting of the
stress-strain state (SSS) of welded constructions
on the basis of the analysis of well-known works
and simplified theories of occurrence of residual
stresses and deformations are proposed in [4, 5].
At the initial stages of research, development of
Vinokurov's approaches [3] seemed expedient on

fictitious shrinkage longitudinal and transverse
forces. However, further research and
computational supercomputer experiments by

commercial LS-DYNA system of nonlinear finite
element analysis have refuted to some extent the
existence of a fictitious shrink force and confirmed
the expressed by N.O. Okerbolom in the 40s of the
last century the idea of a mobile three-dimensional
area of the weld, which is in a complex three-
dimensional stress state.

The study of other authors, as well as instrumental
measurements on real welded samples and welded
structures, showed that mentioned above stresses
are very close to the yield point of the base metal
[7]. The ideas of the authors of [4,5], found
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Principi projektovanja koje
Okerblom,  dopunjen  pristupom
projektovanja tehnolodkog alata, pronasSao je
metodoloSku potvrdu u konceptu integrisanih
informacionih sistema koji podrzavaju sve faze
zivotnog ciklusa tehni¢kih objekata i sistema (tzv.
CALS-tehnologija). Govori o ispravnosti smera i
primenjenih istrazivanja od strane autora.

Nije moguce obezbediti proces konstruktivhog i
tehnoloSkog razvoja zavarenih  konstrukcija,
izradenih od Celika obi¢nog kvaliteta i niskolegiranih
Celika postupcima elektroluénog zavarivanja, bez
dubinske analize mogucih unutradnjih zaostalih
naprezanja i deformacija. Ovom pravcu posvecen
je veliki broj nau¢nih radova, kako u ranoj fazi
razvoja tehnologije zavarivanja, tako i u danasnje
vreme. U doba aktivne informatizacije procesa
projektovanja inZenjerskih objekata, u te svrhe se
Siroko koriste komercijalni sistemi za analizu
konacnih elemenata poput Ansis, Nastran, Marc,
itd. Posebne softverske proizvode (SISVELD)
kreiraju vode¢e kompanije (na primer, ESI Group)
kako bi simulirale gotovo sve termodinamicke
procese zavarivanja i otvrdnjavanja. Medutim, u
komercijalnim proizvodima, karakteristike
tehnologija zavarivanja jo§ uvek nisu adekvatno
odrazene, a specijalizovani softverski proizvodi
poput SISVELD, Simufact Velding (MSC-softver) su
Cesto previSe skupi za preduzeca.

Pristupi raunarskog predvidanja stanja naprezanja
(SSS) zavarenih konstrukcija na osnovu analize
dobro poznatih radova i pojednostavljenih teorija
pojave zaostalih napona i deformacija predloZeni
su u [4, 5]. U pocletnim fazama istrazivanja,
Vinokurov pristup [3] €inio se svrsishodnim na
fiktivnom smanjivanju uzduznih i popreénih sila.
Medutim, dalja istrazivanja i  racunarski
eksperimenti superkompjutera komercijalnim LS-
DYNA sistemom nelinearnih analiza konacnih
elemenata u odredenoj su meri opovrgli postojanje
fiktivne sile skupljanja i potvrdili iskaz N.O.
Okerbolom koji je 40-ih godina proslog veka
zamenio  mobilnu  trodimenzionalnu  oblast
zavarenog spoja, koja je u sloZzenom
trodimenzionalnom naponskom stanju.

Studija drugih autora, kao i instrumentalna merenja
stvarnih zavarenih uzoraka i zavarenih konstrukcija,
pokazali su da su pomenuti naponi vrlo blizu
naponu teCenja osnovnog materijala [7]. Ideje
autora [4,5] naSle su teorijsku i prakti¢nu potvrdu u
radu japanskih kolega [6]. Savremena sredstva za
geometrijsko modeliranje i izradu stanja &vrstoce
pomocu 3D modela zavarenih konstrukcija kao sto
su SolidVorks, Inventor, NKS, ProE, itd., Kao i
ugradeni (ili se zasebno koriste) univerzalni

je predlozio N.O.
paralelnog
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theoretical and practical confirmation in the work of
Japanese colleagues [6]. Modern means of
geometric modeling and construction of solid-state
3D models of welded structures and welds such as
SolidWorks, Inventor, NX, ProE, etc., as well as
built-in  (or used separately) universal program
modules of classical finite element analysis, linked
to original approaches authors for computer
forecasting of SSS, allow to present the scheme for
integrating the processes of design of welded
structures (Fig. 1). The bi-directional arrows in Fig.
1 emphasize the parallel (simultaneous) nature of
all design and engineering procedures. Operational
reflection of the interaction of the internal SSS of
the welded structure with external loads allows
more reasonably to see the influence of
technological heredity on the behavior of the
structures in real operation.

4
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programski moduli klasiéne analize konacnih
elemenata, povezani sa originalnim pristupima
autora za raCunarsko predvidanje SSS-a,

omogucavaju da predstave Semu za integrisanje
procesa projektovanja zavarenih konstrukcija (slika
1). Dvosmerne strelice na slici 1 naglasavaju
paralelnu (istovremeno) prirodu svih procedura
projektovanja i inZenjeringa. Operativni odraz
interakcije unutrasnjin SSS zavarene konstrukcije
sa spoljnim optereéenjima omogucava razumnije
sagledavanje uticaja tehnoloSkog okruzenja na
ponasanje konstrukcija u stvarnom radu.

The contour of operatlona! modelmg of SSS and
reilectlon of its interaction with externa[ loads

Welded assembly 1——_____%_’
/ umf (WAU)

\\\

Technological

Welding e—— / process
equipmem“\ ~._\\\
/3D model
X WAU-AWD-WT
: . '.'\Assembly and

Non-standard
welding

N . equipment \ I
‘ Welding

welding device
(AWD)

/

tools (WT)

Figure 1. Scheme of integrating the processes of des_ién ah_d technological design of welded structures of general
purpose
Slika 1. Shema integrisanja procesa projektovanja i tehnoloSkog projektovanja zavarenih konstrukcija opSte namene

Proposed scheme provides the ability to track the
change in the resulting SSS welded structure,
taking into account the design of the rigging,
installation and clamping schemes, assessing the
availability (reachability) of welded seams by
welding tools, given the orientation of the tools,
taking into account the results of a computer or
automated work in the system of welding engineer
fixture design instrument (INSVAR).

On modern welded structures operating under
difficult operating conditions under dynamic loads,
the total length of auxiliary and main welds can
reach tens and hundreds of meters.

So as an example the length of welds on the
supporting frame of a 220 tons mining truck
exceeds several kilometers. To analyze the SSS of
such responsible welded structures, especially
under conditions of dynamic loading, traditional
personal computer equipment and even graphic

Predlozena Sema pruza mogucnost pracenja
promene rezultirajuée SSS zavarene konstrukcije,
uzimajuci u obzir projektovanje ugradnje, instalacije
i stezanja, procenjuju¢i dostupnost (dostiznost)
zavarenih Savova zavarivackim alatima, vezano za
orijentaciju alata, uzimaju¢i u obzir rezultate
racunarskog ili automatizovanog rada u sistemu
instrumenata za projektovanje inZenjera
zavarivanja (INSVAR).

Na modernim zavarenim konstrukcijama koje rade
pod otezanim uslovima rada pod dinamickim
opterecenjima, ukupna duzina pomocnih i glavnih
zavarenih spojeva moze dosti¢i desetine i stotine
metara.

Kao primer, duzina zavara na noseem ramu
rudarskog kamiona od 220 tona prelazi nekoliko
kilometara. Za analizu SSS tako odgovornih
zavarenih  konstrukcija, posebno u uslovima
dinamic¢kog optereéenja, tradicionalna oprema za
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stations is clearly not sufficient. To simulate similar
processes and phenomena the authors have
successfully used the capabilities of the national
scientific and educational Grid-network of the
Republic of Belarus with high-performance
supercomputers of SKIF family (www.uiip.bas-
net.by). The designers of engineering constructions
can get remote access to these resources with the
developed licensed software through the Internet
from computers located at their workplaces.

Figure 2 shows a scheme for comprehensive
compression of the zone of irreversible plastic
deformations, whose outer boundary is generally
limited to an isotherm at 600 ° C. Attention is drawn
to the fact that the cross section of the seam (as
the theory of welding stresses and deformations
says) is stretched in the cross section.

SeamRIge_9(8)_Imp_3
Time = 2

Contours of X-stress
min=-0.330721, ot elem® 1035
max=0 169905 ot elem¥ 50874
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liEni raCunar, pa Cak i graficke stanice, oCito nije
dovoljna. Da bi simulirali sli¢ne procese i pojave,
autori su uspesno koristili mogucnosti nacionalne
nau¢ne i obrazovne Grid mreze Republike
Belorusije sa visoko performansnim
superracunarima porodice SKIF  (vvv.uiip.bas-
net.bi). Projektanti inzenjerskih konstrukcija mogu
dobiti udaljeni pristup tim resursima pomocu
razvijenog licenciranog softvera putem Interneta sa
raCunara koji se nalaze na njihovim radnim
mestima.

Na slici 2 prikazana je Sema za sveobuhvatno
sabijanje zone nepovratnih plasti¢nih deformacija,
Cija je spoljna granica uglavhom ograniena na
izotermu na 600°C. Paznja se skrece na Cinjenicu
da je popreCni presek Sava (kako teorija
zavarivanja naglaSava a deformacije kazu) je
rastegnut po preseku.

Fringe Levels
1.700e-01
1.100e-01
6.985¢-02 _

|_. (5] &t ‘O -]
I =
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- —— =
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lif w
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Figure 2. Comprehensively compressed weld zone and an example of the prediction of total residual welding
deformations

Slika 2. Sveobuhvatno sabijena zona zavarivanja i primer predvidanja ukupnih zaostalih deformacija usled
zavarivanja
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Several assembly and welding fixtures designed in
INSVAR are shown in Figure 3. The designer
engineer of the tooling first determines the most
rational position of the welding structure in 3D
space during assembly and welding, then he fixes
his technological design in special environment in
the form of a schematic diagram of the device, then
he indicates the preferred types and design
parameters of the installation elements, fixation and
clamps. Further, the software complex, according
to its original algorithms, places the functional
elements in relation to three-dimensional model of
the welded structure and then unites them with the
selected type of housing and later generates
automatically the assembly drawing of the device
structure on several projections on the projection
connection. The specification of the assembly
drawing is automatically generated, as well as the
assembly drawings of the original parts and the
selected housing type. On the housing drawing all
the holes for installation on the body of functional
elements are coordinated.

Cozoanue / OmMKpbimue npoekma

DakRIpSRIARErFL BIRD ]
=9

BEANE &

EMIET
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Na slici 3. prikazano je nekoliko montaznih i
zavarivackih elemenata dizajniranih u INSVAR-u.
Inzenjerski  projektant alata prvo  utvrduje
najracionalniji polozaj zavarivaCke konstrukcije u
3D prostoru tokom montaze i zavarivanja, a zatim
svoj tehnolosSki projekat fiksira u posebnom
okruzenju u obliku Sematskog dijagrama uredaja,
onda on ukazuje na pozeljne tipove i konstrukcijske

parametre instalacionih elemenata, fiksatora i
stezaljki. Nadalje, softverski kompleks, prema
svojim originalnim algoritmima, postavlja

funkcionalne elemente u odnosu na
trodimenzionalni model zavarene konstrukcije, a
zatim ih ujedinjuje s odabranim tipom kucista, a
kasnije automatski generiSe sklopni crtez strukture
uredaja na nekoliko projekcije na projekcijskoj vezi.
Specifikacija crteza za montazu automatski se
generiSe, kao i sklopni crtezi originalnih delova i
odabranog tipa kuéiSta. Na crtezu na kudistu su
koordinate svih otvora za ugradnju na telo
funkcionalnih elemenata.

5(1311[)()6("”{(’

Nenosnwie obosnauenus onop u
NPUNCUMOE FAMENaIomca
KONCMPYKMUGHBIMU 2AEMENMamu us
oubnuomeru
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Figure 3. An example of the design of an assembly and welding device formed by the INSVAR software packag
Slika 3. Primer dizajna uredaja za montazu i zavarivanje formiranog softverskim paketom INSVARe

On the Figure 4 as an example pre-stressed after
welding structure of the skeleton of an armored
vehicle is subjected to a virtual impact of a shock
blast wave. The displacements and stresses after
explosion on the same structural elements are
different, and this difference can be even more
pronounced in the case of repeated short-term
loads and prolonged operation.

R_2702_pI_T_2_new2

Times 00117

Contours of EMective Stress (v-m)
reference shedl surface

méin=C, at elem# 59735
Mmax=2.74705e+08, ot elems 73529

Fringe Levels
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24730408
2.108e+08
1.924e+08
1.6406408
1.374e+08
1.090e+08
B24de+0T

o B2 1 2 e

0004 oo oson o

8 ueez

3 min=g Tasks
mar=fORET = . o v . . - .
san | tne | s | e | e | et | s | ek | e | ke | e | e

Na slici 4, je dat primer prednapregnute nakon
zavarivanja, konstrukcije skeleta oklopnog vozila
koja je izloZzena je virtuelnom uticaju udarnog
talasa. Pomeranja i naprezanja nakon eksplozije na
istim konstrukcijskim elementima su razliCita, a ta
razlika moze biti joS izrazenija u slu€aju ponovljenih
kratkotrajnih optere¢enja i produzenog rada.

R_2702_pi_7_2_new1

Times 00117

Contours of Efective Sress (v-m)
reference shell surface

min=0, at elems 116920
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Figure 4 Difference in movements of isotropic and welded structuresat the same dynamic impact
Slika 4 Razlika u kretanju izotropnih i zavarenih konstrukcija pod istim dinami¢kim uticajem

162

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2019, str. 159-164



NAUKA#*ISTRAZIVANJE*RAZVO)J

Figure 5 again confirms the well-known welding
position that welded joints made without obvious
defects under dynamic loads are destroyed in heat-
affected zone or on the main material.

4
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Slika 5 ponovo potvrduje dobro poznati polozaj
zavarivanja tako da se izvedeni zavareni spojevi
bez ociglednih  oSte¢enja pod dinamickim

opterecenjima unistavaju u zoni uticaja toplote ili
osnhovnog materijalu.

traler od/ i the main metal

Slika 5 Unistavanje modela prikolice u osnovnom materijalu

Computer and supercomputer technologies for the
design and technological design of welded
structures are used by a number of Belarusian
enterprises with a developed assembly and welding
process. With their help, students are trained at the
Department of Powder Metallurgy, Welding and
Technology of Materials of the Belarusian National
Technical University by carrying out course and
diploma theses. The engineering and technical
personnel of new formation, mastering the methods
of constructive and technological design of welded
structures using supercomputer, grid and cloud
technologies, are able to provide a certain scientific
and technological breakthrough in the assembly
and welding process (Figure 6). The authors try to
take the attention of scientists, designers,
engineers and university teachers to this kind of
mutually beneficial work.

The field of existence of

Racunarske i superraCunarske tehnologije za
projektovanje i tehnoloSko projektovanje zavarenih
konstrukcija koriste mnoga beloruska preduzeca sa
razvijenim postupkom montaze i zavarivanja. Uz
njihovu pomo¢, studenti se obu€avaju na Katedri za

metalurgiju praha, =zavarivanje i tehnologiju
materijala Beloruskog nacionalnog tehnickog
univerziteta izvodenjem kurseva i izradom

diplomskih radova. InZzenjerski i tehnicki kadar nove
formacije, koji savladavaju metode konstruktivnog i
tehnoloSkog rojektovanja zavarenih konstrukcija
koris¢enjem superraCunarske, mrezne i tehnologije
oblaka, u stanju su da pruze izvestan naucéno-

tehnoloski iskorak u postupku montaze i
zavarivanja (slika 6). Autori pokuSavaju da skrenu
paznju naucnika, projektanata, inZenjera i

univerzitetskih nastavnika na ovakav obostrano
koristan rad.

breakthrough technologies _~Scientific and engineering staff of the™._

of creation WAU Vs

.
™,

new generation for assembly and “\

\ N / /
N i Supercomputer and distributed .~ __/'
__computing resources _

1 - New methods of design and technological design of WAU

2 - Development of a tool for optimization of structure and parameters of WAU

3 - Means of information

rt of the st

PP

of pr t logy of WAU

Figure 6 Scheme of the appearance of the area of scientific and technological breakthrough in the development of
5 promising welded structures
Slika 6. Sema pojave podrucja naucnog i tehnoloskog proboja u razvoju perspektivnih zavarenih konstrukcija
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Conclusion

1. The authors have promoted the principles of
constructive and technological design of welded
structures, recognized by the world welding
community, formulated by N.O. Okerblom, on
infrastructural and computational level.

2. Approaches N.O. Okerblom is supplemented by
a powerful functional and software tools for
automated design of the assembly and welding
fixtures, stands, conductors, etc.

3. Original methods and computer software, based
on simplified theories of welding stresses and
deformations, allow to predict the nature and
magnitude of residual welding deformations with
sufficient for engineering practice accuracy, also
including taking into account the effect of fastening
in technological equipment.

References

Literatura

[1] Okerblom N.O. Structural and technological
design of welded structures. -M. - L.
Mechanical engineering, 1964. — p. 420.

[2] Medvedev S.V. Computer modeling of residual
welding strains in technological design of
welded structures // Welding International. —
2002. — vol.16(1). — P.59-65.

[3] P. Zeng, Y. Gao, L. P. Lei. Welding process
simulation under varying temperatures and
constraints // Materials  Science and
Engineering: A, Volume 499, Issues 1-2, 15
January 2009, Pages 287-292.

[4] Klimau K., Medvedev  S. Prognosis
supercomputer modeling of welded structures
behavior under dynamics loads // The 20"
Scientific Slovak-Polish conference «Machine
modeling and simulations 2015» September 7 -
9, Terchov, Slovak Republic, Trencin Alexander
Dubcek University; Puchov: Faculty of Industrial
technologies, 2015. — P.21 — 27.

4

SCIENCE*RESEARCH#*DEVELOPMENT

Zakljuéak

1. Autori su promovisali principe konstruktivnog i
tehnolodkog projektovanja zavarenih konstrukcija,
priznata od strane svetske zajednice za
zavarivanje, koje je formulisao N.O. Okerblom, na
infrastrukturnom i radunarskom nivou.

2. Pristup N.O. Okerblom-a je dopunjen snaznim
funkcionalnim [ softverskim alatima  za
automatizovano  projektovanje  montaznih i
zavarivackih instalacija, postolja, provodnika itd.

3. Originalne metode i raCunarski softver, zasnovan
na pojednostavljenim teorijama napona i
deformacija usled zavarivanja, omogucéavaju
predvidanje prirode i veli€ine zaostalih deformacija
usled zavarivanja dovoljnim za tacnost inZenjerske
prakse, ukljuCujuc¢i i efekat pri€vrdéivanja na
tehnoloSkoj opremi.

[5] Medvedev S.V. Computer technologies of
design of assembly and welding equipment —
Minsk: Institute of Technical Cybernetics NAN
Belarus, 2000. — 194 p.

[6] Vinokurov V.A. Theory of welding deformations
and stresses. -M .: Mechanical engineering,
1984. — 280 p.

[7] 4. Medvedev S.V. Computer simulation of
residual deformations in technological design of
welded structures // Welding. - 2001. - Ne 8. -
P.10-18.

[8] Medvedev S.V, Klimov K.A. Forecast

supercomputer modeling of the behavior of
welded structures under dynamic loads //
Izvestiya TulGU. Technical science. Issue. 6 in
2 parts. Tula: Publishing House of Tula State
University, 2015. - P.201 - 210.

164

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2019, str. 159-164



NAUKA#*ISTRAZIVANJE*RAZVOJ

P. Tashev'®, H. Kondov'™, E. Tasheva®

4

SCIENCE*RESEARCH#*DEVELOPMENT

Improvement of the properties of layers obtained by surfacing using
TiN and SiC nanoparticles
PoboljSanje svojstava slojeva dobijenih navarivanjem pomocu
nanocestica TiN i SiC
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Kljuéne reéi: Navarivanje nanoCestice, oblozene

elektrode, tvrdoc¢a, otpornost na habanje

Abstract

In the paper, investigation results are presented,
the objective was to improve the mechanical
characteristics (hardness and wear resistance) of
layers produced by surfacing using TiN and SiC
nanoparticles in coated electrodes (SMAW
process). The two parameters were controlled by
varying the introduced nanoparticles.
Metallographic investigation of selected samples
have been carried out and the microstructure
changes have been established.

Introduction

The development of technics and technologies
outlines new horizons for improvement of the
welding technology and the materials used are
refined. There is a tendency to increase the
performance of overlay metal by using innovative
coated electrodes for process 111 with introduced
nanoparticles [1 - 4]. Studies on the effect of
nanoparticles of various refractory compounds
introduced in the coating of the welding electrodes
show good tendencies in terms of increase in
hardness and wear resistance [5, 6].

Experiments

Developed is a series of electrodes for SMAW
based on electrodes grade E300, which contain TiN
and SiC nano particles with dimensions about 50
nm in concentrations 0.1, 0.2, and 0.8 weight
percent. For better absorption of the nano particles,
"activation" in planetary mill with iron powder is
carried out in advance. The particles are introduced
during the preparation of the mixture for coating on
the step of wet homogenization. The coating is
pressed and dried according to the traditional
manufacture recipe Fig. 1 [7].
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Rezime

U radu su predstavljeni rezultati ispitivanja, €iji je cilj
bio da se poboljsaju mehaniCke karakteristike
(tvrdoéa i otpornost na habanje) slojeva dobijenih
navarivanjem pomoc¢u TiN i SiC nanocestica u
oblozenim elektrodama (SMAW-REL postupak).
Dva parametra su kontrolisana variranjem uvedenih
nanocestica. Obavljeno je metalografsko
istrazivanje odabranih uzoraka i utvrdene su
promene mikrostrukture

Uvod

Razvoj tehnike i tehnologija ocrtava nove horizonte
za poboljSanje tehnologije zavarivanja i koris¢enih
materijala. Postoji tendencija povecanja
performansi metala koji se nanosi oriSéenjem
inovativnih oblozenih elektroda za postupak 111 sa
uvedenim nanocesticama [1 - 4]. Studije o uticaju
nanocCestica razliCitih  vatrostalnih  jedinjenja
uvedenih u obloge elektroda pokazuju dobre
tendencije u pogledu povecanja tvrdoce i otpornosti
na habanje [5, 6].

Eksperimenti

Razvijen je niz elektroda za SMAW zasnovanih na
elektrodama klase E300, koje sadrze nanocestice
TiN i SiC dimenzija oko 50 nm u koncentracijama
0,1, 0,2 i 0,8 masenih procenata. Za bolju
apsorpciju nanocestica, ,aktiviranje u planetarnom
mlinu Zeleznim prahom vrsi se unapred. Cestice se
unose tokom pripreme smeSe za oblaganje na
koraku vlazne homogenizacije. Obloga se presuje
susi u skladu s tradicionalnom proizvodnom
recepturom SlI. 1 [7].
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Figure 1. Manufacture line for pressing of the coating
Slika 1. Proizvodna linija za presovanje oblog

Test plates made of steel grade 235JR are
prepared and three layers are overlay welded on
each plate using electrodes with different coatings.
The uneven surface layers are grinded. Test
samples for the intended tests are cut out using
water jet machine (Fig 2).

Pripremljene su ispitne ploCe od Celika klase 235JR
i tri sloja su navarena na svaku plo€u pomocu
elektrodama  sa razliCitim oblogama. Neravni
povrSinski slojevi se bruse. Ispitni uzorci za
predvidena ispitivanja se izrezuju vodenim mlazom
(Sl. 2).

Figure 2 Sample cutting scheme
Slika 2. Sema sedenja uzoraka

Measurements of hardness HV15/15 and wear
resistance of the overlay layer are carried out
according to the methodology developed [5].
Results

Based on the experiments carried out it is found
that the burning of the electrodes is very good and
differs minimally from the reference electrodes
E300. Only single cracks and imperfections are
observed in the overlay metal at the highest
concentrations of nano particles. The gradient of
hardness of the overlay layers is represented as a
ratio between the hardness of samples modified
with nano particles and hardness of the base
sample overlay welded using reference electrodes
(Fig.3 n Fig.4).

Merenja tvrdoc¢e HV 15/15 i otpornosti na habanje

navarenog sloja izvode se prema razvijenoj
metodologiji [5].
Rezultati

Na osnovu obavljenih eksperimenata utvrdeno je
da je sagorevanje elektroda vrlo dobro i da se
minimalno razlikuje od referentnih elektroda E300.
U metalu navara uoCene su samo pojedinacne
prsline [ nesavrsenosti pri najvecim
koncentracijama nanocestica. Gradijent tvrdoce
navarenih slojeva predstavljen je odnosom izmedu
tvrdoCe uzoraka modifikovanih nanocCesticama i
tvrdoée navara osnhovnog uzorka navarenog
referentnim elektrodama (SI.3 i SI.4).
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Average hardness HV 15/15 relative to the base sample
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Figure 3. Hardness gradient HV15/15 in dependence of TiN concentration
Slika 3. Gradijent tvrdo¢e HV15 / 15 u zavisnosti od koncentracije TiN
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Figure 4. Hardness gradient HV15/15 in dependence of SiC concentration
Slika 4. Gradijent tvrdo¢e HV15 / 15 u zavisnosti od koncentracije SiC

The wear resistance gradient is also represented in  Gradijent otpornosti na

comparison with the base sample (Fig. 5 and Fig.

6).
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Average wear resistance relative to the base sample
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habanje

Figure 5. Wear resistance gradient HV15/15 depending on TiN concentration
Slika 5. Gradijent otpornosti na habanje HV15/ 15 u zavisnosti od koncentracije TiN
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predstavljen u poredenju sa osnovnim uzorkom (SI.
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Average wear resistance relative to the base sample
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Figure 6. Wear resistance gradient HV15/15 depending on SiC concentration
Slika 6. Gradijent otpornosti na habanje HV15/ 15 u zavisnosti od koncentracije SiC

Metallography

The metallographic analysis is carried out on
samples showing the best results for hardness and
wear resistance. The surface of the samples is
analyzed in state after overlay welding. For the
purpose the surfaces of all samples are leveled
through grinding to the same depth. The structure
is developed according to the standard
methodology. The metallographic analysis is
carried out using microscope JENAVERT made by
Carl Zeiss company. The results are shown in
Table 1.

Metalografija

Metalografska analiza se obavlja na uzorcima koji
pokazuju najbolje rezultate za tvrdo¢u i otpornost
na habanje. PovrSina uzoraka se analizira u stanju
posle navarivanja. U tu svrhu se povrSine svih
uzoraka izravnavaju bruSenjem do iste dubine.
Struktura je razviena prema standardnoj
metodologiji. Metalografska analiza se radi pomocu
mikroskopa JENAVERT kompanije Carl Zeiss.
Rezultati su prikazani u Tabeli 1.

Base sample. The microstructure consists of rounded bainitic-martensitic areas confined by structurally free ferrite.
Osnovni uzorak. Mikrostruktura se sastoji od zaobljenih beinitno-martenzitnih podruc¢ja omedenih strukturalno
slobodnim feritom

Sample 4. The microstructure is refined and homogenized and consists of fine bainite and structurally free ferrite.
Uzorak 4. Mikrostruktura je rafinisana i homogenizovana a sastoji se od finog beinita i strukturno slobodnog ferita
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Sample 6. Grain refinement; the structure is bainitic-martensitic confined by structurally free ferrite.
Uzorak 6. Rafinacija zrna; struktura je beinitno-martenzitna ograni¢ena strukturno slobodnim feritom.

Table 1. Results from metallographic analysis
Tabela 1. Rezultati metalografske analize

The microstructure is bainitic with different contents
of martensite and ferrite. The presence of larger
amount of pores is observed in the samples overlay
welded with nano modified electrodes compared to
the reference electrode. The pores affect the rate of
cooling and crystallization of the overlay welded
metal, which is probably the reason for formation of
non-homogenized and non-uniform structure. This
metallographic analysis cannot reveal obvious
dependence between grain size and concentration
of modifier. It is necessary to carry out an additional
EBSD analysis (Electron BackScattered Diffraction)
allowing making quantitative analysis in terms of
grain size depending on their number in the area of
a particular crystallographic plane. Such analysis is
carried out [8] on samples of non-modified metal
obtained with TIG welding. Determined is the
distribution of the amount of grains depending on
the diameter (per unit area) both for modified and
non-modified structures (Fig. 6).
0.09 -
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0.06 -
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0.02
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Mikrostruktura je beinitha sa razli€itim sadrzajem
martenzita i ferita. Prisustvo vece koli¢ine pora
primeceno je na uzorcima koji su zavareni nano
modifikovanim elektrodama u poredenju sa
referentnom elektrodom. Pore uti€u na brzinu
hladenja i kristalizacije navarenog metala, sto je
verovatno razlog za formiranje nehomogenizovane
i neujednaCene strukture. Ova metalografska
analiza ne moze otkriti ogiglednu zavisnost izmedu
veli€ine zrna i koncentracije modifikatora. Potrebno
je izvrsiti dodatnu EBSD analizu (Electron Back
Scattered Difraction-Difrakcija rasutim povratnim
elektronima) koja omogucéava kvantitativhu analizu
u smislu veli€ine zrna u zavisnosti od njihovog broja
u podrudju odredene kristalografske ravni. Takva
analiza se radi [8] na uzorcima nemodifikovanog
metala dobijenim TIG navarivanjem. Odredena je
raspodela koli€ine zrna u zavisnosti od pre¢nika (po
jedinici povrSine) kako za modifikovane tako i za
ne-modifikovane strukture (SI. 6).

-#-Unmodified, Dav, 31um
——Modified, Dav, 15um

]
A
&
]

100

Grain diameter, um
Figure 7. Distribution of the average grain diameter (per unit area) in crystallographic planes for both modified and
non-modified structures [8].
Slika 7. Distribucija prose¢nog precnika zrna (po jedinici povrSine) u kristalografskim ravninama za modifikovane i ne-
modifikovane strukture [8].
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Conclusion

The introduction of nano size particles in the
coating of electrodes for overlay welding grade
E300 results in increase of hardness and wear
resistance of the overlay layers manifested most
distinctly in Sample 3 n Sample 6.

The metallographic analysis didn’t find a distinct
dependence between grain size and concentration
of the modifier. It is necessary to carry out
additional EBSD analisis.

In the future research, work should be done to
reduce the formation of pores in the metal.
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Abstract

The paper presents the effects of some alloying
elements (Al, Fe and Mn) on the microstructure and
microhardness of titanium alloys that can be used
for medical applications. The experimental alloys
were produced by melting in an argon inert
atmosphere of the RAV furnace, using high purity
chemical elements and the commercial alloy
TiBAI4YV. Were developed, under the same
conditions, other binary alloys (Ti9Al, Ti5Fe, Ti3Mn,
Ti6Mn) for highlighting the effects of the singular
elements Al, Fe and Mn on the characteristics of
titanium alloys. Microstructural analysis revealed
the changes of microstructure produced by the
introducing of alpha stabilizing elements (Al) or
beta stabilizers (Fe, Mn). Were then analysed the
effects of each type of chemical on the metal matrix
microhardness and the density of the experimental
alloys

1. Introduction

Some titanium alloys are getting much attention for
biomaterials because they have excellent specific
strength and corrosion resistance, no allergic
problems and the best biocompatibility among
metallic biomaterials [1]. Titanium‘s lightness and
good mechano-chemical properties are salient
features for implant applications [2]. Pure titanium
and Ti-6Al-4V are still the most widely used ones
for biomedical applications among the titanium
biomaterials. For instance, the biocompatibility of
Ti6AI4V alloy has since been called into question
due to reports that the gradual release of
aluminium, and particularly vanadium ions, from the
surface of alloy can cause local adverse tissue
reaction and immunological responses [1, 3 and 4].
Therefore, the developments of titanium alloys
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Rezime

U radu su predstavljeni uticaji nekih legirajucih
elemenata (Al, Fe i Mn) na mikrostrukturu i
mikrotvrdocu titanovih legura koje se mogu koristiti
u medicinske svrhe. Eksperimentalne legure su
proizvedene toplienjem u peéi sa inerthom
atmosferom argona RAV, koris¢enjem hemijskih
elemenata visoke Cistoée i komercijalne legure
TiBAI4V. Razvijene su, pod istim uslovima, druge
binarne legure (Ti9Al, Ti5Fe, Ti3Mn, Ti6Mn) za
isticanje uticaja pojedinih elemenata Al, Fe i Mn na
karakteristike legura titana. Mikrostrukturna analiza
je otkrila promene mikrostrukture nastale
uvodenjem alfa stabilizirajucih elemenata (Al) ili
beta stabilizatora (Fe, Mn). Zatim su analizirani
efekti svake vrste hemikalija na mikrotvrdoéu
metalne matrice i gustinu eksperimentalnih legura.

1. Uvod

Neke legure titana dobijaju veliku pazZnju kao
biomaterijali jer imaju odli¢nu specifiénu Evrstocu i
otpornost na koroziju, ne izazivaju alergijske
probleme i najbolju biokompatibilnost medu
metalnim biomaterijalima [1]. Titanova lakoca i
dobra mehano-hemijska svojstva su istaknute
karakteristike za upotrebu kao implantata [2]. Cisti
titan i legura Ti-6Al-4V i dalje su naj¢esée korisceni
za biomedicinsku primenu medu titanovim
biomaterijalima. Na primer, biokompatibilnost
legure Ti6AI4V do tada je dovedena u pitanje zbog
izvestaja da postepeno oslobadanje aluminijuma, a
posebno jona vanadijuma, sa povrSine moze
izazvati lokalnu negativhu reakciju tkiva i
imunoloske reakcije [1, 3 i 4]. Stoga su izraziti
zahtevi za razvoj legura titana za biomedicinsku
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targeted for biomedical application are highly
required. Recently, mechanical biocompatibility of
biomaterials is regarded as important factor, and
therefore the research and development of B types
titanium alloys, which are advantageous from that
point, are increasing [1]. The  type titanium alloys
show excellent cold workability and high strength.
The strength of B type titanium alloys can be
increased with keeping Young’s modulus low by
cold working after solution treatment even the
elongation and reduction area are a little lowered at
low cold work ratio by around 20% [1]. A low
Young’s modulus equivalent to that of cortical bone
is simultaneously required in order to inhibit bone
absorption into the implant [5, 6 and 7].

The elements which are judged to be non-toxic and
non-allergenic through the reported data of cell
viability for pure metals, polarization resistance and
tissue compatibility, that can be used as alloying
elements are: Nb, Ta, Zr, Sn, Mo, Fe, Hf.
Stabilisation of titanium alloys using different
alloying elements, for the a-phase (e.g. Al, O) and
for p-phase (V, Fe, Mn, Nb, Ta), is a current
practice. At a content of more 5wt%aluminium the
precipitation of Ti;Al in the a,-phase begins, as can
be seen from the quasi-binary section in the ternary
phase diagram of Ti6AI4V. The ay-phase provides
an extremely high hardening effect so that the
aluminium content in titanium alloys must be limited
to a maximum value of 8% [8]. Also, grain size of
as cast titanium alloy decreases significantly with
boron addition [9]. The B phase field extends to
higher aluminium contents and the width of the o+
two phase region is very narrow, less than 1at% Al.
During recent efforts to develop TiAl-base alloys for
structural applications only little information has
gained on the effect of Fe additions on the
mechanical properties [10]. The solid solubility for
Fe in all Al-Ti phases is very limited. The maximum
content of Fe in aTi is about 1at% at an Al content
of 44 at% [11]. Aluminium addition increases the B
transus, raising either a eutectoid (B—a+TisSiz) or
peritectoid (B+TisSi;—a) reaction temperature in
the ternary system [12]. Manganese reduces the
a2-Ti3Al level, but otherwise its behaviour is similar
to a standard Ti-8Al type alloy [13]. The addition of
Mn in Ti has depressed the transformation
temperature from o to B phase. The influence of
manganese on transition temperature is significant
and it is confirmed that the Mn is a B stabilizing
addition element for Ti metals. The hardness
increased significantly ranging from 83.3GPa
(Ti2Mn) to 122GPa (Ti12Mn) and the ductility
decreased ranging from 21.3% to 11.7% with
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primenu. U poslednje vreme, mehanicka
biokompatibilnost biomaterijala smatra se vaznim
faktorom i zato se istrazivanje i razvoj legura titana
tipa B koje imaju prednost sa te tacke gledista,
povecava [1]. Titanove legure tipa B pokazuju
odlicnu obradivost na hladno i visoku ¢&vrstocu.
Cvrstoéa legura titana tipa p moze se povedati
odrzavanjem Jungovog modula niskim, hladnom
obradom posle rastvarajueg tretmana, cak i
izduzZenje i suZenje postaju malo smanjeni pri
obradi na hladno za oko 20% [1]. Istovremeno je
potreban nizak Jungov modul ekvivalentan
kortikalnoj kosti da bi se inhibirala apsorpcija kostiju
u implantat [5, 6 i 7].

Elementi za koje se zna da su netoksi¢ni i
nealergenski, zbog objavljenih podataka o Celijskoj
odrzivosti Cistih metala, polarizacijskoj otpornosti i
kompatibilnosti tkiva, te se mogu koristiti kao
legiraju¢i elementi su: Nb, Ta, Zr, Sn, Mo, Fe, Hf.
Stabilizacija titanovih legura koriS¢enjem razlicitin
legirajucih elemenata, za a-fazu (npr. Al, O) i -p
fazu (V, Fe, Mn, Nb, Ta), je trenutna praksa. Sa
sadrZzajem viSe od 5 mas.% aluminijuma, pocinje
talozenje TisAl u ap-fazi, kao §to se moze videti iz
kvazi-binarnog preseka u trojnom faznom
dijagramu Ti6Al4V. o,-faza daje izuzetno visok
efekat otvrdnjavanja tako da sadrzaj aluminijuma u
titanovim legurama mora biti ograniCen na
maksimalnu vrednost od 8% [8]. Takode, veli¢ina
zrna livene legure titana znaCajno se smanjuje
dodatkom bora [9]. Fazno polje B se proSiruje pri
vecem sadrzaju aluminijuma i Sirina a+p dvofazne
oblasti je vrlo uska, manja od 1at% Al. Tokom
nedavnih napora za razvojem legura na bazi TiAl
za konstrukcionuu primenu, ste¢eno je malo
informacija o uticaju dodataka Fe na mehanicka
svojstva [10]. Rastvorljivost u ¢vrstom stanju za Fe
u svim Al-Ti fazama je vrlo ograniCena. Maksimalni
sadrzaj Fe u aTi je oko 1at%, a sadrzaj Al 44 od
44%% [11]. Dodavanje aluminijuma povecéava 3 ,
podizuc¢i temperature ili eutektoidne ((B—a+TisSis)
ili peritektoidne (B+TisSi;—a) reakcije u trojnom
sistemu [12].

Mangan smanjuje nivo o2-Ti3Al, ali inaCe je
njegovo ponasanje slicno standardnoj leguri tipa Ti-
8Al [13]. Dodavanje Mn wu Ti je smanijilo
temperaturu transformacije iz o u p fazu. Uticaj
mangana na temperaturu prelaska je znaéajan i
potvrdeno je da je Mn B- stabilizuju¢i dodatni
element za Ti metale. Tvrdo¢a se znacajno
povecala u rasponu od 83,3GPa (Ti2Mn) do
122GPa (Ti12Mn), a duktilnost se smanijila u
rasponu od 21,3% do 11,7% sa poveéanjem
sadrzaja mangana u Ti [14]. Intoksikacije metalnim
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increasing manganese content in Ti [14].
Intoxications  with  metallic  aluminium  are
recognised in occupational medicine and in patients
submitted to renal dialysis. Since the disease has
been linked to a generic defect, aluminium is
considered to play a minor role in the onset of
Alzheimer’s disease [15 and 16]. Iron is biologically
omnipresent essential element. Iron is toxic only
after extremely high levels of exposure. Iron
released by oxidation process does not accumulate
in tissues and is immediately metabolised [16]. By
restricting grain growth, iron help in formation of
fine grained microstructures in titanium alloy.
Manganese has no toxic effect except after
extreme occupational exposure. It is an essential
element and plays a primary role in the activation of
multiple enzyme systems [16, 17 and 18]
Manganese is also beneficial to the normal skeletal
growth and development. In recent decades
research has discovered the special role of
manganese plays as a co-factor in the formation of
bone cartilage and bone collagen, as well as in
bone mineralization [14 and 19]. Beta Ti alloys are
most versatile class of Ti alloys offering a wide
range of processing and physical-chemical and
mechanical properties combinations compared with
any other class of Ti alloys [20]. Also, Beta -Ti
alloys can be strengthened by heat treatment. The
hardness and the elastic modulus increased
significantly by increasing the manganese content
in the Ti metallic matrix from 2wt.%Mn to 12 wt.%
Mn, but the ductility decreased from 21.3wt.%
(Ti2Mn) to 11.7wt.% (Ti12Mn). Concentrations of Mn
below 8 wt. % in titanium reveal negligible effects
on the metabolic activity and the cell proliferation of
human osteoblasts [21, 22]. In conclusion, iron and
manganese additions are likely to enhance the
nucleation rate by providing additional driving force
and/or slowing the growth rate by influencing the
liquid/solid interfacial characteristics [23]. In the
present study there are considering the effects of
the elements Al, Fe and Mn on the microstructure
and microhardness of titanium alloys for medical
applications. Aluminium stabilizes the alpha phase
in titanium alloy, having the lamellar appearance,
for the content of below 8 wt. % Al. Iron increases
the relative density of the alloy and forms three
types of compounds. The chemical elements that
substantially increases the microhardness of
titanium alloy was Fe and Al, if these are introduced
simultaneously (634 HV0.1 for Ti8AI5Fe) or
singular (502 HV0.1 for Ti5Fe). Effect of Mn on the
increasing of hardness is less important, yielding a
slight increase of microhardness from 418HV0.1 for
Ti3Mn to 427HV0.1 for Ti5.7Mn.
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aluminijumom prepoznate su u medicini rada i kod
pacijenata koji su podvrgnuti bubreznoj dijalizi.
Posto je bolest povezana sa generiCkim
oSteCenjem, smatra se da aluminijum igra manju
ulogu u nastanku Alzheimerove bolesti [15 i 16].
Gvozde je bioloski sveprisutni esencijalni element.
Gvozde je toksicno samo nakon izuzetno visokog
nivoa izlozenosti. Gvozde oslobodeno procesom
oksidacije ne akumulira se u tkivima i odmah se
metabolizuje [16]. Ograniavanjem rasta zrna,
gvozde pomaze u stvaranju  sithozrnate
mikrostrukture u leguri titana.

Mangan nema toksicno dejstvo osim nakon
ekstremnog profesionalnog izlaganja. To je
sustinski element i igra primarnu ulogu u aktiviranju
vise enzimskih sistema [16, 17 i 18]. Mangan je
takode koristan za normalan rast i razvoj skeleta. U
poslednjim decenijama istrazivanje je otkrilo
posebnu ulogu mangana koji je ko-faktor u
stvaranju kosStane hrskavice i koStanog kolagena,
kao i u mineralizaciji kostiju [14 i 19]. Beta Ti legure
su najsvestranija klasa Ti legura koje nude Sirok
spektar kombinacija prerade i fizicko-hemijskih i
mehanickih svojstava u poredenju sa bilo kojom
drugom klasom Ti legura [20]. Takode, Beta-Ti
legura mogu se ojaCati termi¢kom obradom.
Tvrdo¢a i modul elasti¢nosti znacajno su porasli
poveéavanjem sadrzaja mangana u Ti metalnoj
matrici sa 2 tez.% Mn na 12 tez.% Mn, ali duktilnost
se smanjila sa 21.3 tez.% (Ti2Mn) na 11.7 tez.%.
Koncentracije Mn ispod 8 tez. % u titanu otkriva
zanemarljive efekte na metabolicku aktivnost i
Celijsku proliferaciju ljudskih osteoblasta [21, 22].
Zakljuéno, dodaci gvozda i mangana verovatno ce
poveéati brzinu nukleacije pruzaju¢i dodatnu
pokretacku silu i / ili usporavajuc¢i brzinu rasta
uticajem na teC¢ne / Cvrste interfacijalne
karakteristike [23]. U ovom istraZivanju razmatraju
se uticaji elemenata Al, Fe i Mn na mikrostrukturu i
mikrotvrdo¢u titanovih legura za medicinske
primene. Aluminijum stabilizuje alfa fazu u leguri
titana, koji ima lamelarni izgled, za sadrzaj ispod 8
tez. % Al. Gvozde povecCava relativhu gustinu
legure i formira tri vrste jedinjenja. Hemijski
elementi koji znacajno povecavaju mikrotvrdocu
legure titana bili su Fe i Al, ako se uvode
istovremeno (634 HV0.1 za Ti8AISFe) li
pojedinacno (502 HV0.1 za Ti5Fe). Uticaj Mn na
povecéanje tvrdoée je manje vazan, §to dovodi do
blagog porasta mikrotvrdo¢ée sa 418HV0.1 za
Ti3Mn na 427HV0.1 za Ti5.7Mn.
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2. Experimental details

2.1 Obtaining of new titanium alloys

The experimental alloys were produced by melting
in an argon inert atmosphere of the RAV
installation, using high purity metallic materials and
the commercial alloy Ti8Al4V. Under the same
conditions, other binary alloys (Ti9Al, Ti5Fe, Ti3Mn
and Ti6Mn) has been obtained for highlighting the
effects of the singular elements Al, Fe and Mn on
the characteristics of titanium alloys. The alloys
composition was conducted from a trade mark
alloys (Ti8AI4V), and subsequently 6 experimental
titanium alloys were obtained, by changing the
content of chemical elements like Fe, Mn and Al.
These alloys were developed as a basis of
comparison for the study of the singular effects of
alloying elements Al, Fe and Mn. Chemical
composition of the alloys obtained in this study,
determined by spectrophotometry, is presented in
Table 1.
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2. Detalji eksperimenta

2.1 Dobijanje novih legura titana
Eksperimentalne legure su proizvedene topljenjem
u inertnoj atmosferi argona RAV instalacije,
koris¢enjem metalnih materijala visoke CistocCe i
komercijalne legure Ti8AI4V. Pod istim uslovima,
druge binarne legure (Ti9Al, Ti5Fe, Ti3Mn i Ti6Mn)
su dobijene za isticanje uticaja pojedinih elemenata
Al, Fe i Mn na karakteristike titanovih legura.
Sastav legura je izveden iz legura trgovacke marke
(TiBAI4V), a zatim je dobijeno 6 eksperimentalnih
legura titanijuma, promenom sadrZaja hemijskih
elemenata poput Fe, Mn i Al. Ove legure su
razviene kao osnova za uporedivanje za
prou¢avanje pojedinaénih efekata legirajucih
elemenata Al, Fe i Mn. Hemijski sastav legura
dobijenih  u  ovom istrazivanju, odreden
spektrofotometrijom, prikazan je u Tabeli 1.

Sample Chemical elements (wt.%)
Uzorak Hemijski elementi (tez.%)

Mn Fe Al Vv Sn Ti
TiBAI4V trade | 0.03 0.03 8.26 2.44 0.82
mark
Ti8AI 0.16 0.11 8.4 0.04 0.8
TiBAI2.8Fe 0.16 2.85 8.35 0.04 0.82
Ti9AI5Fe 0.07 | 541 9.35 | 0.04 0.78 | Ba
Ti5Fe 007 | 49 | 006 | 004 | 078 | "
Ti5.7Mn 5.77 0.11 0.06 0.04 0.94
Ti3Mn 3.07 0.10 0.06 0.04 0.72

Table 1. Chemical composition of new titanium alloys
Tabela 1. Hemijski sastav novih legura titana

2.2 Welding of new titanium alloys

The mechanical properties of the welded titanium
alloys depend on the structural characteristics of
each welding zone, which in turn depends on the
thermal cycles during welding and heat treatments.
The fusion zone for titanium alloys is characterized
by the presence of B-phase, which forms columnar
grains during solidification at welding. The size and
morphology of these grains depending on the heat
flow loss during welding solidification. Although the
welding procedures and equipment used for
austenitic stainless steel and aluminium alloys can
be applied in order to join commercially pure
titanium and most of titanium alloys, their increased
reactivity with atmospheric elements at high
temperatures necessitates additional precautions to
shield the molten weld pool. The titanium interacts
actively with atmospheric gases, such as oxygen,

2.2 Zavarivanje legura titana

MehaniCka svojstva zavarenih legura titana zavise
od  strukturnin  karakteristika svake zone
zavarivanja, S$to zavisi od toplotnih ciklusa tokom
zavarivanja i termiCke obrade. Zonu stapanja za
legure titana karakteride prisustvo B -faze koja
formira stubi¢asta zrna tokom ocvrséavanja pri
zavarivanju. Veli¢ina i morfologija ovih zrna zavisi
od gubitka toplotnog protoka tokom oé&vr§éavanja.
lako se postupci zavarivanja i oprema koja se
koristi za austenitni nerdajuc¢i CcCelik i legure
aluminijuma mogu primeniti kod  komercijalno
Cistog titana i vecine titanovih legura, njihova
povec¢ana reaktivnost sa atmosferskim elementima
na visokim temperaturama zahteva dodatne mere
predostroznosti kako bi se za$titila zavarivacka
kupka. Titan aktivno stupa u interakciju sa
atmosferskim gasovima, kao $§to su kiseonik,
vodonik, azot tokom zagrevanja iznad 350 °C, $to
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hydrogen, nitrogen during the heating more than
350 °C, conducting to decrease of the weld
mechanical properties. Titanium alloys are sensitive
to thermal cycle due to a heavy increase of grains
during heating and cooling in the area of B phase.
Therefore, during welding a minimum heat input
value must be chosen. The main welding
processes that can be used for joining titanium
alloys are: TIG and MIG welding, friction welding,
electron beam welding and laser welding [25 and
26].

The paper presents the effects of some alloying
elements (Al, Fe and Mn) on the microstructure and
microhardness of titanium alloys that was welded
using GTAW process. The Ti-based experimental
alloys were welded by TIG welding by
simultaneously melting the ends of the overlapping
samples without filler material, given the relatively
small dimensions of the parts. The Ti6Al4V alloy
1.6 mm-thick samples were welded using the TIG
process and Ti6Al4V filler material 1.6mm-thick,
using a welding device that provided the inert
shielding gas to the welded root. The values of
welding parameters were: welding current, Is =
20A; arc voltage, Ua = 10V; Welding Gas flow
12l/min; Root Gas flow = 5 I/min. After welding, the
samples were cut and the cross sections were

prepared for microstructural analyses (fig. 1).
LA 1

a)

4

SCIENCE*RESEARCH*DEVELOPMENT

dovodi do smanjenja mehanickih svojstava spoja.
Legure titana su osetljive na toplotni ciklus zbog
velikog poveéanja zrna tokom zagrevanja i hladenja
u oblasti B faze. Zbog toga se tokom zavarivanja
mora odabrati minimalna vrednost unosa toplote.
Glavni postupci zavarivanja koji se mogu koristiti za
spajanje legura od titana su: TIG i MIG zavarivanje,
zavarivanje trenjem , zavarivanje elektronskim
snopom i laserom [25 i 26].

U radu su prikazani uticaji nekih legirajuéih
elemenata (Al, Fe i Mn) na mikrostrukturu i
mikrotvrdo¢u titanovih legura koji su zavareni

postupkom TIG. Eksperimentalne legure na bazi Ti
su zavarene TIG zavarivanjem istovremeno
topljenjem krajeva uzoraka koji se preklapaju bez
dodatnog materijala s obzirom na relativno male
dimenzije delova. Uzorci od legure Ti6AI4V su 1,6
mm debljine, zavareni TIG postupkom i Ti6AI4V
dodatni materijal debljine 1,6 mm, koristeéi uredaj
koji je obezbedio zastitu inertnim gasom zavarenog
korena. Vrednosti parametara zavarivanja bile su:
struja zavarivanja, Is = 20A; napon, Ua = 10V;
protok zavarivackog gasa = 12| / min; protok gasa
za zastitu korena = 5 | / min. Nakon zavarivanja,
uzorci su iseceni i popre€ni preseci pripremljeni su
za mikrostrukturne analize (slika 1).

7 "
b)

Figure 1. Cross sections through welded samples: a) Ti5Fe alloy; b) Ti3Mn alloy
Slika 1. Poprecni preseci zavarenih uzoraka a)TibFe legura; b) Ti3Mn a)Ti5Fe alloy; b) Ti3Mn alloy

3. Results

3.1 Microstructure

For metallographic analysis the samples were
precision cutting and then were subsequently
embedded in resin and polished using
metallographic paper with different grain sizes (600
to 2500 grit paper) and abrasive paste (grain size
between 0.6 to 0.1 ym). Metallographic etching
reagent was used with the following composition:
10% HF + 30% HNOS3 + 50ml deionized water. The
samples were examined by optical microscopy
(Olympus GX51 optical microscope).

In the case of the commercial Ti8AI4V alloy
processed by rolling we can observe very fine grain
and orientated in strings (figure 2). After remelting,
the microstructure is dendritic, with clear
differentiation of the aluminium-rich phase, a phase

3. Rezultati

3.1 Mikrostruktura

Za metalografske analize, uzorci su precizno
seCeni, a zatim su ugradeni u smolu i polirani
etalografskim papirom razli€itih veli€ina zrna (papir
od 600 do 2500 grit) i brusne paste (veliina zrna
izmedu 0,6 do 0,1 um). Upotrebljen je metalografski
reagens za nagrizanje sledeceg sastava: 10% HF +
30% HNO3 + 50 ml dejonizovane vode. Uzorci su
ispitani optickom mikroskopom (Olimpus GKS51
opticki mikroskop). U slu¢aju komercijalne legure
TiBAI4V dobijene valjanjem mozZemo primetiti vrlo
fino zrno i orijentisano u nizovima (slika 2). Posle
pretapanja, mikrostruktura je dendritha, sa jasnom
diferencijacijom faze bogate aluminijumom, o faze i
Ti3Al faze. Sistem Ti-Al ukljuCuje sledeca
jedinjenja: TiAl (kongruentan, tacka topljenja 1733
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and Ti3Al phase. The system Ti-Al includes the
following compounds: TiAl (congruent, melting point
1733 K), TiAl; (congruent, melting point 1613 K),
TizAl,  TiAl, and TiAls  (incongruent). The
compounds TiAl and TiAl; are the most stable [17,
18].

4
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K), TiAI3 (kongruentan, tacka toplienja 1613 K),
Ti3Al, TiAI2 i Ti2AI5 (inkoguentno). Jedinjenja TiAl i
TiAI3 su najstabilnija [17, 18].

Slika 2. Mikrostruktura komercijalne Ti8AI4V legure

The addition of 6 wt% aluminium to the CP titanium
did not change the as-cast microstructure, and this
is in correlation to the fact that aluminium has a
very high solid solubility in titanium [24].

For 9 wt% Al addition or more, in conformity with
the Ti-Al phase diagram, some intermetallic second
phase can form (TisAl) (figure 3). TiAl based
materials are pursued mainly because of their high
thrust-to-weight ratio of high —performance aircraft
engines.

The microstructure of these alloys can be controlled
by heat treatment. The optimum desirable
properties in this class of alloys could be achieved
only with (a+y) microstructure, which corresponds
to the composition Ti48Al [2].

Dodavanje 6 tez.% aluminijuma u CP titan nije
promenilo mikrostrukturu livenog materijala, a to je
u korelaciji sa €injenicom da aluminijum ima veoma
visoku rastvorljivost u &vrstom stanju titana [24].

Za dodavanje 9 tez% Al ili viSe, u skladu sa faznim
dijagramom Ti-Al, moze se formirati neka
intermetalna druga faza (Ti3Al) (slika 3). TiAl
materijali traZzeni su uglavnom zbog visokog odnosa
snage i tezine kod motora aviona visokih
performansi.

Mikrostruktura ovih legura moze se kontrolisati
termickom obradom. Optimalna poZeljna svojstva u
ovoj klasi legura mogu se posti¢i samo (op+y)
mikrostrukturom, S§to odgovara sastavu Ti48Al [2].

Figure 3. Microstructure of experimental Ti8AI alloy
Slika 3. Mikrostruktura eksperimentalne legure Ti8Al

The addition of 2.8% Fe in the alloy Ti8AI promotes
the change of B phase proportion, although alpha
phase is still predominant (figure 4). The specific
aspect of metallic matrix is lamellar, with dispersed
particles of intermetallic compounds (Ti3Al), both in
base material and weld (figure 5).

Dodavanje 2,8% Fe u leguri Ti8Al pospeSuje
promenu udela B faze, iako alfa faza i dalje
preovladuje (slika 4). Specificni aspekt metalne
matrice je lamelarni, sa rasprSenim Cesticama
intermetalnih jedinjenja (Ti3Al), kako u osnovnhom
materijalu, tako i u Savu (slika 5).
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Slika 4. Mikrostruktura eksperimentalne legure Ti8AI2
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Figure 5. Microstructure of weld for T8AI2 alloy
Slika 5. Mikrostruktura $ava kod legure Ti8AI2

Analysing Ti-Fe system, we can conclude that this
alloy includes the following compounds: TiFe2
(congruent, melting point at 1700 K), TiFe
(incongruent, melting point at 1650 K), Ti2Fe
(incongruent, melting point at 1358 K). The most
stable compound is TiFe2 [17, 19]. Increasing of Fe
content up to 5 wt% in the alloy metal matrix Ti8AI
no reveal any substantial change of the
microstructure in terms of the types of existing
phases (figure 6).

It notes, however, a spheroidization tendency and
grain finishing compound TiFe2, with average
diameter value of 25 ym in the case of the alloy
with 2.5%wt Fe, to about 15 pm in the case of alloy
having 5%wt Fe.

Analizirajuci sistem Ti-Fe, moZemo zakljuciti da ova
legura ukljuCuje slede¢a jedinjenja: TiFe2
(kongruentna, tacka topljenja na 1700 K), TiFe
(inkongruentna, taCka toplienja 1650 K), Ti2Fe
(inkoguentna, tacka toplienja na 1358 K).
Najstabilnije jedinjenje je TiFe2 [17, 19]. Povecanje
sadrZaja Fe do 5 mas.% u matrici legiranog metala
Ti8Al ne otkriva zna¢ajne promene mikrostrukture u
smislu vrsta postojecih faza (slika 6).

Medutim, primeéuje se tendencija sferoidizacije i
zavrSavanja zrna jedinjenja  TiFe2, prosecCne
vrednosti pre¢nika od 25 pm u slu€aju legure sa 2,5
mas.% Fe, do oko 15 uym u sluéaju legure sa 5
mas.% Fe.

Figure 6. icrbstructure of experiméta Ti9/5Fe alloy
Slika 6. Mikrostruktura eksperimentalne legure Ti9AI5Fe
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The intermetallic compounds TiFe2 are relatively
uniform dispersed into metallic matrix of Ti5Fe alloy
(figure 7).

4
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Intermetalna jedinjenja TiFe2 su relativno jednoliko
dispergovana u metalnoj matrici legure Ti5Fe (slika
7).

Figure 7. Microstructure of Ti5Fe alloy
Slika 7. Mikrostruktura legure Ti5Fe

Increasing the Fe content in titanium above the
maximum solubility value has led to the separation
of some compounds on the grain boundaries of the
weld (figure 8).

Povecanje sadrzaja Fe u titanu iznad maksimalne
vrednosti rastvorljivosti, dovelo je do izdvajanja
nekih jedinjenja na granicama zrna u Savu (slika 8).

Figure 8. Microstrcture o Wed n heat affected zone for Ti5Fe alloy
Slika 8. Mikrostruktura Sava i zone uticaja toplote kod legure Ti5 Fe

By alloying titanium with Mn, phase stabilization is
achieved, with uniform equiaxed grains f (figure 9).
The Mn could be used in lower concentrations as
an alloying element for biomedical titanium.

The Ti2Mn, Ti5Mn, and Ti8Mn alloys with good
mechanical properties and acceptable
cytocompatibility have a potential for use as bone
substitutes and dental implants [23].

Legiranjem titana sa Mn postize se fazna
stabilizacija, sa ravhomerno izjedna¢enim 3 zrnima
(slika 9).

Mn se moze koristiti u nizim koncentracijama kao
legirajuci element za biomedicinski titan.

Legure Ti2Mn, Ti5Mn i Ti8Mn sa dobrim
mehani¢kim svojstvima i prihvatljivom cito-
kompatibilno§éu mogu se Koristiti kao zamena za
kosti i kao zubni implantat [23].

Figure 9. Microstructure of Ti3Mn alloy
Slika 9. Mikrostruktura legure Ti3Mn
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Further increasing of Mn content (5.7%wt Mn)
increases the proportion of intermetallic compounds
that will separate into the metallic matrix having fine
and lamellar aspect, even into base material (figure

Figure 10. Microstructure of experimental Ti5.7Mn
Slika 10. Mikrostruktura eksperimentalne legure Ti5,7
Fe

3.2 Microhardness

The general trend of the increase in hardness for
the TiFe and TiMn alloys can be explained by solid
solution strengthening mechanism. When the
titanium lattice is disorder by substitutional solid
solution additions, it becomes strained or there is
an increase in internal energy of the system due to
lattice straining caused by an increase in amount of
the doping element which results in localized
straining on substitutional sites [23 and 24]. The
average values of microhardness, measured using
a Shimadzu HMV 2T apparatus in 10 different
points of the alloys analysed in this paper, are
shown in Figure 12.

4
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Daljnjim povec¢anjem sadrzaja Mn (5,7 mas.% Mn)
povecava se udeo intermetalnih jedinjenja koja ¢e
se odvojiti u metalnu matricu koja ima fini i
lamelarni oblik, ¢ak i u osnovni materijal (slika 10) i
Sav (slika 11).

Figure 11.
Slika 11. Mikrostruktura Sava kod legure Ti5.7Mn

3.2 Mikrotvrdoc¢a

Opsti trend poveéanja tvrdoce za TiFe i TiMn
legure moze se objasniti mehanizmom ojaCavanja
rastvaranjem. Kada je reSetka titana poremecena
dodavanjem supstitucionih ¢&vrstih rastvora, ona
postaje deformisana ili dolazi do povecanja
unutrasnje energije sistema usled deformacije
reSetke izazvane povecanjem Kkoli¢ine “doping”
elementa $to dovodi do lokalizovane deformacije
na mestu zamene [23 i 24]. Proseéne vrednosti
mikrotvrdo¢e, merene uredajem Shimadzu HMV 2T
u 10 razli¢itih taCaka na analiziranim legurama u
ovom radu, prikazane su na slici 12.

Microhardness evolution of titanium alloys
700
634
600 -
- 502
2 500 4 481 E— =
= 41
389 S e
g 400 { 3s8 3B1 s
E 300
= 200 1
100 4
0
1 2 3 - 5 6 7 8
Different type of titanium alloys

Figure 12. The microhardness average values for different type of titanium alloys: 1 - Ti8AI4V trade mark alloy; 2 -
Ti8AI4V remelted; 3- Ti8AI; 4- Ti8AI2.8Fe; 5- Ti9AI5Fe; 6- Ti5Fe; 7- Ti5.7Mn; 8- Ti3Mn
Slika 12. Srednje vrednosti mikrotvrdoCe za razliCite legure titana: 1 - TiBAl4V komercijalna oznaka legure; 2 -
TiBAI4V pretopljena; 3- TiBAI; 4- Ti8AI2.8Fe; 5- Ti9AI5Fe; 6- Ti5Fe; 7- Ti5.7Mn; 8- Ti3Mn
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The highest value of hardness was recorded for the
Ti9AI5Fe alloy (634HVO0.1), benefiting from the
presence of aluminium and iron, which causes the
formation of hard secondary phases. Significant

hardness values were also measured for
Ti8AI2.8Fe (502HV0.1) and Ti5Fe (461HV0.1)
alloys.

4. Conclusion

Alloying elements introduced in titanium alloy have
different effects on the microstructure, the relative
density and the microhardness.

Aluminium stabilizes the alpha phase in titanium
alloy, having the lamellar appearance, for the
content of below 8 wt% Al. Above this value, the
precipitation of the compound Ti3Al appears in the
form of scattered islands of irregular shape.

Iron forms three types of compounds, the most
stable being TiFe2. The presence of iron increases
the relative density of the alloy.

The addition of Mn in titanium reduces the alpha to
beta transformation temperature and increase the
relative density. Also, the presence of Mn in the
titanium increases the proportion of intermetallic
compound separately in the metallic matrix with
finely lamellar appearance. The chemical elements
that substantially increases the microhardness of
titanium alloy are Fe and Al, if these are introduced
simultaneously (634 HV0.1 for Ti8AI5Fe) or
singular (502 HV0.1 for Ti5Fe). Effect of Mn on the
increasing of hardness is less important, yielding a
slight increase of microhardness from 418HVO0.1 for
Ti3Mn to 427HV0.1 for Ti5.7Mn. The welding
behaviour of the new titanium alloys using TIG
process is appropriate if the requirements for a
good protection with inert gas both on the surface
of the samples and at the root of the weld is
respected. A more pronounced tendency of welding
pore formation was recorded for Ti5Fe alloy.

By keeping low values of linear welding energy, the
tendency of grain size increasing in the weld and
the heat affected zone can be avoided.

Rapid cooling after welding of biocompatible
titanium alloys with Mn leads to the emergence of
acicular phases without the excessive increase in
hardness, which is a beneficial effect in maintaining
the mechanical characteristics close to those of the
human bone.
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Najveca vrednost tvrdo¢e zabelezena je za leguru
Ti9AI5Fe (634HVO0.1), koja ima koristi od prisustva
aluminijuma i gvozda, Sto izaziva stvaranje Cvrstih
sekundarnih faza. Znacajne vrednosti tvrdoc¢e su
takode merene kod legure Ti8AI2.8Fe (502HVO0.1) i
Ti5Fe (461HVO0.1).

4. Zaklju€ak

Legirani elementi uvedeni u leguru titana imaju
razliCite efekte na mikrostrukturu, relativhu gustinu i
mikrotvrdocu.

Aluminijum stabilizuje alfa fazu u legurama titana,
koji ima oblik lamele, za sadrzaj ispod 8 tez.% Al.
Iznad ove vrednosti talog jedinjenja Ti3Al se
pojavljuie u obliku rastrkanih ostrva nepravilnog
oblika.

Gvozde formira tri vrste jedinjenja, od kojih je
najstabilnija TiFe2. Prisustvo gvoZzda povecava
relativnu gustinu legure.

Dodavanje Mn u titanu smanjuje temperaturu
transformacije alfa u beta i poveéava relativhu
gustinu. Takode, prisustvo Mn u titanu povecava
udeo intermetalnog jedinjenja odvojenog u metalnoj
matrici sa fino lamelarnim izgledom.

Hemijski elementi koji znacajno povecavaju
mikrotvrdoCu legura titana su Fe i Al, ako se uvode
istovremeno (634 HV0.1 za Ti8AISFe) li
pojedinacno (502 HV0.1 za Ti5Fe). Uticaj Mn na
povecéanje tvrdoée je manje vazan, S§to dovodi do
neznatnog povecéanja mikrotvrdoce sa 418HV0.1 za
Ti3Mn na 427HV0.1 za Ti5.7Mn.

Pona$anje pri zavarivanju novih legura titana TIG
postupkom je pogodno ako se postuju zahtevi za
dobrom zaStitom inertnim gasom i na povrSini
uzoraka i na korenu zavara.

ZabeleZena je izraZenija tendencija stvaranja pora
pri zavarivanju legure Ti5Fe.

ZadrZzavanjem niskih vrednosti linearne energije
zavarivanja moze se izbeéi tendencija povecanja
veli€ine zrna u Savu i zoni uticaja toplote.

Brzo hladenje nakon zavarivanja biokompatibilnih
legura titana sa Mn dovodi do stvaranja acikularnih
faza bez prekomernog povecéanja tvrdoce, $§to

povolino utiCe na odrzavanje  mehanickih
karakteristika bliskih onima ljudske kosti.
Zahvalnice: Ovaj rad je podrZzan grantom

rumunskog Ministarstva za istraZivanje i inovacije,
CCCDI - UEFISCDI, broj projekta PN-III-P1-1.2-
PCCDI-2017-0239 / 60 PCCDI 2018, ,DOBIVANJE
| EKSPERTIZA NOVIH BIOCOMPATIVNIH
MATERIJALA ZA MEDICINSKE PRIMENE -
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Measure the Ferrite Number of Welds on Thin 300 Series Stainless
Steel Sheets
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Abstract

Delta-ferrite content in austenitic steel welds is a
crucial parameter to control, since a number of
properties depend on this. A FeritScope® is
commonly used commercially to measure the
Ferrite Number (FN) of the welds which takes
advantage of the fact that the retained delta-ferrite
phase at room temperature is magnetic whereas
austenite is not. However, the readings obtained
from the FeritScope® are influenced by a number
of constraints such as sheet thickness, weld clad
thickness, etc. Although some correction factors
have been introduced by the FeritScope®
manufacturer to account for these influential
conditions, some other geometrical features of the
welds were also found to influence the measured
FN; for example, despite being a major influential
parameter, there is no factor introduced to correct
the measurement inconsistencies associated with
smaller weld crown widths. In addition, the results
obtained on measuring the FN using a FeritScope®
contradicted the trends that were expected
considering the literature. This research introduces
a term called Ferrite Number Density (FND) to
represent the ferrite content, in which the measured
FN is further proportioned with the cross-sectional
area of the weld bead, thus eliminating its
dependency on the geometrical size of the weld. It
has been established from this research that for
welds completed on sheets thicker than 2.4 mm,
the FN can be directly used as an indicator of the
ferrite content in the weld; however, for thinner
sheets, the FND must be used to indicate the ferrite

Adresa autora / Author's address:

" Institute for Advanced Manufacturing and Engineering,
Convetry University, Coventry, UK

2 Nuclear Advanced Manufacturing Research Centre, University
of Sheffield, Sheffield, UK

3 sigma Maths and Stats Support Centre, Convetry University,
Coventry, UK

2 kshirsar@uni.coventry.ac.uk, ° stevejones@namrc.co.uk, °
ac5588@coventry.ac.uk, ¢ mtx041@coventry.ac.uk
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Rezime

Sadrzaj delta-ferita u zavarenim spojevima od
austenitnih  Celika je presudni parametar za
kontrolu, jer od toga =zavisi niz svojstava.
FeritScope® se obino komercijalno koristi za
merenje feritnog broja (FN) zavarenih delova koji
koristi €injenicu da je zaostala delta-feritna faza na
sobnoj temperaturi magnetna, dok austenit nije.
Medutim, oCitavanja dobijena FeritScope®-om uti¢e
niz ograni¢enja kao Sto su debljina lima, debljina
plakature i sl. lako je proizvodac FeritScope® uveo
neke faktore korekcije da bi objasnio ove uticajne
uslove, neke druge geometrijske karakteristike
zavarenih spojeva takode utiCu na izmereni FN;
na primer, uprkos tome Sto je glavni uticajni
parametar, nije uveden faktor Kkoji bi ispravio
neuskladenosti merenja povezanih sa manjim
Sirinama vrhova zavarenih spojeva. Pored toga,
rezultati dobijeni merenjem FN-a upotrebom
FeritScope®-a bili su u suprotnosti sa trendovima
koji su bili o€ekivani uzimajuci u obzir literaturu.
Ovo istrazivanje uvodi termin nazvan Gustina
Feritnog broja (FND) da bi predstavio sadrzaj ferita,
u kome je izmereni FN dodatno proporcionalan sa
povrS§inom popre€¢nog preseka zavara, Cime se
eliminira njegova zavisnost od geometrijske veliCine
zavara. Iz ovog istraZivanja utvrdeno je da se za
zavare izradene na limovima debljim od 2,4 mm,
FN moze direktno koristiti kao pokazatelj sadrzaja
ferita u Savu; medutim, za tanje limove FND se
mora Kkoristiti za oznacdavanje sadrzaja ferita u
zavarivanju, ako se upotrebljava FeritScope® sa
sondom odmerene veli€ine, npr. u ovom slucaju
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content of the weld, if a FeritScope® with an
apportioned size probe is used, e.g. in this case an
FGAB1.3-Fe probe. Use of FND eliminated all the
contradictions obtained between experimental data
and literature for thin sheet welds.

1. Introduction

Generally, austenitic stainless steel welds are
expected to have a dual-phase microstructure to
eliminate deleterious imperfections from forming
within the weld microstructure in austenite-to-ferrite
proportions ranging between 95/5 to 90/10
respectively. The amount of retained delta-ferrite in
the weld depends mainly on the chemical
composition of the materials being joined [1], filler
material (if used) and the cooling rate of the weld
pool [2]. The amount of retained delta-ferrite in the
welds is measured using a Ferrite Number (FN)
scale, which has been defined in various
internationally accepted standards such as ISO
8249 and AWS A4.2M. In austenitic stainless
steels, the presence of small amounts of ferrite is
known to have beneficial effects on the weld
properties [3]. One of the most significant benefits
of retaining these small amounts of delta-ferrite
during solidification is that it increases the weld’s
resistance to solidification cracking, especially in
presence of sulphur and phosphorous impurities
[4]. However, having larger quantities of delta ferrite
(>10 FN) can lead to the formation of the brittle
sigma phase within the weld on exposure to high
temperatures (425°C to 550°C) for extended times.
This influence of delta-ferrite on weldments makes
it necessary to measure the ferrite content of
austenitic stainless steel welds. Various methods
and instruments have been developed in order to
measure either the ferrite content (in percentage) or
the FN of austenitic steel welds, either destructively
or non-destructively. The destructive tests include
image analysis of etched metallographic specimen,
electrochemical examination [5], etc. The non-
destructive methods take advantage of the fact that
delta-ferrite at room temperature is magnetic, in a
non-magnetic austenite matrix. Although a number
of instruments are commercially available for
measuring the FN of the welds, one of the most
commonly used is a FeritScope®, developed by
Fischer Scientific. The FeritScope® measures the
FN using a magnetic induction method,
consequently measuring all the magnetic phases
within the weld including the delta-ferrite as well as
any strain-induced martensite that may have
formed during large deformation processes. Most of
the alloying elements present in austenitic stainless
steel can be classified into austenite- promoting
and ferrite-promoting elements [6]. The
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sonda FGAB1.3-Fe. Upotrebom FND-a otklonjene
su sve kontradikcije dobijene izmedu
eksperimentalnih podataka i literature za zavarene
tanke limove.

1. Uvod

Uopsteno, oCekuje se da ¢e austenitni zavareni
spojevi imati dvofaznu  mikrostrukturu radi
eliminisanja nastajanja Stetnih nesavrSenosti unutar
mikrostrukture Sava, u proporcijama austenit-ferit
izmedu 95/5 do 90/10. Koli¢ina zaostalog delta-
ferita u Savu uglavnom zavisi od hemijskog sastava
osnovnih materijala [1], dodatnih materijala (ako se
koristi) i brzine hladenja zavarivacke kupke [2].
Koli¢ina zaostalog delta-ferita u Savovima se meri
koris¢enjem skale ferithog broja (FN), koja je
definisana u raznim medunarodno prihvac¢enim
standardima, kao $to su ISO 8249 i AWS A4.2M.
Poznato je da prisustvo malih koli€ina ferita u
austenitnim nerdajucim cCelicima ima blagotvoran
uticaj na svojstva Sava [3]. Jedna od najznacajnijih
prednosti zadrzavanja tih malih koli¢ina delta-ferita
tokom ocvrScavanja je ta Sto povecava otpornost
Sava solidifikacione prsline, posebno u prisustvu
neCistoca sumpora i fosfora [4]. Medutim, vece
kolicine delta ferita (> 10 FN) mogu dovesti do
stvaranja krte sigma faze unutar Sava izloZenog
visokim temperaturama (425 ° C do 550 ° C) tokom
duZeg vremena. Ovaj uticaj delta-ferita na zavarene
spojeve €ini neophodnim merenje sadrzaja ferita u
zavarenim spojevima od austenitnih nehrdajucih
Celika.

Razvijene su razliCite metode i instrumenti za
merenje sadrzaja ferita (u procentima) ili FN
austenitnin zavarenih spojeva, bilo sa ili bez
razaranja. Ispitivanja sa razaranjem ukljuuju
analizu slike nagrizenog metalografskog uzorka,
elektrohemijsko ispitivanje [5] itd. Kod metoda bez
razaranja, koristi se &injenica da je delta-ferit na
sobnoj temperaturi magneti¢an, u nemagnetni¢noj
austenitnoj matrici. lako je komercijalno dostupan
veliki broj instrumenata za merenje FN zavarenih
spojeva, jedan od najeSée koriséenih je
FeritScope®, koji je razvio Fischer Scientific.
FeritScope® meri FN metodom magnetne
indukcije, mere¢i sve magnetne faze u Savu,
ukljuCujuci delta-ferit, kao i martenzit izazvan
deformacijom koji se moze formirati tokom procesa
velikih deformacije.

Vec¢ina legiraju¢ih  elemenata  prisutnih u
austenitnom nerdajuéem cCeliku moze se svrstati u
elemente koji promoviSu austenit i ferit [6]. Elementi
koji promoviSu austenit, kao Sto su nikl (Ni), ugljenik
(C), azot (N) i bakar (Cu), ubrzavaju stvaranje
austenita u zavarivackoj kupki tokom oévrs¢avanja.
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austenite-promoting elements such as nickel (Ni),
carbon (C), nitrogen (N) and copper (Cu)
accelerate the formation of austenite in the weld
pool during solidification. They have been
collectively quantified as nickel equivalent (Nieq) in
the WRC-1992 Ferrite Number prediction diagram.
Likewise, the ferrite promoting-elements, that
include chromium (Cr), molybdenum (Mo) and
niobium (Nb), have been collectively termed as
chromium equivalent (Creq). It has been reported
by [6] while developing the WRC-1992 diagrams
that the relative quantities of Creq and Nieq
determine the amount of delta-ferrite that will be
retained in the solidified weld when the arc welding
process is used. As mentioned earlier, apart from
the chemical composition, the weld pool cooling
rate is also believed to significantly affect the
amount of delta ferrite retained. A number of
researchers have reported a shift in solidification
mode from primary ferrite to primary austenite at
extremely high cooling rates, such as in case of
laser [7] and electron beam welding [8]. Still, at low
to moderate cooling rates, typically obtained in TIG
welding, the weld pool is expected to solidify
primarily as ferrite (depending on the chemistry of
the materials), known as FA type of solidification
[6]. In this type of solidification mode, the amount of
retained delta-ferrite increases with an increase in
the cooling rate. This is because at high cooling
rates, the diffusion controlled ferrite to austenite
transformation is supressed owing to insufficient
time. In the present research, the influence of weld
bead geometry on measured FNs wusing a
FeritScope® for thin sheets (< 2.4 mm) has been
investigated. The measured FNs show results
contradicting those reported in literature such as
the effect of cooling rate on the retained delta-
ferrite. It is believed that in addition to the influential
parameters mentioned in the FeritScope® user
manual [9], the weld bead width and consequently
the weld cross-sectional area can have a significant
effect on the measured FNs. A new term, Ferrite
Number Density (FND) has been introduced, which
can be a better indicator of the ferrite content in a
solidified weld by eliminating the influence of these
geometrical features, especially in thin sheet joints.
Using the FND instead of FN also eliminated the
contradictions obtained when experimental results
were compared to the literature.

2. Methodology

2.1 Experimental Procedure

A number of 304L stainless steel sheets having
various thicknesses were welded using an
automated tungsten inert gas (TIG) welding
process. The sheet thicknesses used for the
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Oni su zajednicki kvantifikovani kao ekvivalent nikla
(Nigk) u dijagramu predvidanja feritnog broja WRC-
1992. Isto tako, feritni promotivni elementi, koji
uklju€uju hrom (Cr), molibden (Mo) i niobijum (Nb),
zajedno su nazvani hromovim ekvivalentom (Cr).
Saopsteno je [6] tokom izrade dijagrama WRC-
1992. da relativne koli€ine Cre-a i Nig-a odreduju
koli¢inu delta-ferita koja ¢e se zadrzati u o¢vrslom
Savu pri elektroluénim postupcima zavarivanja. Kao
Sto je ranije spomenuto, osim hemijskog sastava,
veruje se da i brzina hladenja kupke znacajno utice
na koli¢inu zaostalog delta ferita.

Brojni istrazivaCi su izvestili da je prelazak u rezimu
o€vr§Cavanja sa primarnog ferita na primarni
austenit, pri ekstremno visokim brzinama hladenja,
kao Sto je slu€aj u sluCaju laserskog [7] i
zavarivanja elektronskim snopom [8]. Ipak, pri
niskim do umerenim brzinama hladenja, koje se
obiéno dobijaju pri TIG zavarivanju, oekuje se da
kupka o&vrsne prevashodno kao ferit (zavisno od
hemije  materijala), poznat kao FA vrsta
o¢vrséivanja [6]. U ovom nacinu ocvrséavanja,
kolicina zaostalog delta-ferita raste sa porastom
brzine hladenja. To je zato $to se pri visokim
brzinama hladenja difuziona transformacija ferita do
austenita potiskuje zbog nedovoljnog vremena.

U ovom istrazivanju je istrazen uticaj geometrije
zavara na izmerene FN-ove pomoéu FeritScope®-a
za tanke limove (<2,4 mm). lzmereni FN pokazuju
rezultate suprotne onima koji su navedeni u
literaturi, kao Sto je efekat brzine hladenja na
zaostali delta-ferit. Veruje se da pored uticajnih
parametara navedenih u korisniCkom priru¢niku
FeritScope® [9], Sirina zavara i posledicno podrucje
poprecnog preseka Sava mogu imati znacajan
uticaj na izmerene FN. Uveden je novi termin
Gustina feritnog broja (FND), koji moze biti bolji
pokazatelj sadrzaja ferita u oCvrslom Savu,
eliminiSuci uticaj ovih geometrijskih karakteristika,
naroCito na spojevima tankih plo¢a. Koridéenjem
FND-a umesto FN-a takode su eliminisane
kontradikcije = dobijene prilikom usporedivanja
eksperimentalnih rezultata sa literaturom.

2. Metodologija

2.1 Postupak eksperimenta

Brojni limovi od nerdajuceg celika 304L raznih
debljina zavareni su automatskim TIG postupkom
zavarivanja.  Debljina  lima  koriS¢ena  za
eksperimente bila je 0,7 mm, 0,9 mm, 1,5 mm, 2,0
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experiments were 0.7 mm, 0.9 mm, 1.5 mm, 2.0
mm and 2.4 mm. The chemical composition of all
these sheet materials is mentioned in Table 1.
Sheets thinner than 1.5 mm were welded
autogenously i.e. without any filler material. This
ensured that the weld pool chemistry remained
unaltered, except in the cases where nitrogen gas
was deliberately added to the weld pool through the
shielding gas, which has been explained later in
this section. Sheets thicker than and including 1.5
mm were welded using a 308LSi filler wire, the
chemistry for which is also mentioned in Table 1.
The parameter ranges for every thickness were
established from ftrial experiments that give full
penetration of the joint in most cases. High purity
argon (99.995%) was used as a shielding gas,
however, for some experiments nitrogen gas was
added to the shielding gas in order to validate the
results and modify the phase distribution in the
weld pool, as N2 is known to be a strong austenite
promoting element. The gas compositions used for
these experiments utilised 2.5% or 5% or 10%
nitrogen in argon. Irrespective of shielding gas
composition, high purity argon was used as the
backing gas for all the experiments. The shielding
gas flow rate was maintained at 8 I/min, whereas
the backing gas flow rate was maintained at 5 I/min.
The arc length was kept constant at 2.5 mm, which
ensured that the arc voltage and the power density
remained constant for a particular welding
atmosphere. All experiments were done using a
pulsed current waveform. Consequently, for the
autogeneous welds, peak welding current (Ip),
torch travel speed (S), duty cycle (8) and the
nitrogen content (N2) in the shielding gas could be
varied between experiments in order to cover a
wide range of heat inputs and the cooling rates of
the weld pool. For the sheets that were
heterogeneously welded (welded using filler
materials), among the parameters mentioned
above, the duty cycle was kept constant at 50%,
but the filler wire feed rate (R) and the filler wire
diameter (D) could be varied in order to alter the
chemical composition of the weld pool. In addition
to this, the pulsing frequency (f) was also varied
between experiments, although it has no direct
influence on the heat input to the weld pool. The
minimum and maximum values of the parameters
used in case of autogeneous and heterogeneous
welds are mentioned in Table 2 and Table 3
respectively.

In order to develop a suitable design of experiment,
among all the parameters mentioned above, Ip, S,
0, f and R were considered as continuous
parameters. Due to the limitation on the materials
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mm i 2,4 mm. Hemijski sastav svih ovih limova
naveden je u Tabeli 1. Limovi tanji od 1,5 mm su
zavareni autogeno, tj. bez ikakvog dodatnog
materijala. Ovo je osiguralo da hemija zavarivacke
kupke ostaje nepromenjena, osim u sluCajevima
kada je gas azot namerno dodat u kupku kroz
zastitni gas, Sto je objasnjeno kasnije u ovom
odeljku. Limovi deblji od i ukljuuju¢i 1,5 mm
zavareni su dodatnim materijalom Zicom 308LSi,
Cija hemija je takode navedena u Tabeli 1.
Parametri opsega za svaku debljinu su utvrdeni iz
eksperimentalnih pokusaja koji u vedini slucajeva
daju potpuno uvarivanje spoja. Argon visoke
Cistoce (99,995%) koriS¢en je kao zastitni gas,
medutim, za neke eksperimente, dodat je azot u
zastitni gas da bi se potvrdili rezultati i modifikovala
fazna raspodela u zavarivackoj kupki, jer je poznato
da je N, snazan element za promociju austenita.
Sastavi gasnih me8avina korid¢enih za ove
eksperimente su sa 2,5% ili 5% ili 10% azota u
argonu. Bez obzira na sastav zastithog gasa, argon
visoke CistoCe koriséen je kao osnovni za sve
eksperimente. Brzina protoka zastitnog gasa je
odrzavana na 8 I/min, dok je protok povratnog gasa
odrZzavan na 5 | min. Duzina luka je odrZzavana
konstanthom na 2,5 mm, Sto osigurava da napon
luka i gustina struje ostaju konstantni za odredenu
atmosferu zavarivanja. Svi eksperimenti su radeni
koris¢enjem talasnog pulsnog oblika struje. Shodno
tome, za autogene zavare, vrSna struja zavarivanja
(Ip), brzina kretanja gorionika (S), radni ciklus (d) i
sadrzaj azota (N,) u zasStitnom gasu mogu se
menjati izmedu eksperimenata kako bi se pokrivao
Sirok raspon unosa toplote i brzine hladenja kupke.
Za limove koji su heterogeno zavareni (zavareni
upotrebom dodatnog materijala), medu gore
pomenutim parametrima, radni ciklus je bio
konstantan na 50%, ali brzina dodatnog materijala
zice (R) i precnik zice (D) mogu se menjati u cilju
izmene hemijskog sastava zavarivaCke kupke.
Pored toga, frekvencija pulsiranja (f) takode je
varirala izmedu eksperimenata, mada nema
direktan uticaj na dovod toplote u zavarivacku
kupku. Minimalne i maksimalne vrednosti
parametara koji se koriste u sluaju autogenih i
heterogenih zavarivanja navedeni su u tabeli 2 i
tabeli 3.

Da bi se razvio odgovarajuc¢i dizajn eksperimenta,
medu svim gore pomenutim parametrima, Ip, S, d, f
i R su razmatrani kao kontinuirani parametri. Zbog
ograni¢enja raspolozivih materijala i opreme, D i N,
su smatrani diskretnim parametrima. S obzirom na
mogucnost nelinearne zavisnosti zaostalog delta-
ferita od parametara zavarivanja, koris¢en je
konvencionalni centralni kompozitni dizajn (CCD)
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and equipment available, D and N2 were
considered as discrete parameters. Considering the
possibility of a non-linear dependence of retained
delta-ferrite on the welding parameters, a
conventional central composite design (CCD) of
experiments scheme was used. Consequently, for
every combination of discrete parameters, with four
continuous parameters, 31 experiments were
required at each thickness. In order to reduce the
total number of experiments, only some of these
were repeated for other combinations of the
discrete parameters. For example, for a 0.7 mm
thick sheet, 31 experiments using the CCD scheme
were performed using pure argon, from which only
17 random experiments were repeated for every

4
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eksperimentalne Seme. Shodno tome, za svaku
kombinaciju diskretnih parametara, sa Cetiri
kontinuirana  parametra, potreban je 31
eksperiment u svakoj debljini. Da bi se smanjio
ukupan broj eksperimenata, samo su neki od njih
ponovljeni za druge kombinacije diskretnih
parametara. Na primer, za lim debljine 0,7 mm
izvedeno je 31 eksperimenta po CCD shemi
pomocu Cistog argona, iz kojih je ponovljeno samo
17 nasumicnih eksperimenata za svaki nivo
koncentracije azota (2,5%, 5% i 10%) u zastitnom
gasu Shodno tome, izvedeno je gotovo 85
eksperimenata u svakoj debljini, za koji je meren
feritni broj, geometrija zavara i povrSina popre¢nog
preseka kao Sto je objasnjeno u sledeéim

level of nitrogen concentration (2.5%, 5% and 10%) odeljcima.
in the shielding gas. Consequently, nearly 85
experiments were performed at every thickness, for
all of which, the Ferrite Number, bead geometry
and the cross-sectional area was measured as
explained in the following sections.
Thickness C Cr Mn Ni P S Si
(mm)
0.7 0.019 18.290 1.130 0.064 8.250 0.035 0.001 0.310
0.9 0.023 18.140 1.750 0.090 8.180 0.041 0.003 0.200
1.5 0.026 17.795 2.000 0.100 8.120 0.025 0.001 0.497
20 0.015 17.685 1.665 0.071 8075 0.033 0.001 0.320
24 0.0186 18.200 1434 0.0378 8.050 0.0306 0.0037 0.401
Filler 0.010 20.000 1.800 0.000 10.000 0.015 0.015 0.800
308LS:

Table 1. Chemical Composition of materials used for the experiments
Tabela 1. Hemijski sastav materijala kori§¢enih u eksperimentima

2.2 Ferrite Number Measurement

A Fischer FeritScope® FMP30 with an FGAB1.3-Fe
probe was used to measure the FNs of the welds
obtained from the experiments. The FN for every
weld was taken as an average of 10 readings at
different locations along the length of weld. Since
the sheets used for the experiments were thin, the
measured FNs were required to be multiplied by a
correction factor corresponding to that particular
thickness and measured FN, the guidelines for
which have been mentioned in the user manual [9]
of the FeritScope®. However, in the manual, the
correction factor curves are plotted only for a few
discrete values of FNs, from which others required
values being obtained through interpolation. The
true FNs were obtained from the measured FNs
using Equation (1).
(FN)ture=(FN)observeaxCorrection Factor (1)

2.2 Merenje feritnog broja

Fischer FeritScope® FMP30 sa FGAB1.3-Fe
sondom koris¢éen je za merenje FN-a Savova
dobijenih eksperimentima. FN za svaki Sav uzet je
u proseku 10 oc€itavanja na razli€itim lokacijama
duz duzine Sava. Posto su limovi korisceni za
eksperimente tanki, trebalo je da se mereni FN
umnoze korekcijskim faktorom koji odgovara toj
odredenoj debljini i izmerenom FN, prema
smernicama koje su pomenute u KkorisniCkom
prirucniku [9] FeritScope®. Medutim, u priru¢niku
su krive korekcijskog faktora prikazane samo za
nekoliko diskretnih vrednosti FN-a od kojih se
interpolacijom dobijaju druge potrebne vrednosti.
Pravi FN su dobijeni iz izmerenih FN pomocu
jednacine (1).

(FN)ture=(FN)observea*Correction Factor (1)
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Figure 1 shows the difference between the true and
measured FNs when the correction factors were
applied to some of the readings obtained from
those 0.7 mm thick sheet welds as an example. It
can be clearly seen that the true FNs are
considerably higher than the measured FNs. In all
the subsequent sections in this paper, the term FN
refers to the true FNs and not the measured values.
Similarly, the correction factors for the curvature of
the specimen being measured have also been
mentioned in the user manual of the FeritScope®.
This correction factor is required only if the radius
of curvature of the specimen for which the FN is
measured is less than 50 mm. Consequently, for
the welds done heterogeneously, this correction
factor was taken into account along with the
correction factor for the thickness, depending on
the radius of the crown determined from
macrographic examination.

Metallographic samples were taken from all the
welds in order to measure their cross-sectional
area. These samples were etched using the acetic-
glycergia (5 ml glycerol, 15 ml hydrochloric acid, 10
ml nitric acid and 10 ml acetic acid) solution, in
order to be able to distinctly see the delta-ferrite
dendrites within the austenite grains in the
microstructure. A Leica DM2700 microscope was
used to capture the images of the weld
microstructure. The ferrite content of the welds was
also quantified by applying the image analysis
technique on the microstructural images obtained.
Imaged software was used to measure the ferrite
content, which has been detailed in the later
sections.

2.3 Heat Input and Cooling Rate Calculations
For all the welds, the heat input and the cooling
rate of the weld was calculated using the analytical
expressions derived by [10]. This was done in order
to understand the effect of cooling rate on the
residual delta-ferrite content. However, the results
obtained contradicted the trends available in the
literature, which led to the belief that some other
factors, apart from the ones mentioned in the
FeritScope® user manual must be influencing the
measured FNs.

2.3.1 Heat Input Calculations

In general, for an arc welding process using a
pulsed waveform, the heat input to the weld pool is
a function of effective welding current, the torch
travel speed and the voltage across the arc (which
is defined by the arc length and the welding
atmosphere). The heat input, neglecting thermal
efficiency (n) is expressed in J/mm and is
calculated using Equation (2).

4
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Na slici 1 prikazana je razlika izmedu pravih i
izmerenih FN-ova kada su korektivni faktori
primenjeni na neke od ocitavanja dobijenih iz tih
zavarenih spojeva na 0,7 mm debelim limovima.
Jasno se vidi da su pravi FN-ovi znatno veéi od
izmerenih FN-ova. U svim narednim odeljcima ovog
rada, termin FN se odnosi na prave FN-ove, a ne
na izmerene vrednosti.

Slicno tome, Kkorektivni faktori za zakrivljenost

uzorka Kkoji se mere su takode navedeni u
korisni¢kom priruéniku FeritScope®. Ovaj
korekcioni faktor potreban je samo ako je

polupreénik zakrivljenosti uzorka za koji se meri FN
manji od 50 mm. Shodno tome, za heterogeno
zavarene spojeve, uzet je u obzir i ovaj korekcioni
faktor, zajedno sa korekcionim faktorom za
debljinu, u zavisnosti od radijusa vrha, odredenih
makrografskim pregledom.

Uzeti su metalografski uzorci svih $avova kako bi
se izmerila njihova povrdina popreénog preseka.
Ovi uzorci su nagrizeni rastvorom kiselina u
glicerinu (5 ml glicerina, 15 ml hlorovodoni¢ne
kiseline, 10 ml azotne kiseline i 10 ml sircetne
kiseline) kako bi se mogli jasno videti delta-feritni
dendriti unutar zrna austenita u mikrostrukturi. Za
snimanje mikrostrukture koris¢en je mikroskop
Leica DM2700. Sadrzaj ferita u Savovima je takode
kvantifikovan primenom tehnike analize slike na
dobijenim mikrostrukturnim slikama. Softver Image
J je koriS¢en za merenje sadrzaja ferita, Sto je
detaljno opisano u kasnijim odeljcima.

2.3 Proracéun unete toplote i brzine hladenja

Za sve Savove, unos toplote i brzina hladenja $ava
izraCunata je koristenjem analitickih izraza
dobijenih sa [10]. Ovo je uradeno da bi se razumeo
uticaj brzine hladenja na zaostali sadrzaj delta-
ferita. Medutim, dobijeni rezultati su u suprotnosti s
trendovima dostupnim u literaturi, Sto je dovelo do
uverenja da neki drugi faktori, osim onih koji se
spominju u FeritScope® korisnicCkom priruéniku,
moraju uticati na izmerene FN.

2.3.1 lzraGunavanje umete toplote

Uopsteno, za neki elektroluéni  postupak
zavarivanja uz upotrebu pulsirajuéeg talasnog
oblika, unos toplote u kupku je funkcija efektivne
struje zavarivanja, brzine kretanja gorionika i
napona duz luka (3to je definisano duZinom luka i
atmosferom zavarivanja). Unos toplote,
zanemarujuci toplotnu efikasnost (n), izrazava se u
J/ mmiizraCunava se pomocu jednacine (2).
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H=(IlexV)/S

where,

H is the heat input (J/mm)

V is the arc voltage (V)

S is the torch travel speed (mm/s)
le is the effective current (A), which in the case of a
pulsed waveform is calculated using

Ie=\/(1p2)*6 + (Ib2)*(1-6) (3)
where,

Ip is the peak current,

Ib is the base current

0 is the duty cycle.

The heat source power (q) which is required to
obtain the cooling rate was calculated using
Equation (4).

q=lexV (4)
The reason for neglecting the thermal efficiency (n)
within this study is that the value of 0.6 applied to
the TIG process in the standard EN1011 is an
average and could skew comparative studies
completed by any future researchers wishing to
assess this work.

(2)

4
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H=(IexV)/S

gde je,

H je unos toplote (J / mm)

V je napon luka (V)

S brzina kretanja gorionika (mm/ s)
tj. Efektivna struja (A) koja se u slu€aju pulsnog
talasnog oblika izraunava koristeci

Ie=\/(1p2)*6 + (Ib2)*(1-6) (3)
gde je,

Ip vréna struja,

Ib osnovna struja

d radni ciklus

Snaga izvora toplote (q) koja je potrebna za
postizanje brzine hladenja izraCunata je pomocu
jednacine (4).

q=lexV 4)
Razlog zanemarivanja toplotne efikasnosti () u
okviru ove studije je taj Sto je vrednost 0,6, koja se
primenjuje na TIG postupak u standardu EN1011,
prosecna i moze da iskrivi uporedne studije koje bi
zavrSili bilo koji bududi istrazivaci koji Zele da
procene ovaj rad.

(2)

Sheet Thickness 2> 0.7 mm 0.9 mm

Parameter Minimom Maximum Minimum Maximum

Peak Welding Current (A) 50 70 60 80

Torch Travel Speed (mm/s) 4 6 4 6

Duty Cycle (%) 40 60 40 60

Pulsing Frequency (Hz) 4 8 4 8

Nitrogen content in shielding gas (%) 0 10 0 10

Table 2. Parameter ranges used for autogenous welds
Tabela 2. Opseg koris¢enih parametara za autogene $avove

Sheet Thickness > 1.5 mm 2.0 mm 2.4 mm
Parameter Minimum Maximum Minimum Maximum Minimum Maximum
Peak Welding Current (A) 60 120 60 160 90 160
Torch Travel Speed (mny/'s) 2 4 1 6 1 3
Pulsing Frequency (Hz) 6 1 10 1 6
f'“‘” “f"’)' Pexd Rate 100 700 100 900 150 700
Filler Wire Diameter (mm) 0.8 1 0.8 1 0.8 1
?h‘l‘g’fl; ‘E‘;‘;‘g‘,")‘“ 0 10 0 10 0 10

Table 3. Parameter ranges used for heterogeneous welds
Tabela 3. Opseg koris¢enih parametara za heterogene Savove

Therefore the heat input and the heat source power
was calculated for all the welds using Equation (1),
(2) and (3), following which the cooling rates were
obtained from the expressions shown below.

2.3.2 Cooling Rate Calculations

The cooling rate of the weld pool was calculated
using either the 2-D or the 3-D cooling rate
expression since the welds obtained were a mixture
of full and partially penetrated fusion profiles. The

Stoga su ulazna toplota i snaga izvora toplote
izraCunati za sve Savove pomocu jednacine (1), (2)
i (3), nakon Cega su brzine hladenja dobijene iz
izraza prikazanih dole.

2.3.2 Izra€unavanje brzine hladenja

Brzina hladenja kupke je izraCunata koris¢enjem ili
2-D ili 3-D izraza brzine hladenja, jer su dobijeni
Savovi bili meSavina potpuno i delimi¢no uvarenih
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expressions for 2-D and 3-D cooling rates used are  profila stpanja. I1zrazi za korid¢ene 2-D i 3-D brzine
shown in Equation (5) and Equation (6) hladenja prikazani su u jednacini (5) i jednacini (6).

H 2
respectively. S . Ryp = 2mKpC, (@) (T' - Tp)® (%)
Ryp = 2nKpC, (T) (T" - To) (5)
Ryp = 21k (29) (17 - 1,)?2 6
fuo = 20 (S22 01y o (*22) @ -1 ©
" q B gde je,
where, Rap i Rsp su 2-D i 3-D brzina hladenja, respektivho
Rop and Ryp is the 2-D and the 3-D cooling rate  (° C/s),
respectively (°C/s), K je toplotna provodljivost (W / cm- ° C),
K is the thermal conductivity (W/cm-°C), r je gustina (g / cm®),
p is the density (g/cm3), Cp je specifi¢na toplota (J / g- ° C)
Cp is the specific heat (J/g-°C) S brzina kretanja gorionika (mm/ s),
S is the torch travel speed (mm/s), t debljina (cm)
t is the thickness (cm) g je snaga izvora toplote (vati)
q is the heat source power (watts) T 'je temperatura pri kojoj se izraCunava brzina
T is the temperature at which the cooling rate is  hladenja (° C)
calculated (°C) To je poCetna temperatura ploce
Ty is the initial plate temperature U tabela 4 sumirane su vrednosti konstantnih

Table 4 summarizes the values of the constant parametara koriS¢enih u jednacCinama (5) i (6) za
parameters used in Equations (5) and (6) for the proracdun brzine hladenja Sava. Ove vrednosti su
calculation of the cooling rate of the weld. These iste kao i one koje koristi [11] za procenu brzine
values are the same as those used by [11] to hladenja za predvidanje feritnih brojeva. Da Ii se
estimate the cooling rate for the prediction of Ferrite  primenjuje dvosmerna brzina hladenja

Numbers. Whether a 2-D cooling rate

7
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Experiment Number

Figure 1. Difference between True FN and measured FN for 0.7 mm thick sheet welds
Slika 1. Razlika izmedu stvarnog FN i izmerenog FN za $avove od lima debljine 0,7 mm

or a 3-D cooling rate applies depends on the ili trosmerna brzina hladenja zavisi od relativhe
relative plate thickness (1), which can be estimated debljine lima (t), koja se moze proceniti pomoc¢u
using Equation (7) as mentioned in the ASM jednaine (7) kao S§to je spomenuto u ASM
Welding Handbook [12]. priruéniku za zavarivanje [12].
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r=t*[(pCV(T' - To)/q @)

According to the Welding Handbook, if T < 0.6, a 2-
D cooling rate expression must be used, but if T >
0.9, the 3-D cooling rate expression must be used.
However, [2] found that this criteria was not optimal
and modified it such that, a 2-D cooling rate
expression was used when the value of T was less
than 1.5, and a 3-D cooling rate expression was
used when the value of T was greater than 2.0. For
values in between these, an average of 2-D and 3-
D cooling rates was considered. This cooling rate
was used as one of the input parameter to predict
the FN in the Oak Ridge Ferrite Number (ORFN)
model. In this research, the criteria used by [2] is
applied to calculate the cooling rates, since the FN
values obtained from experiments could then be
compared to the values predicted by the ORFN
model.

3. Results and Discussion

From the results obtained, the influence of the
cooling rate on the FN was studied. Figure 2 shows
plots of measured FNs against the cooling rates
calculated for the welded joints of various thickness
sheets.

It can be seen from Figure 2 that as the cooling rate
is increased, the amount of retained delta-ferrite is
decreased for welds completed on the 0.7 mm, 0.9
mm, 1.5 mm and 2.0 mm thick sheets. The 2.4 mm
thick sheet did not show such a trend, the possible
reason for which is explained in the later sections.

4

SCIENCE*RESEARCH*DEVELOPMENT

r=t+\[(pCV (T —To)/q @

Prema Priruéniku za zavarivanje, ako je t <0,6,
mora se koristiti 2-D izraz brzine hladenja, ali ako je
t > 0,9, mora se upotrebiti 3-D izraz brzine
hladenja. Medutim, [2] utvrdeno je da ovaj kriterijum
nije optimalan i modifikovan je tako da je koriS¢en
2-D izraz brzine hladenja kada je vrednost T manja
od 1,5, a 3-D izraz brzine hladenja je koris¢en kada
je T bio veéi od 2,0. Za vrednosti izmedu ovih,
razmotrene su prosecne vrednosti 2-D i 3-D
hladenja. Ova brzina hladenja koris¢ena je kao
jedan od ulaznih parametara za predvidanje FN u
modelu Oak Ridge Feritnog broja (ORFN). U ovom
istrazivanju, kriterijumi koje koristi [2] se primenjuju
za izraCunavanje stepena hladenja, posto se

vrednosti FN dobijene eksperimentima mogu
uporediti sa vrednostima predvidenim ORFN
modelom.

3. Rezultati i diskusija

Na osnovu dobijenih rezultata prou€avan je uticaj
brzine hladenja na FN. Na slici 2 prikazane su
graficki podaci izmerenih FN-a prema brzini
hladenja izraCunatoj za zavarene spojeve limova
razliCite debljine.

Na slici 2 se vidi da se s poveéanjem brzine
hladenja koli¢ina zadrzanog delta-ferita smanjuje
za zavarene spojeve na limovma debljine 0,7 mm,
0,9 mm, 1,5 mm i 2,0 mm. Lim debljine 2,4 mm nije
pokazao takav trend, €iji je moguci razlog objasnjen
u kasnijim odeljcima.

Parameter Value
K(thermal conductivity) 0.28 W/em-°C
pC, (density*specific heat) 4.6 Jem’-°C
T’ (temperature at which cooling rate 1450°C

15 calculated)

To (ambient temperature) 25°C

Table 4. Values of constant parameters used to calculate the cooling rate of the welds
Tabela 4. Vrednosti konstantnih parametara za izraCunavanje brzine hladenja zavarenih spojeva

. 0.7 mm

Ferrite Number
J
L]

Cooling Rate ("C/s)

0.9 mm

Ferrite Numbser
Y

Cooling Rate ("C/s)
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1.5 mm

Ferrite Number
|
-
|
-

Cooling Rate (“C/s)
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2.0 mm

Fermite Numbser

Cooling Rate (*C/s)

Fernite Number
-

2.5 mm

Cooling Rate (°C/s)

Figure 2. Plots illustrating dependence of retained delta ferrite content on the cooling rate of the weld pool for various
thickness sheets
Slika 2. Grafikoni koji prikazuju zavisnost sadrZaja zaostalog delta ferita od brzine hladenja zavarivacke kupke za
limove razlicite debljine

This reduction in retained delta-ferrite on increasing
the cooling rate of the weld is in contradiction to
what was expected. Considering the chemical
composition of the sheet materials, and comparing
the microstructures of the weld pool (shown in the
later sections) to the microstructures shown in [4], it
is evident that the weld pool has undergone an FA
type of solidification. In this type of solidification, the
weld pool primarily solidifies as delta-ferrite,
following which a conversion to austenite takes
place through a diffusion controlled reaction. In
such cases, if the cooling rate is increased, the
amount of residual delta-ferrite is expected to
increase, owing to the fact that the conversion to
austenite is supressed due to insufficient time
available. The data in Figure 2 is plotted on a
logarithmic scale of cooling rate in Figure 3. The
curves for predicted FNs plotted against logarithms
of cooling rates using the ORFN model developed
by [2] using the chemistry of 0.7 mm and 0.9 mm
thick sheets used for the experiments are shown in
Figure 4. It can be clearly seen that for the
experiments performed using the parameter ranges
mentioned in Table 2, which lead to the logarithms
of the cooling rates to vary between 1.70 and 2.60
for 0.7 mm and between 1.85 and 2.60 for 0.9 mm
thick sheets, the FN must increase with increasing
cooling rates.

Ovo smanjenje zaostalog delta-ferita poveéanjem
brzine hladenja Sava je u suprotnosti sa
oCekivanim. Uzimaju¢i u obzir hemijski sastav
materijala i uporedujuéi mikrostrukture kupki
(prikazanih u kasnijim odeljcima) sa
mikrostrukturama prikazanim u [4], o€igledno je da
je zavarivaCka kupka podvrgnuta FA ocvrScivanju.
U ovoj vrsti oévrS€avanja, zavarivatka kupka
prvenstveno océvrsne kao delta-ferit, nakon ¢ega se
vr8i konverzija u austenit reakcijom sa difuzionom
kontrolom. U takvim slu€ajevima, ako se povecava
brzina hladenja, ofekuje se da c¢e se povecati
koliina preostalog delta-ferita zbog Cinjenice da je
pretvaranje u austenit uguseno zbog nedovoljnog
raspolozivog vremena. Podaci na slici 2 prikazani
su na logaritamskoj skali brzine hladenja na slici 3.
Krive za predvidene FN-e iscrtane prema
logaritmima stepena hladenja pomoéu ORFN
modela razvijenog od strane [2] koristeéi hemiju
limova debljine 0,7 mm i 0,9 mm za eksperimente
prikazani su na slici 4. Jasno se moze videti da za
eksperimente izvedene koriS¢enjem raspona
parametara navedenih u tabeli 2, koji dovode do
toga da logaritmi brzina hladenja variraju izmedu
1,70 i 2,60 za 0,7 mm i izmedu 1,85 i 2,60 za
limove debljine 0,9 mm, FN mora da se povecCava
sa povecanjem brzine hladenja.

-Kraj 1. dela NASTAVAK U SLEDECEM BROJU
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MARKETING ADVERTISING

CASOPIS ZAVARIVANJE | ZAVARENE KONSTRUKCIJE
Cenovnik oglasnog prostora u cetiri uzastopna broja 2019

A4 2/2 11 1/2 1/4 1/8 . .
] INDEKS OGLASIVACA
dimenzije 2x ADVERTISERS INDEX
(mm) 210 x 297 210 x297 180 x 120 90 x 120 90 x 60
> crno/beli - 39 000 23 000 16 000 10 000
a kolor 105 000 75000 - - - DUCTIL SA
® U cene nije uracunat PDV 20%.
m  Objavljivanje oglasa u samo jednom broju iznosi 30% od datih cena. WELD-ING
B Reklamni tekstovi: 25 % od cene povrsine crno/belih oglasa.
m  Dostava materijala: YASKAWA SLOVENIJA
e zacrno-beli film ili CD (Adobe Photoshop / CoreIDRAW);
e zakolor film ili CD (Adobe Photoshop / CoreIDRAW); HONEX
e izrada filma sa CD: 10 % od cene angazovanog prostora.
m  Naweb prezetaciji DUZS-a, (www.duzs.org.rs), na strani Marketing, objavljuje se ELIMP

pregled firmi-oglasivaca sa podacima o glavnim grupama proizvodalusluga i
adresom web prezetacije. Svi posetioci naSe web prezentacije mogu da posete i web NEMINIK
prezentacije oglasivaca, preko aktivnih linkova koji se nalaze na ovoj stranici!

WELDING & WELDED STRUCTURES, Quarterly review MESSER TEHNOGAS
Advertising prices for four successive numbers in 2019
APAVE Ver Tech Serbi
A4 212 111 112 1/4 118 er fech serbia
|

dimensions 2x

. 210 x 207 210 x 297 180 x 120 90 x 120 90 x 60

black/white - 840 432 336 240

colour 2 640 1680 - -

14
=]
w
m VAT 20% included.
[
[
[

Advertising in one number only is 35% of the given prices.
Commercial articles: 30 % of black/white advertising price.
Print material:
o for black/white CD (Adobe Photoshop / CorelDRAW)
o  for color CD (Adobe Photoshop / CoreIDRAW).
m Al the visitors of our web site may be linked to the advertisers’ web site.

1. CLANARINA DUZS 22 2019. GOTINU ..........coovovieiiieieeeeseeeeest ettt e, 3.500 dinara
Clanovima DUZS GRATIS godi$nje izdanje ¢asopisa "ZAVARIVANJE | ZAVARENE KONSTRUKCIJE"

2. CASOPIS "ZAVARIVANJE | ZAVARENE KONSTRUKCIJE" - 2019. godina
u slobodnoj prodaji (u cene je uraunat PDV 10%):

LI o1 = o) =To g =g oo o o) - T OSSP PRSPPI 825 dinara

= godiSnja pretplata za 1 komplet brojeva godiSnjeg iZdanja.............cooviiiiiiiiii 2.500 dinara
3. CASOPIS - stari brojevi (u cene je uratunat PDV 10%)

a) u slobodnoj prodaji:

= cena pojedinadnog broja za 2017. GOINU ......c.occuriereririiris ieeee ettt 500 dinara

= cena pojedinacnog broja za prethodne GOINE. ..........eeiiiiiiiiiii e e 250 dinara

b) beneficirane cene za ¢lanove DUZS:

= cena pojedinacnog broja za 2018. godinu (pouzecem ili Preuzimanjem) ............ccoovvvvirieeniinneese s 400 dinara
= cena pojedinacnog broja za prethodne godine (pouzecem ili preuzimanjem) ..........ccceoviiiriiiniienii i Gratis
Knjiga Organizacija i ekonomika zavarivackih radova — autor: prof. dr Zoran Radojevi¢ (ura¢unat PDV 10%) .......... 1.045 dinara
Zbirke standarda OBEZBEDENJE KVALITETA U ZAVARIVANJU, komplet 4 toma 6.750 dinara
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