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UTICAJ UNOSA TOPLOTE NA DIMENZIJE UGAONIH SPOJEVA PRI
PULSNOM MAG ZAVARIVANJU LIMOVA OD NELEGIRANOG CELIKA

INFLUENCE OF HEAT INPUT ON WELD SIZE OF PULSED GMAW
FILLET WELDS OF UNALLOYED STEEL

Originalni naucéni rad / Original scientific paper
Rad primljen / Paper received:
Avgust 2022.

Rad prihvacen / Paper accepted:

Jun 2023.

Kljuéne re€i: unos toplote, pulsni MAG, ugaoni spoj,

nelegirani Celik, kateta

Rezime

Ovaj rad opisuje uticaj unosa toplote na
vrijednost kateta ugaonih spojeva pri pulsnom MAG
zavarivanju limova od nelegiranog celika debljine
4 mm u polozenoj i nadglavnoj poziciji. Parametri
koji su varirani su jacina struje i brzina zavarivanja,
dok su napon i profili struje bili predefinisani
uredajem za =zavarivanje. Uticaj je predstavljen
pomocu modela koji se baziraju na linearnoj
regresionoj analizi. IzvrSeno je medusobno
poredenje razvijenih modela, kao i poredenje sa
modelima dostupnim u literaturi.

Adresa autora / Author's address:

" Masinski fakultet Sarajevo, Vilsonovo Setaliste 9, 71000

Sarajevo, Bosna i Hercegovina

email: ? tasic@mef.unsa.ba

Keywords: heat input, pulsed GMAW, fillet weld,
unalloyed steel, leg size

Abstract

This paper describes influences of heat input on
leg size of pulsed GMAW fillet welds of unalloyed
steel with thicknesses of 4 mm, in horizontal and
overhead position. Varied parameters were welding
current and speed, while voltage and current profile
were  predefined by  welding equipment
manufacturer. Influence is described through
models based on linear regression analysis.
Comparison is made between developed models,
as well as with those available in literature.

Rad je u izvornom obliku objavijen u Zborniku radova sa 32. Savetovanja sa medunarodnim uce$¢em ,Zavarivanje 2022 odrZzanog

na Tari, Srbija od 12. do 15. oktobra 2022. godine
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1. Uvod

Za zavarivanje konstrukcionih €elika pogodni su
svi postupci zavarivanja topljenjem [1]. NajCesce
koristen postupak je MAG/MIG, pri ¢emu su obje
varijante sustinski iste, samo je zastitni gas razlicit
[2]. Ovaj postupak ima veliku brzinu deponovanja i
moze se jednostavno mehanizovati ili robotizovati
[3]. Ipak, jos uvijek se znacajnim dijelom izvodi kao
ruéni proces [4]. U prilog njegovoj Cestoj upotrebi
ide i to da 85% proizvoda Kkoji se izraduju
zavarivanjem ima masu do 40kg, da je 70%
spojeva izvedeno na limovima debljine izmedu 3 i 5
mm, te da je 80% spojeva izvedeno kao ugaoni [5].

Kriteriji prihvatljivosti za razliCite klase kvaliteta
spojeva se definiSu odgovaraju¢im standardima koji
propisuju zahtjeve u pogledu geometrijskih
karakteristika spojeva, kao Sto je na primjer
EN ISO 5817. Neke od njih se mogu utvrditi bez
razaranja (vizuelni pregled i mjerenje), a neke sa
razaranjem (rezanje zavara, nagrizanje i mjerenje
na presjeku). Kako bi se ostvarile potrebne
dimenzije zavarenog spoja na raspolaganju su
preporuke i smjernice za izbor esencijalnih
parametara zavarivanja koje daju proizvodaci
osnovnog i dodatnog materijala, a u nekim
slu€ajevima i proizvodaci opreme za zavarivanje
[6].

Ispravno i pazljivo odabrani parametri
zavarivanja mogu sprijeCiti prevelik unos toplote,
deformacije predmeta i druge nedostatke spojeva,
S§to smanjuje potrebu za popravkama u vidu
bruSenja i ponovnog zavarivanja ili termi¢ke obrade

[7].

Posebna varijanta je pulsni MAG, odnosno
varijanta kada struja pulsira tokom zavarivanja [8].
Pulsiranje je uvedeno da bi se omogucio prenos
metala izazivanjem skokovitog rasta jacine struje
tokom veoma kratkih vremenskih perioda. Pulsni
MAG omoguc¢ava dodatnu kontrolu procesa
zavarivanja upotrebom profila struje koji se sastoji
od pozadinske struje, koja odrzava elektricni Iuk i
pulsne (vrSne) struje, koji je namijenjen odvajanju
kapljice dodatnog materijala. Pri tome jedan puls
mora osigurati toplotu potrebnu da istopi samo
onoliko dodatnog materijala koliko je dovoljno za
jednu kap [7].

Proizvodaci uredaja za zavarivanje su razvili i
patentirali vlastite profile pulsne struje namijenjene
za specificne namjene, kao Sto je zavarivanje
veoma tankih limova ili provara korijena. Primjeri su
CMT (Fronius), STT (Lincoln), CBT (Daihen), RMD
(Miller), FastROOT (Kempi) i QSet (ESAB) [9].

4
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2. Modeli
geometrije

veze parametara zavarivanja i

Da bi zavareni spojevi bili izvedeni bez prekida
kroz nekoliko razli€itih pozicija i pri tome ispunjavali
trazenu klasu kvaliteta, potrebno je imati precizno
vodenje pistolja. Ovo je slu€aj, na primjer, kada se
zavareni spoj pruza duz trodimenzionalne konture,
jer se u opcem sluCaju za svaku poziciju
preporucuju  drugacije vrijednosti parametara.
Prelazi izmedu pozicija trebaju biti bez greske, a
dimenzije Sava potpuno iste duz cijelog zavarenog
spoja [7].

Ono $to bi olakSalo uspjeSno izvodenje ovakvog
zavarenog spoja je postojanje veze izmedu
parametara procesa i geometrije zavarenog spoja.
Koncept kontrole u realnom vremenu je sustinski
veoma jednostavan, a njegova osnova bi bio
pouzdan i taCan odnos ulaza (parametri
zavarivanja) i izlaza (oblik i dimenzije zavarenog
spoja) pri datim uslovima zavarivanja (osnovni i
dodatni materijal i pozicija zavarivanja) [10, 11]. Za
kontrolu oblika i dimenzija se mozZe iskoristiti
vjestacki vid (na primjer baziran na laseru) da bi se
utvrdio oblik zavarenog spoja i izmjerile njegove
dimenzije [12] .

Model koji povezuje navedene ulaze i izlaze bi
bio osnova kontrolne petlie koja bi omogucila
korekciju parametara zavarivanja (odnosno unosa
toplote) s ciliem ostvarivanja potrebne geometrije
Sava. Onda bi se tokom samog zavarivanja moglo
vrSiti podeSavanje parametara (ukoliko je potrebno)
i to nakon poredenja stvarnog oblika i dimenzija sa
referentnim. Ovo je koncept koji je uspjeSno
iskoriSten za neke specifi¢ne slu¢ajeve zavarivanja
i navarivanja elektroluénim i nekonvencionalnim
postupcima [13, 14]. U najveem broju sluCajeva
uslovi zavarivanja nisu podudarni sa uslovima u
kojima je vrdeno istraZivanje izloZzeno u ovom radu.
Medutim, dva rada se izdvajaju. To su radovi u
kojima su rezultati dobijeni zavarivanjem u
uslovima istim ili dovoljno slicnim kao u ovom
istrazivanju.

Prvi je rad Millera i Funderbruka iz 2001. godine,
koji nije baziran na direkthom eksperimentalnom
istrazivanju, ve¢ na analizi 270 specifikacija
procedura zavarivanja [15]. |z njih su preuzeti
podaci o parametrima zavarivanja i geometrijskim
karakteristikama spojeva. U ovom radu vezu
izmedu katete i unosa toplote daje izraz:

z=5,5/0 1)
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gdje je z (mm) kateta ugaonog spoja, a Q (kJ/mm)
unos toplote. Dalje je preko katete moguce
izraCunati ostale geometrijske karakteristike, kao
$to su debljina spoja a ili Sirina lica Sava b. Izraz (1)
vrijedi za ruéni MAG/MIG postupak zavarivanja,
jednoprolazne ugaone spojeve, nezavisno od
pozicije, tehnike, preCnika Zice i vrste i protoka
zastitnog gasa.

Drugi rad je rad Yaakuba i drugih iz 2013.
godine, koji je baziran na eksperimentalnom
istrazivanju jednoprolaznih ugaonih zavarenih
spojeva izvedenih u nadglavnoj poziciji, na
limovima od konstrukcionog c&elika [3]. Nakon
zavarivanja, izvrSeno je presijecanje uzoraka,
bruSenje, poliranje i nagrizanje, te mjerenje katete,
Sirine lica Sava, stvarne debljine Sava i penetracije.
Sve geometrijske karakteristike su izrazene kao
funkcija unosa toplote Q, a njihova zavisnost je
opisana funkcijom trendline u aplikaciji Microsoft
Excel.

3. Eksperiment

Eksperimentalna ispitivanja su izvrSena u
Laboratorijama za zavarivanje na MaSinskom

4
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fakultetu Univerziteta u Sarajevu. Uzorci su
napravljeni od Celika P355NL2 (prema EN 10028-3)
u obliku plocica veli¢ine 100x100 mm. Kao dodatni
materijal je koriStena puna Zica preénika 1,2 mm,
oznake G46 3 C 4Si1 prema EN 14341. Zastitni
gas za izradu svih uzoraka je bio M21 prema EN
ISO 14175, trgovactkog naziva Messer Ferroline
C18, koji se sastoji od 82% Ar i 18% CO,. Protok
zastitnog gasa je pratio jacinu struje i kretao se u
rasponu od 13 do 20 I/min. Svi spojevi su izvedeni
kao jednostrani jednoprolazni. Zavarivanje je
izvrSeno  upotrebom  digitalno  kontrolisanog
inverterskog uredaja proizvodaéa OTC Daihen,
model Welbee P500L. IskoriSteni su profili struje i
napona predefinisani od strane proizvodaca.

Glavni parametar koji je podeSavan prilikom
zavarivanja je srednja jaCina struje. Napon i brzina
dotura Zice su automatski podeSeni prema
proizvodackoj specifikaciji, a u skladu sa srednjom
jainom struje, odabranim osnovnim i dodatnim
materijalom i vrstom zastitnog gasa. Pregled
esencijalnih parametara zavarivanja koristenih u
eksperimentu daje tabela 1.

Tabela 1. Parametri zavarivanja koriSteni u eksperimentu

Table 1. Welding parameters used in the experiment

Poziciia Jacina struje Napon Brzina zavarivanja Unos toplote
J I (A) U () w (cm/min) Q (kJ/mm)
PoloZena 100 - 180 16,7 — 24,6 12,8 — 36,7 0,4-1,0
Nadglavna 100 - 180 18,8 — 24,6 16,4 — 32,2 0,4-1,0

Pri ovome je unos toplote izracunat izrazom

60- P
Q=—"—7
1.000-w
gdje je P (W) snaga elektricnog luka, w (cm/min)
srednja brzina zavarivanja, a n termicki stepen
iskoristenja postupka koji iznosi izmedu 0,80 i 0,85
[1]. Obzirom da kod pulsnog MAG zavarivanja izvor
struje daje specifitne, promjenjive profile struje i
napona, razvijeno je vise modela za odredivanje
shage elektricnog luka i unosa toplote. U ovom
radu je iskoridten model srednje trenutne snage
(engl. Average Instantaneous Power, AlIP) [16, 17].

(@)

Prema njemu se snaga elektricnog luka raCuna
prema izrazu:

1 n
Py :;ZIi'Ui (3)
i=1

gdje su [ i U, trenutne vrijednosti struje i naponai i-
tom momentu mjerenja.

Primjer profila struje i napona za uzorak zavaren
u poloZenoj poziciji strujom srednje jaCine 180 A je
prikazan na slici 1. Sli¢ni profili su dobijeni na
osnovu zapisa za sve uzorke.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2023, str. 147-155
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Slika 1. Primjer profila struje i napona za uzorak u poloZenoj poziciji i srednju struju 180A

Figure 1. Example of a current and voltage profile for a sample in a horizontal position and an average current of
180A

Stvarni profili struje i napona su zabiljezeni sa
rezolucijom 1 ms upotrebom strujnih klijesta i
digitalnog osciloskopa, kako je prikazano na slici 2.

Slika 2. Mjerenje jaCine struje i snimanje profila struje i napona pri zavarivanju

Figure 2. Current measurement and recording of current and voltage profiles during welding

4. Rezultati i diskusija

Nakon zavarivanja su svi uzorci vizuelno
ispitani. 1zvrSeno je presijecanje spojeva, te njihovo
bruSenje, poliranje i nagrizanje presjeka nitalom,

nakon Cega je slijedilo makroskopsko ispitivanje u
skladu sa standardom [ISO 17639. Primjeri tako
pripremljenih uzoraka za polozenu i nadglavnu
poziciju su prikazani na slikama 3 i 4, respektivno.

AL

k e oie AL,
-.‘_'ﬁV*v‘b‘;“.ﬂ'm%%:m:n_'- e

Slika 3. Izgled i presjek zavara za uzorak u poloZenoj poziciji (Q=0,82 kJ/mm)

Figure 3. Appearance and cross-section of the weld for the sample in the horizontal
position (Q=0,82 kJ/mm)
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Slika 4. Izgled i presjek zavara za uzorak u nadglavnoj poziciji (Q=0,91 kJ/mm)

Figure 4. Appearance and cross-section of the weld for the sample in the overhead
position (Q=0,91 kdJ/mm)

Nakon fotografisanja tako pripremljenih spojeva,
upotrebom aplikacije AutoCAD je izvrSeno mjerenje
kateta (z i zy), kako je prikazano na slici 5.

Slika 5. Mjerenje kateta na pripremljenim uzorcima

Figure 5. Measurement of the cathetus on prepared samples

S ciliem pojednostavijenja uspostave veze
parametara i geometrije, prvo je izvrSeno poredenje
rezultata mjerenja kateta u dvije razliCite pozicije
(poloZenoj i nadglavnoj). Za ovo je iskoristen t-test
dva uzorka sa pretpostavkom da su varijanse
osnovnih skupova jednake (engl. t-Test Two-
Sample Assuming Equal Variances) Koristeci
Microsoft Excel. Na ovaj nacin je utvrdeno da nema
statisticki znacajne razlike izmedu vrijednosti kateta
ostvarenih u dvije navedene pozicije. Stoga su se
svi podaci mjerenja u nastavku Koristili kao
jedinstven skup.

Nakon ovoga, izvrSena je viSestruka linearna
regresiona analiza i uspostava veze ulaznih (jaCina
struje i brzina zavarivanja) sa izlaznim parametrima
(veliCina katete spoja). | ovo je izvrSeno koristedi
Microsoft Excel. Glavni pokazatelji regresionog
modela su dati u tabeli 2, i prema njima se ovaj
model moze ocijeniti kao adekvatan, a njima je
moguce objasniti 61,11% varijabiliteta (R®). Ovo
nije visoka vrijednost, ali treba imati na umu da je u
pitanju ruéno zavarivanje i da je to vrlo vjerovatno
uticalo na ovu vrijednost.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2023, str. 147-155
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Tabela 2. Pregled kljucnih parametara regresionog modela z=f(l, w)
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Table 2. Review of the key parameters of the regression model z=f(1, w)

Koeficijent determinacije R? 0,6111
Znadajnost F 2,05-1072
Standardna greska 0,6102
Broj opservacija 60

Jednacina koja opisuje promjenu z je data preko
odgovaraju¢ih koeficijenata navedenim u tabeli 3.
Uzevsi u obzir P-vrijednost pojedinih ulaznih
parametara, moze se zaklju€iti da su u ovom
slucaju relevantna oba ulaza (i /i w).

Tabela 3. Pregled koeficijenata regresionog modela z=f(l, w)

Table 3. Review of the coefficients of the regression model z=f(l, w)

Koeficijent Standardna greska P-vrijednost
Odsjecak 6,4454 0,4957 1,07-10°%®
I (A) 0,0186 0,0028 1,34-1078
w (cm/min) -0,1150 0,0149 1,98-107°

Na osnovu ovoga, jednacina koja opisuje kako
se z mijenja u funkciji /i w je

z=6,4454+0,0186-/-0,1150-w.

4)
Graficki prikaz ove jednacine je dat na slici 6.
_— S22 L e
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Slika 6. Graficki prikaz zavisnosti z=f(l, w)

Figure 6. Graphic representation of dependence z=f(I, w)
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Sa druge strane, radovi navedeni u poglaviju 2
koji su ponudili uspostavu veze izmedu parametara
zavarivanja i katete nisu koristili regresionu analizu,
ve¢ funkciju frendline. Kako bi izvrSili poredenje
rezultata dobijenih u ovom istraZivanju sa
navedenim, izvrSena je uspostava veze izmedu

4
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ulaza (unos toplote) i izlaza (veli€ina katete) na isti
nacin, bez obzira na postojanje razvijenog
regresionog modela (4).

Na slici 7 je dato poredenje sa radom Millera i
Funderbruka u kojem je z dato izrazom (1).
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Slika 7. Poredenje s radom Millera i Funderbruka

Figure 7. Comparison with the work of Miller and Funderburk

Kako se vidi, trend je isti, kao i zakrivljenost
krive. Razlika je u tome Sto su vrijednosti katete
dobijene u ovom istrazivanju za oko 1,7 mm vece
od onih koje daje model (1). Ovo se moZe objasniti
time da model Millera uklju€uje i druge elektrolu¢ne
postupke (REL, FCAW i EPP) i razliCite debljine
osnovnog metala, dok model u ovom radu ukljuéuje

samo pulsni MAG izveden na limovima debljine
4 mm.

Prilikom poredenja rezultata ovog istrazivanja sa
onim od Yaakuba, ukljuéeni su samo rezultati za
nadglavnu poziciju (radi uporedivosti). Rezultat
poredenja daje slika 8.
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Slika 8. Poredenje s radom Yaakuba

Fiure 8. Comparison with the work of Yaakub
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Kako se vidi, i ovdje postoji odredena razlika, ali
je nesto manja i iznosi izmedu 1,2 1,5 mm. Trend i
zakrivljenost je opet podudarna. Razlika se moze
objasniti time da je u radu Yaakuba izvrSeno

5. Zaklju€ak

U ovom radu su predstavljeni rezultati
istrazivanja koje je imalo za cilj pokazati kako se
mijenja veli¢ina katete u funkciji unosa toplote pri
pulsnom MAG zavarivanju plo¢a nelegiranog Celika
debljine 4 mm. Zavarivanje je izvrSeno ru¢no, u
dvije pozicije, polozenoj i nadglavnoj. Veli€ina
katete je utvrdena mjerenjem na presjecima
zavarenih spojeva, dok je unos toplote izraCunat
preko AIP modela nakon snimanja profila jacine
struje i napona rezolucijom 1 ms. Nakon toga je
pristupljeno analizi rezultata i pokazalo se da nema
statistic¢ki znacajne razlike izmedu vrijednosti katete
dobijene u polozenoj i nadglavnoj poziciji. Razvijen
je model veze katete, jacine struje i brzine
zavarivanja, i to upotrebom viSestruke linearne
regresije, i on je u stanju objasniti 61% promjene
katete promjenom unosa toplote. Relativho niska
vrijednost je posljedica toga Sto je u pitanju ru¢no
zavarivanje.

IzvrSeno je i poredenje rezultata dobijenih tokom
ovog istraZivanja sa uporedivim rezultatima
dostupnih istrazivanja. Ustanovljeno je da postoji
podudarnost u trendovima i oblicima krivih koje
prikazuju zavisnost katete od unosa toplote. U
ovom istraZivanju se dobijaju nesto vece vrijednosti
katete, ali to moZze biti posljedica razlika uslova u
kojima je vrSeno zavarivanje.

Interesantno je da je t-test pokazao da nema
statisti¢ki znagajne razlike izmedu vrijednosti kateta
dobijenih u poloZenoj i u nadglavnoj poziciji,
bazirano na rezultatima mjerenja u ovom
istraZivanju. Ovo bi bilo dobro detaljnije istraziti, po
mogucnosti uz upotrebu robota kako bi se izbjegao
uticaja zavarivaCa na rezultate.
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robotsko zavarivanje na limovima debljine 6 mm, za
razliku od ovog rada, kod kojeg je to bilo ru¢no i na
limovima debljine 4 mm.

5. Conclusion

This paper presents the results of research
aimed at showing how the size of the cathetus
changes as a function of heat input during pulsed
GMAW welding of 4 mm thick unalloyed steel
plates. The welding was done manually, in two
positions, horizontal and overhead. The size of the
cathetus was determined by measuring the cross
sections of the welded joints, while the heat input
was calculated using the AIP model after recording
the current and voltage profiles with a resolution of
1 ms. After that, the results were analyzed and it
was shown that there is no statistically significant
difference between the values of the cathetus
obtained in the horizontal and overhead positions.
A model of the connection of the cathetus,
amperage and welding speed was developed,
using multiple linear regression, and it is able to
explain 61% of the change in the cathetus with the
change in heat input. The relatively low value is a
consequence of manual welding.

A comparison of the results obtained during this
research with comparable results of available
research was also carried out. It was found that
there is a matching in the trends and shapes of the
curves that show the dependence of the catheter
on the heat input. In this research, slightly higher
values of the leg are obtained, but this may be a
consequence of the differences in the conditions in
which the welding was performed.

It is interesting that the t-test showed that there
is no statistically significant difference between the
values of the catheters obtained in the horizontal
and overhead positions, based on the results of the
measurements in this research. This would be good
to investigate further, preferably with the use of a
robot to avoid the influence of the welder on the
results.
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e okupljanje mladih profesionalaca Sirom sveta koji su zainteresovani za zavarivanje i srodne
tehnologije,

e razmenu i povezivanje profesionalnih znanja i iskustava sa drugim mladim profesionalcima u ovoj
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77. Godisnja skupstina MIZ (1IW) 2024 i Medunarodna konferencija

U Grékoj se od 7. do 12. jula 2024. godine odrzava 77. GodiSnja skupstina MIZ (lIW) uz u&eSce
predstavnika iz pedeset jedne zemlje Sirom sveta. GodiSnja skupstina [IW daje priliku za godidnje
okupljanje tehnickih radnih grupa i administrativnih radnih grupa, za razmenu znanja i umrezavanje
naucnika, inzenjera, istrazivaca i stru¢njaka iz industrije u oblasti zavarivanja i spajanja. Ovo je prilika da
se uputi zahvalnost svim buduc¢im posetiocima, predsedavaju¢ima, govornicima, delegatima i sponzorima
za njihovo aktivno uceSée u 77. Godisnjoj skupstini IIW. Velika je Cast i zadovoljstvo za Greki institut za
zavarivanje da ima mogucénost da pozeli dobrodoslicu Globalnoj [IW zajednici i predstavnicima na ostrvu
Rodos - mestu odrzavanja skupa u Grckoj, na ovako vaznom dogadaju uz uceScée predstavnika iz
pedeset jedne zemlje.

IW 2024 Medunarodna konferencija

Medunarodna konferencija ,Energetski projekti u oblasti Sredozemnog mora” se odrzava paralelno sa
Generalnom skupstinom [IW. Konferencija, koju organizuje Grcki institut za zavarivanje, ima za cilj da
pokrije najnoviji razvoj u industrijskom i tehnickom sektoru, akademska istrazivanja, aktivnosti obuke i
obrazovanja, kvalifikacije i sertifikacije lica. Ocekuje se vise od 1.100 uc€esnika, koji ¢e demonstrirati
znacaj direktnih li€nih sastanaka nakon COVID-19 ere. Sastanci uZivo u aktivnostima Konferencije,
promovisace poslovno umrezavanje izmedu ucesnika.

Tehni¢ki, naucni i druStveni dogadaji ¢e se takode odrzavati tokom GodiSnje skupStine [IW 2024 i
Medunarodne konferencije.

Medunarodna izlozba IIW 2024

Poslovne aktivnosti vezane za zavarivanje su od velikog zna€aja u gradevinskoj industriji, utiCuci na
kvalitet i zivotni vek projekata. Medunarodna izlozba [IW 2024 koja ¢e biti u okviru 77. GodiSnje skupstine
MIZ (1IW), pruzice moguénost medunarodnoj poslovnoj zajednici i u¢esnicima skupa Siri prodor na trzista.

ViSe informacija se moze naci na sledec¢em linku: https://www.iiw2024.com/
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Abstract

The effectiveness of the hybrid laser arc welding
is based on the combination of two heat sources in
a single welding process, resulting in welding
process that is characterized with higher welding
speed, increased productivity, deeper penetration,
stable process, better gap bridging ability, less heat
input to the welding material and high flexibility. The
physical complexity of the process is a main
disadvantage, i.e. an increased number of
parameters that need to be synchronized and
optimized in order to obtain a perfect weld. In this
paper, based on the previous experimental
research, a complete analysis of the primary hybrid
laser arc welding parameters was performed, and
general conclusions were drawn regarding their
impact on the welding process stability, the weld
shape and its mechanical characteristics. The
introduction part contains a general analysis of
previous research. In the second part,
characteristics of the performed hybrid welds in
structural steels and detailed analysis are
presented. In the final part, general conclusions are
made regarding the influence of the primary hybrid
laser arc welding parameters on the structural
steel.
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Klju€ne reci: hibridno zavarivanje, laserski snop,
elektrini luk, parametri rezima zavarivanja

Rezime

Efikasnost hibridnog zavarivanja na bazi
laserskog zraka i elektricnog luka zasniva se na
kombinaciji dva izvora toplote u jednom procesu
zavarivanja, Sta dovodi do procesom zavarivanja
koji se odlikuje vecom brzinom zavarivanja,
pove¢anom produktivnoSéu i penetraciju, boljom
sposobnodéu premoSéavanje zazora, stabilnim
procesom, manji unos toplote u radni materijal i
velika felksibilnost. Medutim, fizicka slozenost
procesa je glavni nedostatak, odnosno povecan
broj parametara koji bi treba da se sinhronizuju i
optimizuju da bi se dobio kvalitetan zavareni spo;.

U ovom radu, na osnovu dosada$njih
eksperimentalnih istraZivanja, izvrSena je
kompletha analiza na primarnih parametara

hibridnog laserskog elektrolu¢nog zavarivanje, i
izvedeni su opsti zakljuoci o njihovom uticaju na
stabilnost procesa zavarivanja, oblik zavarenog
spoja i njegove mehaniCke karakteristike. Uvodni
deo sadrzi opStu analizu dosadasnjih
istrastrazivanja. U drugom delu su prikazane
detaljne analize i karakteristike izvedenih hibridnih
zavara u konstrukcijskih Celika, a u zavrSnom delu
se donose opsti zakljuci o uticaju primarnih
parametara hibridnog laserskog elektrolu¢nog
zavarivanja konstrukcijskih Celika.

The paper was published in its original form in the Proceedings of the 32na Conference with international participation "Welding 2022" held in

Tara, Serbia from October 12 to 15, 2022.
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1. Introduction

The conventional joining process Gas Metal Arc
Welding — GMAW is widely used process for
welding of structural steel in a number of
engineering fields such as shipbuilding, civil
construction, mining equipment and metallurgy [1].
Consequently, several innovations appear in this
welding process that contributes for its
improvement [2]. One of the improvements is
automated hybrid laser arc welding, whereby
combining the advantages of two different
processes, Laser Beam Welding — LBW and semi-
automatic welding processes such as Gas Metal
Arc Welding — GMAW and Flux-Cored Arc Welding
— FCAW represents an excellent substitute for
conventional welding processes [17].

Hybrid Laser Arc Welding — HLAW combines the
advantages of both welding processes, LBW and
GMAW or FCAW, resulting in welding process that
is characterized with high welding speed [4], low
heat input, high penetration depth into the welding
material, and the possibility of controlling the
chemical composition of the weld bead [5].
According to Pekarska and Bunaziv [6, 7] HLAW
gains increasing focus because it compensates the
limitations of the individual LBW and GMAW
processes, reduces the heat transfer out of the
weld zone and increases the dimensional
tolerances of the welding joints. Additionally, HLAW
enables higher welding speeds [6], fewer numbers
of welding passes, increased penetration depth [7],
and narrow weld seam with a small heat affected
zones and a stable welding process [8].

Although the hybrid laser arc welding process
has numerous process advantages, the process
has certain limitations too, such as: controlling large
numbers of process welding parameters,

4
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requirement of accurate positioning and proper fit-
up of the welding material, higher initial investment,
and additional safety measures. Consequently, a
precise study of all the parameters used in the
hybrid welding is the basis for the stability and
repeatability of the process and obtaining a weld
with  suitable mechanical and dimensional
characteristics at the lowest possible operational
cost.

Moreover, the values of the parameters that are
ideal for each process separately are likely not to
be optimal for successful welding with HLAW due
to mutual influence.

Current research and experience have shown
that, the parameters of the hybrid laser arc welding
are not specified enough to replicate the conditions
for a particular operation. Consequently, the user
has to optimize the welding parameters before
welding in order to get the best results. Generally,
these parameters are dependent on the ratio
between the two heat sources, which is calculated
by dividing the laser power with the arc power [16,
17].

The flow chart [Figure 1] clearly shows, as with
any other welding process, the capabilities of hybrid
welding are essentially determined by appropriate
selection of the system set-up and the parameter
configuration.

Therefore, in this paper, a detailed analysis
regarding the influence of the hybrid welding
parameters for welding of construction steel is
performed, such as: laser power, arc power,
welding speed, the distance and set-up between
both heat sources, laser focal positions, the angle
of electrode, shielding gas composition and the gap
configuration and edge preparation.
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Figure 1. Flow chart of process parameters in laser arc welding [12]

Slika 1. Dijagram toka parametara procesa
2. Hybrid laser arc welding parameters

A detailed understanding of hybrid laser arc
welding parameters is needed in order to
understand their overall influence on the welding
process. In HLAW, the laser power is the main heat
source which determines the penetration depth,
while the arc power influences the weld width and
the weld gap fill [8, 20]. Hybrid laser arc welding

pri laserskom elektrolu¢nom zavarivanju [12]

has a higher melting efficiency compared to the
individual LBW and GMAW welding processes
based on weld cross-section area (Figure 2).
Generally, the HLAW parameters are set up
according to the type and thickness of the base
material, the heat sources power, the joint
geometry and the welding tolerances.
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Figure 2. Schematic representation of laser hybrid welding with leading arc and leading laser arrangements [14]

Slika 2. Sematski prikaz lasersko hibridnog zavarivanja sa vodeéim elektriénim lukom

i vodecim laserskim snopom [14]

2.1 Laser type and power

The focused laser beam is one of the densest
energy sources for welding. The output power
P.(W), the wavelength of the emitted light (A) as
well as the specific power output are the
characteristics that should be taken into
consideration for laser beam quality assessment
[15].

The selection of the laser type is very important
because it is the primary heat source that defines
the efficiency of the whole process [13]. The total
heat input in the workpiece material is a sum of
laser beam as a primary heat source and the

electric arc. This correlation is given in the
equation:

B _ PLxmyx60  Pyxmnux60
Qu=0Qu+0a= =550 5 7 1000 x V,

Where, P (kW) is the laser source power, Pa
(kW) is the electric source power, Vi (mm/min) is
the welding speed, while n; and n, are efficiency
coefficients with a value of 0,7 for the laser beam
and 0,8 for the electric arc [16].

Currently, the most often used high power lasers
are the CO, lasers with continues-wave or solid
state Nd:YAG lasers with pulsed operation. In
addition to these, different types of solid state
lasers such as Yb:YAG disc and Yb laser fiber are
used nowadays which provide high output power
and excellent laser beam quality (Table 1). The fifth
type of laser recommended for welding is a high-
power diode laser.

Table 1. Characteristics comparison of different types of lasers

Tabela 1. Poredenje karakteristika razliCitih tipova lasera

Nd:YAG laser
CO, laser (lamp-pumped)
Lasing medium Gas mixture Crystalline rod
Emitted wavelength (pm) 10.6 1.06
Power efficiency (%) 10-15 1-3
Maximum output power (kW) 20 6
BPP at 4 kW (mm mrad) 4 25
M? at 4 kW 1.2 75
Fibre beam delivery No Yes
Typical fibre diameter at 4 kW (mm) - 0.6
Mobility low low
Maintenance interval (h) 1000 500

Nd:YAG laser Diode laser

(diode-pumped) Disc laser Fibre laser  (fibre-coupled)

Crystalline rod  Crystalline disc Doped fibre Semiconductor

1.06 1.03 1.07 0.808-0.98
~10-30 10-20 20-30 35-55

6 8 50 8

12 2 0.35 44

35 6 1.1 150

Yes Yes Yes Yes

0.4 0.1-0.2 0.03-0.1 0.4

low low high high

10000 >25000 >30000 25000
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The output power and wavelength are the most
important parameters for choosing the laser type.
The penetration is directly proportional to the laser
output power and therefore it represents the main
parameter in the selection of the type of laser.
Other parameters to consider when choosing the
type of laser are welding speed, heat flux density,
workpiece material and reflectivity, and joint
geometry [15].

2.2 Relative positioning of the laser beam and
the electric arc

The HLAW process can be oriented in two
directions: arc leading or laser leading despite the
fact that they act on the same point. The GMAW
process can be positioned in front or behind of the
travelling laser keyhole. If the GMAW process
travels behind the laser beam, the HLAW process
orientation is referred to as laser leading. If the
GMAW process travels ahead of the laser, the
HLAW process orientation is referred to as arc
leading [3].

The selection of the orientation of the heat
sources is based on multiple factors, such as; work
piece material characteristics, the output power of
the laser source and the electric arc [18]. The
distance between the laser source and the arc is an
important parameter to control the penetration in

4
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hybrid laser arc welding and normally is consisted
of few millimetres value, separation distance is in
the range of 0 to 5 mm [18]. Increasing the distance
between the heat sources might result in loss of
hybridization effects, i.e. to reduce the interaction
between the laser beam and the electric arc [18].
When heat sources are placed in parallel or at a
very short distance might lead to a problem of
absorption of the laser energy by the electric arc,
which partially blocks the laser beam resulting in
less penetration [17, 27].

2.3 Focal positioning

Laser heat sources use a focusing system to
focus the energy on a single point, thus increasing
the heat flux. This is achieved using reflective or
transmissive optics made of different materials
depending on the wavelength. The distance to this
focal point is called focal length and directly affects
penetration (Table 2) [20, 21]. The focal point of the
laser beam changes when it enters the weld pool.
Furthermore, the convex shape of the weld face
formed by the filler material affects the laser beam
focus. According to the several experiments, the
focus distance of hybrid welding using CO, laser is
reduced by 0.7mm compared to an autogenously
laser welding without filler material.

Table 2. Power density at varying focal positioning and laser output power [21]

Tabela 2. Gustina snage pri promenljivom fokusnom pozicioniranju i izlaznoj snazi lasera [21]

|:;}t::::d -12mm | -9 mm
5 8 kW | 4 {
: [okw | 5 10
5 [12aw | 7 T
- | 4kW | B 13

Power density (kW mm?)

-6 mm

-3 mm 0 mm 6 mm

16 | 47 [ 13 | 14
20 | 59 | 141 | 18
24 | 71 | 169 | 22
28 | 83 | 197 | 25

2.4 Work angle of the electrode

The electrode to work angel is a parameter that
affects the penetration of the weld provided by
HLAW, this angle is related with the shielding gas
flow and thus directly affecting the laser energy
absorption [22]. Generally, the laser beam is
directed normal to the welding material surface for
better penetration. The angle of electrode is
typically set around 45° — 65° from the welding
material surface, which reduces the arc length, and
the laser beam is focused on the welding pool [23].
However, during the welding of highly reflective
materials the laser beam is tilted at an angle in

order to avoid any damages of the laser head due
to the reflected beam that must be different from
the electrode’s angle [24].

2.5 Shielding gas and flow rate

In order to protect the weld pool from surrounding
atmosphere the shielding gases are mainly used.
The use of shielding gases and their compositions
also influence the arc characteristics, formation of
weld profile, and mode of metal transfer. In HLAW
the shielding gas has a fundamental role of
stabilizing the arc, and in turn, the stability of the
welding process, and the weld quality [9].
Generally, the shielding gas used in HLAW is
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mostly composed of an inert gas such as Argon
(Ar) and Helium (He) [3], but, according to the
material, laser type and arc parameters, carbon
monoxide (CO) or carbon dioxide (CO,) can also be
used [26]. During hybrid laser arc welding with CO,
laser, absorption of the laser energy by the laser
induced plasma and reduction of the laser intensity
that reaching the weld pool is often occurred, due
to longer wavelength [19]. The use of high
ionization potential shielding gas like helium
reduces the effect of plasma absorption, therefore
during hybrid laser arc welding with CO, laser, a
mixture of argon, helium and CO, is used [19]. The
use of helium ensures deeper penetration, the
argon improves the arc stability, while a small
percentage of oxygen less than 5% reduces the
spatter formation and improves metal transfer
during the welding process [3]. The mode of metal
transfer is an influential parameter for stable and
repeatable welding process, for hybrid laser arc
welding pulsed/spray-arc is recommended in
relation to short/globular-arc [25, 30].

In addition to shielding gas, the gas flow is also
an important parameter of HLAW. In order to
achieve the deepest penetration and the greatest
efficiency, an optimal flow rate should be adjusted
for different shielding gases. If the gas flowrate is
too low, it cannot produce sufficient plasma
suppression from the laser beam, while if it is too
strong can produce turbulence on the weld pool
surface reducing the protection of the weld pool [9].

2.6 Welding speed

One of the fundamental advantages of hybrid
laser arc welding is the high welding speed and it is
strictly related to the weld penetration. If we keep
all the other parameters constant, the welding
speed significantly influences the weld quality, the
electric arc behavior, and the process stability [3].
The weld penetration and weld with are inversely
affected by the welding speed [5]. The weld
penetration increases when the welding speed
decreases as a result of the higher heat input per
unit length of weld [28]. The gap filling capability is
improved at lower welding speeds, at constant filler
wire feed rate [29]. The welding speed to filler wire
feeding ratio is an important factor for the stability
of the keyhole and the stability of the entire welding
process. On the other hand, a too high welding
speed leads to a fast heating and cooling cycle in
the workpiece, which may result in metallurgical
defects However, increasing the welding speed can
effectively reduce the residual thermal stress
concentration [10].
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2.7 Wire feed rate

The crucial factor in avoiding a lack of deposited
or increased filler material is the correct choice of
wire feed rate. A higher wire feed rate allows a
bigger cross-section geometry of the weld and
helps to increase the welding speed [3].
Additionally, for an increased wire feed rate, a
higher current is required in order to increase the
rate of deposition and to maintain a constant arc
length [20].

According to Guen [5], the shape of the bead is
dependent on the deposed material, or the ratio
between the welding speed and the wire feed rate.
Consequently, the weld width and penetration are
decreased with the increase of the welding speed,
while the dimensions of the weld pool — width,
length and depth are increasing with the increase of
the wire feed rate.

2.8 The effects of Gas Metal Arc Welding
Current, Voltage, and Polarity

HLAW brings challenges that are not common
for GMAW mainly due to the high welding speeds.
Consequently, the metal transfer mode is crucial to
obtaining a stable and repeatable welding process.
Therefore, spray transfer or pulsed GMAW are
typically used instead of short-circuiting or globular
transfer [3].

The effect of the electric arc voltage in HLAW is
identical as in GMAW, i.e. arc voltage can be
adjusted to increase or decrease the arc length. A
longer arc length generally produces a wider melt
width at the top surface of the weld and vice versa.

The type of the current and its polarity is a
parameter that affects the process stability, it can
be changed to affect the heat balance between the
electrode and the work. The hybrid laser arc
welding use direct current electrode positive
polarity, resulting in good arc stability and low
spatter generation.

2.9 Joint gap width and edge preparation

Compared to laser beam welding which can
weld parts without visible defects with a gap up to
0.2-0.25 mm, HLAW can easily achieve acceptable
welds with joint gaps of 1 mm. The main
parameters which affect the deposition of the filler
material to fill the joint gaps are the laser to arc
energy ratio, laser arc distance, welding speed and
the wire feed rate [26].

In HLAW the welding speed can be easily
increased while welding parts with a joint gap up to
1mm, due to a smaller joint gap that simplifies the
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weld penetration as more filler material reaches the
root of the joint [26]. On the other hand, an increase
of the joint gap by more than 1 mm, requires a

4
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reduction of the welding speed and a proper
selection of the other process parameters (Figure
3) [11].

a.Gap=0mm
PMlG =3.2 kW
UMIG =35V

Vield = 1.4 m/min
Viire = 9 m/min

b. Gap = 0.5 mm
PMIG =4.7 kW
UMIG =36V

Vieid = 1.6 m/min
Vyire = 8 m/min

c.Gap=1.0 mm
PMIG =7.0 kW
UMEG =40V

Vieid = 1.8 m/min
Vyire = 13 m/min

d. Gap=1.5mm
PMIG = 9.5 kW
UMIG =42V

Vield = 1.7 m/min
Vyire = 18 m/min

e. Gap =2.0 mm
PI'\J'HG =10.2 kW
UMIG =42V

Vield = 1.1 m/min
Vyire = 20 m/min

Figure 3. Cross-section of the weld performed with HLAW at different part gaps [11]

Slika 3. Poprecni presek zavara izveden sa HLAW sa razli¢itim zazorima kod delova [11]

Additionally, HLAW requires proper edge
preparation which mostly depends on the base
material characteristics and its thickness. For
hybrid welding of thin steel sheet metal with a
thickness up to 8 mm no edge preparation is
needed, whilst, for larger thicknesses, edge
preparation is needed in accordance with the
material thickness [31]. The edge preparations for
HLAW are characterized by narrower angles,

smaller gaps and higher roots compared to
conventional arc welding [31].

3. Analysis of HLAW process parameters

Hybrid laser arc welding is suitable for joining
materials with thicknesses in the range of 0.7-50
mm. According to Bunaziv [16], with a 16 kW disc
laser, hybrid welding of 12 to 15 mm thick structural
steel can be performed in a single pass.

Weld No. SMF
Q. =025kmm 288 HV
Q=035kIMm (376 HV)

362 HV 374 HV
(#1.7 HV) (£20.1 HV)
383 HV 387 HV
(]7.6 HV) €—eg (#5.2 HV)
327 HV
(£2.1 HV)

320HV _ o 335HV
(2186 HV) * (6.7 HV)
AR
289HV E
(£5.7 HV) il
306 HV
(6.0 HV)

Weld No. 7PF
Q, = 0.45 kJ/mm
Q4 = 0.47 kJ/mm

253 HV
(£8.5 HV)

255 HV
(#8.1 HV)

Figure 4. Cross-section of 15mm hybrid weld performed with a different output power of the heat sources [11]

Slika 4. Poprecni presek hibridnog zavara od 15 mm izveden sa razli¢itom izlaznom snagom izvora toplote [11]

In both cases, a fine-grained structure appears
in the upper area of the weld, which constitutes
more than 60% of the weld, due to the influence of
the filler material and the intense heat input from
laser and arc sources. In the root, the weld
microstructure is a mixture of bainite and
martensite due to faster cooling rates. The weld
with lower heat input 0,60kJ/mm, has higher
hardness >325 HV in the weld and heat affected
zone, that exceeds the limit values for acceptable
quality (Figure 4) [11]. The mechanical

characteristics and geometry of the weld are
directly related to the position of the heat sources.
According to Bunaziv, the laser leading process
leads to insignificantly high heat input and welds
with a conical shape, with increased tensile
strength and decreased toughness.

The maximum weld penetration is achieved
when the focal point is positioned below the
material surface, in the focal point the laser beam
diameter is the smallest and the energy density is
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the highest [21]. When the focal point has a
negative value, the heat input in the work material
is higher. On the other hand, a positive value
causes insufficient weld penetration and increased
volume in the upper part of the weld.

4
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The weld penetration directly correlates to the
angle of electrode. According to Ghazvinlool's
results, an increased electrode angle corresponds
with and increased weld penetration, which means
that the root of the weld is directly exposed to the
electric arc heat and vice versa (Figure 5).

©=65°d=16mm S.G=C02
Depih of penetration P =3.81mm x10.

@=75d=16mm $G=C02

Depth of penetiation P =5, 38mm x10. Deplh ol peretraicn P =7.5mm x10.

=85 d=1Emm SG=CO0Icoroimon.

Figure 5. Cross-section of hybrid weld performed with a different electrode angle [25]

Slika 5. Poprecni presek hibridnog zavara izvedenog sa razli¢itim uglom elektrode [25]

According to Kah [9], a surface hybrid weld has
been made on 8mm thick structural steel using a
12kW CO, gas laser, in order to test the effects of
the different ratios of an inert shielding gas of Argon
(Ar) and Helium (He) (Figure 6). The results show
that the laser penetration depth is significantly
reduced by reducing the helium below 40%.

Consequently, at least 50% of helium is required in
the shielding gas to suppress the laser absorption
while welding with CO, laser. Additionally, the
composition of the shielding gas affects the optimal
gas flow rate, with a shielding gas of at least 50%
helium and a flow rate of 20 I/mm the best hybrid
welding results can be achieved [27].

100% He

90% He + 10% Ar

40% He + 60% A 30% He - 70% Ay

Figure 6. Cross-section of hybrid weld performed with different ratios of inert shielding gas [9]

Slika 6. Poprecni presek hibridnog zavara izvedenog sa razlicitim odnosima inertnog

zaStitnog gasa [9]

In terms of welding speed, it can be concluded
that, in HLAW, by increasing the welding speed,
other welding parameters should be adjusted,
especially the wire feed speed, thus obtaining the
required welding geometry [5]. Moreover,
increasing the welding speed decreases the
amount of heat input, resulting in increased weld
hardness, decreased weld ductilty and weld
penetration [30].

Salminen's results [30] clearly show the
influence of the wire feed rate on the geometric
characteristics of the weld, such as the size of the
weld bead the amount of deposited material, and
the occurrence of defects. During the hybrid
welding of structural steel in quality AH36,
increasing the wire feed rate results in increased
weld penetration until a full penetration is achieved,
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and then the higher wire feed rate contributes to a
larger weld width in the top and bottom zones.

The laser source power is the primary heat
source in HLAW that influences the efficiency of the
whole process [3]. Therefore, the ratio of the power
of the two heat sources should be considered and
obtained by dividing the laser power with the arc

4
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power [16, 17]. In HLAW increasing of the power
ratio leads to a narrow weld width, reducing the
tendency of grain growth and modifies the
microstructure of fusion zone, while with its
reduction, we have a larger heat affected zone of
heat, due to a wider distribution of the heat flux
(Table3) [17].

Table 3. Influence of the HLAW parameters on the weld bead

Tabela 3. Uticaj parametara HLAW na metal Sava

. Penetration Deposition Face bead width Root bead width
Welding parameteres

Increase Decrease Increase Decrease Increase Decrease Increase Decrease

Welding speed Decrease Increase Decrease Increase Decrease Increase Decrease Increase
Laser power Increase Decrease No effect No effect Minor effect Minor effect Minor effect Minor effect

Arc current Increase Decrease Minor effect Minor effect Decrease Increase Increase Decrease

Wire feed rate Minor effect Minor effect Increase Decrease Minor effect Minor effect No effect No effect

Arc voltage No effect No effect No effect No effect Increase Decrease No effect No effect
Process orientation Minor effect Minor effect No effect No effect Laser leading Arc leding Minor effect Minor effect

According to Nielsen’s research [31] in the
previous point presented, it can be concluded that
the proper gap width selection and edge
preparations directly affect the effectiveness and

4. Conclusions

The effectiveness of hybrid laser arc welding in
contrast of the individual LBW and GMAW
processes is based on the combination of their
advantages, such as: higher welding speed,
increased productivity, deeper penetration, stable
process, better gap bridging ability, less heat input
and high flexibility. However, there are drawbacks,
due to combination of two heat sources in a single
welding process leads to an increased number of
parameters that need to be synchronized and
optimized to obtain a perfect weld.

According to the performed analysis, is can be
concluded that primary parameters of hybrid laser
arc welding of structural steel are the laser power,
arc power, welding speed, layout of the heat
sources, focal positioning, working angle of
electrode, shielding gas type, wire feed rate and
preparation of the weld joint.

In HLAW, the efficiency and weld penetration
depend on the laser source that directly affects the
heat sources distance and the type of shielding gas
and subsequently affects the process stability and
weld geometry and its mechanical properties. In
addition, the laser beam focal positioning should be
considered, with a negative value just below the
work material surface, the best results can be
achieved. The arc power and the electrode’s angle
directly affect the process stability, droplet transfer
mood and weld bead geometry. It is recommended

efficiency of the entire welding process. Special
consideration should be given to laser beam power,
wire feed rate, and welding speed in the selection
of joint gab and edge preparation.

4. Zakljucéci

Efikasnost hibridnog laserskog zavarivanja za
razliku od pojedinacnih LBW i GMAW procesa
zashiva se na kombinaciji njihovih prednosti, kao
Sto su: veCa brzina zavarivanja, povecana
produktivnost, dublje prodiranje, stabilan proces,
bolja sposobnost premoscavanja zazora, maniji
unos toplote i visoka fleksibilnost. Medutim, postoje
nedostaci, jer kombinacija dva izvora toplote u
jednom procesu zavarivanja dovodi do poveéanog
broja parametara koje je potrebno sinhronizovati i
optimizovati da bi se dobio savrSen zavareni spoj.

Na osnovu izvrSene analize, moze se zakljuditi
da su primarni parametri hibridnog laserskog
zavarivanja konstrukcionog €elika su snaga lasera,
shaga luka, brzina zavarivanja, raspored izvora
toplote, fokusno pozicioniranje, radni ugao
elektrode, vrsta zastithog gasa, brzina dodavanja
Zice i priprema zavarenog spoja.

U HLAW, efikasnost i penetracija Sava zavise od
izvora lasera, koji direktno utiCe na udaljenost
izvora toplote i vrstu zastithog gasa i poslediéno
utiCe na stabilnost procesa i geometriju zavara i
njegove mehanicke osobine. Pored toga, treba
uzeti u obzir i fokusno pozicioniranje laserskog
zraka, sa negativnom vredno$¢u neposredno ispod
povrSine radnog materijala, mogu se posti¢i najbolji
rezultati. Snaga luka i ugao elektrode direktno utic¢u
na stabilnost procesa, nacin prenosa kapljica i
geometriju zrna zavarivanja. Preporucuje se da
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the electrode’s angle to be greater than >70°, and
pulsed/spray-arc is preferred in relation to
short/globular-arc due to the lower turbulence of the
molten droplets. The shielding gas should be an
inert gas mixture with a high percentage of helium
more than 50% with the aim to reduce the effect of
plasma absorption and small amounts of oxygen
less than 5% to improve the metal transfer mode.
The ratio between the welding speed and filler wire
feeding is another parameter that affects the entire
process stability as well as on the weld shape.
Higher welding speed with the constant wire feed
rate cause faster heat up and cooling cycle of the
work material which may result in metallurgical
defects in the weld and HAZ. The main advantage
of HLAW is the better gap bridging ability for
thicknesses up to 10mm in one pass, without
additional preparation of the weld joint preparation.

Based on the presented, the general influence of
the HLAW parameters on the structural steel can
be concluded, while for the detailed influence,
especially for welding of thicker structural steel
elements, additional experiment research should be
performed.
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VESTI Eﬁé}é NEWS

2. Medunarodno nauéno-struéno savjetovanje ZAVARIVANJE SPAJA
“ZAVARIVANJE | ZAVARENE KONSTRUKCIJE 2023”

Sarajevo, 25 - 27.10.2023. godine

U organizaciji BH Drustva za zavarivanje, u periodu od 25 - 27. oktobra ove godine odrzano je 2.
Medunarodno naucéno-struéno savetovanje pod geslom ZAVARIVANJE SPAJA, a po temi
“ZAVARIVANJE | ZAVARENE KONSTRUKCIJE”. Savetovanje je odrzano u hotelu Holiday, koji pored
smestajnih kapaciteta raspolaze i kongresnim Centrom sa izloZbenim prostorom.

Ova, rekli bi, dugo olekivana manifestacija nazvana “Zavarivanje spaja 2“ uspedno je spojila
akademsku i privrednu zavarivaCku zajednicu iz svih zemalja regiona: Bosne i Hercegovine, Srbije,
Hrvatske, Crne Gore, Severne Makedonije i Slovenije, kao i iz Ukraine i Nemacke.

Podsec¢anja radi, prva nauCno - struéna manifestacija iz oblasti zavarivanja pod imenom
“Zavarivanje spaja” je odrzana daleke 2005. godine, simboli¢no na istom mestu, a povodom 50 godina od
osnivanja Drustva za zavarivanje Bosne i Hercegovine. Organizatori ove manifestacije, pre svega
predsednik BH Drustva za zavarivanje Namik DZzibri¢, predsednik Skupstine Drustva i direktor Instituta za
zavarivanje — Tuzla, inae partnera BH Drustva za zavarivanje, prof. dr. Sead Avdi¢ uz pomo¢ mnogih
aktivista, pre svega zaposlenih u Institutu za zavarivanje d.o.o. - Tuzla i ostalih ¢lanova zavarivacke
zajednice, su uprkos mnogim poteSkocama uspeli da odaberu 22 nau¢no - struCna rada koji su
prezentovani na Savetovanju u okviru 10 tematskih celina. Ako ovome dodamo da je Savetovanju
prisustvovalo preko 110 uesnika onda je jasan i nedvosmislen zaklju¢ak da sa ponosom mozemo reci da
je Savetovanje bilo izuzetno uspesno.

Pored posecenosti, treba istaCi da je manifestacija protekla u izlaganju i diskusijama veoma
zanimljivih radova. Time je doprinos Savetovanja bio jo$ vedi, jer je ponudilo moguénost svim u€esnicima
da proSire svoja saznanja iz oblasti zavarivanja.

Tokom otvaranja Savetovanja, organizatori su u ime BH Drustva za zavarivanje dodelili zahvalnice
pojedinicima “za ostvarenu saradnju, podrSku i nesebi¢an doprinos unapredenju zavarivanja u Bosni i
Hercegovini”.

avanje ZAVARIVANJE SPAJA
2. Medunarsdig nanino-strudng savictovane AREY AN
% JEAVARIVAN]E | ZAVARENE KONSTRUKCIJE 2023
Sarajevn, 28,27 102023, edine

BH DRUATVO 24 ZAVARIVANIE
14 WELDSVG SOCHTY

BH DRUSTVO ZA ZAVARIVAN]JE
Zahvalnica je posthumno dodeljena i koleginici pasthumao dodjeljvje

Milici Anti¢, kako bi rekli “nasoj Milici”. .
ZAHVALNICU
Anti¢ Milici

Za ostvarenu saradnju, podrsku i nesebi¢an doprinos
unapredenju zavarivanja u Bosni i Hercegovini

Savetovanje je odrzano u sklopu hotela Holiday Sarajevo gde su tokom prvog i drugog dana
ucCesnici imali priliku Cuti i videti aktuelna deSavanja u zavarivanju. Pored izlozenih radova isticemo i
pratecu izlozbu opreme za zavarivanje i kontrolu zavarenih konstrukcija — spojeva.

Naravno, bila je organizovana i zajedniCka veCera koja je posluzila da se joS viSe potencira ono
zbog €ega se i organizuju ovakva savetovanja, a to je spajanje i druzenje ucesnika

Treéi dan je obuhvatio obilazak Sarajeva, grada u srcu Balkana gde se susrecu, kako pesnici kazu
Istok i Zapad, sa dugom i bogatom istorijom verskih i kulturnih raznolikosti. U€esnici su pored verskih
znamenitosti imali priliku da posete i Gradsku vecnicu koja je arhitektonski spoj Istoka i Zapada i trg Sebilj

sa fontanom. Ovo divno druzenje se zavrSilom Setnjom i ru¢kom na Basc&arsiji.
Nastavak na strani 178
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Rezime

Cesto se u dokumentaciji o izradi zavarenih
konstrukcija, izvestaji o vizuelnom ispitivanju ne
mogu naci ili nisu izradeni u skladu sa
odgovarajuéim  standardom. Lom  zavarenih
konstrukcija izazivaju prsline, koje se prevashodno
javljaju na greSkama u zavarenim spojevima. Neke
od ovih greSaka se mogu otkriti samo vizuelnim
ispitivanjem. Takode, vizuelnim ispitivanjem se, u
odnosu na ostale metode ispitivanja bez razaranja,
lakSe i pouzdanije otkrivaju delovi zavarenih
spojeva sa povecanom verovatno¢om nastanka
prslina, npr. mesta reparatura tokom izrade ili
eksploatacije  konstrukcije. Delovi  zavarenih
spojeva sa povecanom verovatno¢om nastanka
prslina, otkriveni vizuelnim ispitivanjem, moraju da
budu predmet ispitivanja ostalim metodama
ispitivanja bez razaranja. Na taj nacin smanjuje se
verovatnota otkaza tj. povecava se sigurnost
zavarene konstrukcije. Ovo je posebno vazno kod
opreme pod pritiskom. U ovom radu je prikazan lom
jednog rezervoara za skladidtenje te€nog kiseonika
tokom eksploatacije. Pri izradi rezervoara
napravljen je vecCi broj greSaka u zavarenim
spojevima. Jedna od greSaka, oblika zareza, nakon
viSegodisnje eksploatacije rezervoara je dovela do
njegovog razaranja.

Adresa autora / Author's address:

! Inovacioni centar Masinskog fakulteta Univerziteta u Beogradu,
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Abstract

More often than not, documentation about
making and testing of welded structures does not
include visual test reports, or includes such reports
which are not in accordance with relevant
standards. Welded structure failure is caused by
cracks, which typically occur in welded joint
defects. Some of these defects can only be
detected using visual testing. In addition, visual
testing is a reliable method for determining which
parts of a welded joint have increased risk of crack
initiation, i.e., repair locations during fabrication or
exploitation, which also need to be subjected to
other non-destructive test methods. In this way,
probability of failure is decreased, i.e., welded
structure safety is improved. This is of particular
importance for pressure equipment. This paper
shows the failure of a tank used for storage of liquid
oxygen during exploitation. During tank fabrication,
a number of defects were made in the welded joint.
One of these defects, in the form of a notch, lead to
the destruction of the tank after years of
exploitation.

Rad je u izvornom obliku objavijen u Zborniku radova sa 32. Savetovanja sa medunarodnim uce$¢em ,Zavarivanje 2022 odrZzanog

na Tari, Srbija od 12. do 15. oktobra 2022. godine
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1. Uvod

Cesto se u dokumentacijama o izradi zavarenih
konstrukcija, izveStaji o vizuelnom ispitivanju
zavarenih spojeva ne nalaze ili nisu uskladeni sa
odgovarajuéim standardom [1]. Standardi za
ispitivanja i kontrolu zavarenih  konstrukcija
predvidaju ovo ispitivanje kao obavezno. Pod
vizuelnim ispitivanjem, pored pregleda metala Sava
(MS), podrazumeva se i njegova dimenziona
kontrola, kao i pregled zona sa obe strane Sava.

Da bi zavarena konstrukcija bila bezbedna za
eksploataciju izvedeni nivo kvaliteta zavarenih
spojeva mora biti veéi od projektovanog ili bar
jednak njemu [2]. Pod izvedenim nivoom kvaliteta
podrazumeva se da greSke u izvedenim spojevima
svojom prirodom, veli¢inom, brojem i uéestalo$¢u
ne slabe spojeve vise nego Sto je to projektom
dozvoljeno. Sve greSke, u zavisnosti od prirode,
veli€ine i ulestalosti, izazivaju lokalna povecanja
napona, $to poveéava verovatnocu nastanka ili
rasta postojecih prslina ili eventualno otkaza t;.
mesta sa greSkama u zavarenim spojevima
pretstavljaju slaba mesta na  zavarenim
konstrukcijama. Na spojeve na konstrukcijama
deluju naponi izazvani opterecenjem, koji su na
razli€itim delovima konstrukcija, razli€iti po vrsti,
smeru i intenzitetu, npr. poduzni i kruzni spojevi i
njihova ukrsna mesta na opremi pod pritiskom. Ovo
znaCi da u delovima nekih spojeva do nastanka ili
rasta prslina ili eventualno loma, moze doéi pri
manjim  naponima izazvanim  optereéenjem
konstrukcije tj. da neki delovi zavarenih spojeva na
konstrukciji predstavljaju slaba tj. kriti¢na mesta [3].
Nacelno, zavarena konstrukcija je bezbedna za
eksploataciju onoliko koliko je bezbedno najslabije
mesto na njoj.

Da bi se otkrilo najslabije mesto na zavarenoj
konstrukciji i utvrdile njegove osobine tj, procenio
rizik od loma tokom eksploatacije konstrukcije,
potrebno je prvo definisati proceduru ispitivanja
zavarenih spojeva metodama bez razaranja [4].
Definisanje ove procedure podrazumeva analizu
proizvodacke dokumentacije konstrukcije, analizu
rezultata prethodnih ispitivanja metodama bez

4
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razaranja (IBR) i analizu uslova eksploatacije
konstrukcije, zbog eventualnih  prekoracenja
projektnih parametara koja mogu dovesti do
oSteCenja zavarenih spojeva. Na osnovu toga i na
osnovu relevantnih standarda definiSu se metode,
obim i mesta primene metoda IBR na pojedinim
zavarenim spojevima.

2. Znacaj
spojeva

vizuelnog ispitivanja zavarenih

Standardi za ispitivanja zavarenih spojeva,
samo u slu€aju VT ispitivanja predvidaju, bez
izuzetka, obim ispitivanja 100%. Ovo je posebno
vazno kod opreme pod pritiskom kod Kkoje
verovatno¢u nastanka i rasta prslina tj. verovatnocu
otkaza povecCava energija akumulisana u zidu
opreme tj. u zavarenim spojevima, a koja je
posledica unutrasnjeg pritiska. Ostale
konvencionalne metode IBR se u najveéem broju
sluCajeva, prema standardima, primenjuju i u
manjem obimu. U tim slu¢ajevima, ukoliko se i VT
ispitivanje ne primeni ili ne primeni u obimu 100%,
pojedini delovi zavarenih spojeva ostaju neispitani,
zbog €ega u njima mogu ostati neuoCena kriticna
mesta. Ta mesta su mesta sa greSkama koje se
osim VT ispitivanjem ne mogu otkriti drugim
metodama IBR, neodgovarajuée dimenzije spojeva,
greske koje se mogu otkriti VT ispitivanjem, a koje
mogu da budu da uzrok nastanka drugih greSaka,
mesta sa viSestrukim greSkama u spoju, mesta
predhodnih reparatura  zavarenih spojeva,
eksploatacijska ostecenja kao i greSke u osnovnom
materijalu (OM) pored zavarenih spojeva.

Slike 1., 2. i 3. prikazuju pojednostavljene
modele spojeva zavarenih na Celiku S 235, debljine
10 mm, MAG postupkom sa dodatnim materijalom
SG2. Modeli su izradeni metodom konacénih
elemenata. Spojevi su poprecno optereceni silom
koja u OM izaziva napon od 100 MPa. Na slikama
1. i 2. su prikazane greSke koje se, osim VT
ispitivanjem, ne mogu otkriti drugima metodama
IBR. To su smaknuée i neodgovaraju¢i ugao
prelaza sa lica Sava na OM. Na slici 1. prikazano je
smaknuce veli¢ine 1 mm, koje je u ovom slu€aju
prihvatljivo za nivo kvaliteta B prema standardu [5].
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Slika 1. Povecanje napona u zavarenom spoju izazvano smaknucem

Figure 1. Stress increase in the welded joint caused by the misalignment

Sa slike se vidi da ova greska izaziva povecanje
napona od skoro 58% na prelazu sa lica i nalicija
Sava na OM. Pri istom naponu u OM, lokalno
povecanje napona, definisano kao faktor
koncentracije napona, povecava se sa povecanjem

=]
D
0000

veliCine smaknuéa. Na slici 2. prikazan je spoj sa
uglom prelaza sa lica $ava na OM od 90° i nesto
veé¢im uglom prelaza sa strane korena Sava. Ovaj
ugao je prihvatljiv za spojeve nivoa kvaliteta D
prema standardu [5].

e

B
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Slika 2. Povecanje napona u zavarenom spoju izazvano o8trim uglom prelaza sa Sava na osnovni materijal

Figure 2. Stress increase in a welded joint caused by a sharp angle transitions from the weld metal to the base metal

Sa slike se vidi da ova greSka izaziva lokalno
povecanje napona - faktor koncentracije napona od
skoro 29%, kako u zoni lica tako i u zoni korena
Sava. Ovo povecanje napona 1. faktor
koncentaracije napona se smanjuje sa povecanjem
ugla prelaza. Navedeni primeri pokazuju da se
napon izazvan prisustvom greSke u zavarenom
spoju moze odrediti ako su poznati faktor

koncentarcije napona na gresci i veliina delujuceg
zateznog napona. Faktor koncentracije napona
zavisi od oblika i dimenzija greske.

Izvedeni kvalitet zavarenih spojeva se utvrduje i
na osnovu Sirine i visine metala Sava sa strane lica
i korena i na osnovu ujednacenosti ovih veli€ina
duz Sava. Kod ugaonih spojeva ove veliine nije
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moguc¢e odrediti na drugi nacdin osim VT
ispitivanjem. Takode, samo je VT ispitivanjem, kod
ugaonih spojeva, moguce otkriti greSke kao sto su
nedovoljna visina ili prevelika ispupCenost tj. mali
ugao prelaza sa lica spoja na OM. Kod suceonih
spojeva Sirinu je moguce odrediti i RT metodom.
Medutim, ovom metodom se tesko, sa dovoljnom
tatnod¢u, mogu odrediti visine pojedinih delova
spoja npr. na mestima prevelikog nadviSenja ili
prokapina, Sto je uslov za odredivanje njihove
prihvatljivosti. NeujednaCene visine i Sirine spojeva
ukazuju na odstupanja od zadatih parametara
zavarivanja duz spoja. Usled ovih odstupanja
povecCava se broj greSaka u spojevima i time i broj
kriti€nih mesta na zavarenoj konstrukciji. Zbog
ovoga je vazno da se VT ispitivanje uradi u obimu

4
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100% cCime se obezbeduje da eventualna kriti€na
mesta budu predmet ispitivanja i ostalim metodama
IBR.

Greske kao $to su npr. ivicni zajedi i smaknuca
mogu biti uzrok nastanka prslina ili nedostatka
stapanja. lviCni zajedi i smaknuca su greske koje se
lako otkrivaju VT ispitivanjem. Medutim, prsline i
nedostatak stapanja se uglavhom ne mogu otkriti
ovim ispitivanjem. Zbog toga je, nakon VT
ispitivanja ova mesta potrebno ispitati drugim
metodama IBR. Na slici 3. prikazan je ivi¢ni zajed
dubine 0,5 mm na spoju opisnih karakteristika.
Iviéni zajed ove dubine je prihvatljiv za nivo
kvaliteta B prema standardu [5].

Slika 3. Povecanje napona u zavarenom spoju izazvano iviénim zajedom

Figure 3. Stress increase in the welded joint caused by edge undercut

Sa slike 3. se vidi da iviéni zajed, u ovom
slu€aju, izaziva lokalno povec¢anje napona - faktor
koncentracije napona od 58%. Povecéanje napona
se javlja u delu ZUT koji naj¢esée ima najtvrdu i
najnepovoljniju mikrostruturu sa aspekta otpora na
nastanak i rast prslina.

Smaknuce, takode, izaziva poveéanje napona u
delovima ZUT sa nepovoljnom mikrostrukturom, ali
ne samo sa strane lica nego i sa strane korena
spoja, slika 1. Slika 4.a) pokazuje makrostrukturu
jednostrano zavarenog spoja sa smaknuéem
velicine 2 mm. Spoj je zavaren na Celiku S 235
debljine 12 mm, MAG postupkom sa dodatnim
materijalom SG2. U korenom delu nize strane spoja
uoCava se nedostatak stapanja. Kod spojeva kod
kojih je jedna strana smaknuta u odnosu na drugu

nedostatak stapanja je vrlo verovatna greSka. U
slu€ajevima veéih smaknuéa pojavljuje se i greSka
nadostatka uvarivanja. Ove greSke su posledica
neravnomernog zagrevanja strana Zleba
elektri¢nim lukom.

U praksi su Cesti slu€ajevi da se na istom mestu
u spoju nade viSe greSaka. Tokom eksploatacijskog
ispitivanja rezervoara za skladidtenje tecnog
ugliendioksida, na spoju omotaca i danca, otkrivena
je viSestruka greSka, smaknuce i ostar prelaz sa
lica Sava na OM. Rezervoar je horizontalan,
zapremine 50 m® i izraden je od mikrolegiranog
Celika P460NL1, debljine 17 mm. Ostali podaci o
rezervoaru su: maksimalni radni pritisak 20 bara,
ispitni pritisak 26 bara, najniza radna temperatura -
50°C i spoljni preénik 3000 mm [6]. Spoj sa
viSestrukom greSkom je zavaren dvostrano u X
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Zlebu, EPP postupkom, dodatnim materijalom
S2NiMo. Potrebni nivo kvaliteta zavarenog spoja je
nivo B [5]. Na osnovu toga zaklju¢eno je da je, u
ovom slu€aju, prihvatljiva veli¢ina smaknuéa od 1,7
mm, dok je VT ispitivanjem izmereno 5 mm, a da je
prihvatljiva veli€ina ugla prelaza sa lica $ava na OM

a)

4
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minimalno 150°, dok je izmereno 120°. Prema tome
otkrivene greske su neprihvatljive za zahtevani nivo
kvaliteta zavarenog spoja. Slika 4.b) prikazuje
popreéni presek kroz spoj na mestu viSestruke
greske.

| cracks
: AAAeks.

Slika 4. Makrostruktura spoja sa smaknucem, nedovoljnom popunjenoScu Zleba i nedostakom stapanja u korenu a),
b) presek kroz spoj na mestu viSestruke greske, smaknuce i mali ugao prelaza sa lica Sava na osnovni materijal i
polozZaj i veliina njima izazvane prsline

Figure 4. Macrostructure of the joint with misalignment, underfill of the groove and a lack of root fusion a), b) section
through the joint at the place of multiple defects, misalignment and a small angle of transition from the weld metal to
the base metal and the position and size of the crack caused by them

Metodom konacnih elemenata analizirano je
naponsko stanje oko ove viSestruke greske pri
radnim i ispitnim uslovima u rezervoaru [6]. Cilj
analize je utvrdivanje moguénosti nastanka prslina.
Utvrdeno je da su za nastanak prslina kriti€ni uslovi
pri ispitivanju rezervoara unutradnjim pritiskom.

O R ERRRRTRNHITLIIAN

Slika 5. prikazuje raspodelu i veli€ine napona oko
mesta sa viSestrukom greskom pri ispitnom pritisku.
Sa slike se vidi da se najveci napon od 279 MPa
(crvena oblast), javlja u zoni smaknuéa na prelazu
sa lica Sava na OM.

T
i

Slika 5. Povecanje napona u zavarenom spoju izazvano visestrukom greSkom,smaknuce i mali ugao prelaza sa lica
Sava na osnovni materijal

Figure 5. Stress increase in the welded joint caused by a multiple defects, misalignment and a small angle of
transition from the weld metal to the base metal
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Na osnovu proizvodacke dokumentacije
rezervoara zaklju¢eno je da on nije naponski Zaren,
da je zavaren dodatnim materijalom ¢vrstoce
praktiéno jednake &vrsto¢i OM i da je zavaren EPP
postupkom. Na osnovu toga procenjeno je da
zaostali napon u zavarenom spoju sa greSkom
iznosi oko 85% napona te¢enja MS tj. da iznosi oko
383 MPa [6]. Ovaj napon sabran sa naponom Kkoji
izaziva viSestruka greSka iznosi 662 MPa S§to
prevazlazi zateznu &vrstoéu OM. Moguée je da je
ovaj napon vedéi i od zatezne Cvrstoce OM u ZUT
§to mozZe dovesti do pojave prslina na prelazu sa
lica Sava na OM. Zbog toga je predvideno da se
nakon VT ispitivanja ovo mesto ispita magnetnim
Cesticama i ultrazvukom. Ovim ispitivanjima su, na
mestu viSestruke greske, otkrivene prsline, slika
4.b) dubine do 3 mm.

Mesta naknadnih popravki tj. reparatura treba
obavezno da budu predmet ispitivanja metodama
IBR. Ona se, po pravilu, zavaruju pod nepovoljnijim
uslovima u odnosu na ostatak zavarenih spojeva. U
tom smislu najuticajniji faktor je omoteno skupljanje
MS zbog &ega se na mestima reparatura javljaju
veliki zaostali naponi koji pogoduju nastanku
prslina. Zbog toga tokom VT ispitivanja ova mesta
obavezno treba ispitati i drugim metodama IBR.

Gredke u OM pored zavarenih spojeva koje se
mogu otkriti VT ispitivanjem, a koje mogu da budu
uzrok nastanka prslina ili otkaza su npr. trag
uspostavljanja luka, o3te¢enja od privremenih
spojeva, tragovi brudenja i odte¢enja od pomocnih
alata. Uspostavljanje luka i privremeni spojevi u OM
su greSke koje su posebno opasne kod Ccelika
poviSene i visoke ¢&vrstoée, jer pogoduju pojavi
hladnih prslina. Tragovi bruSenja i oste¢enja od
pomocnih alata povecavaju sklonost ka pojavi
prslina kroz efekat zareza.

3. Analiza otkaza rezervoara za te¢ni kiseonik

Rezervoar je vertikalna, dvostruka, vakum
izolovana posuda pod pritiskom, zapremine 11m?®
[7]. Rezervoar se sastojao se od spoljne posude
izradene od niskougljeniénog celika u koju je
smestena unutradnja posuda izradena od
visokolegiranog austenitnog ¢&elika X5CrNi18.10,
debljine 5,7 mm. Rezervoar je koris¢en za
skladiStenje uteCnjenog kiseonika. Pri otkazu
spoljni rezervoar je potpuno unisten, a unutrasnji

4
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rezervoar je u znacajnoj meri oste¢en i deformisan.
Na jednom od poduznih spojeva na omotacu
uocena je zona duzine oko 300 mm sa viSe prslina,
slika 6. Ostali podaci o rezervoaru su radni pritisak
15 bara, ispitni pritisak 23 bara, najniza radna
temperatura - 196°C.

Nakon otkaza, zavareni spojevi na unutrasnjem
rezervoaru su ispitani metodama bez razaranja i
razaranjem. Ispitivanje VT metodom je uradeno sa
spoljne i unutradnje strane rezervoara u obimu
100%. Svi spojevi na rezervoaru su zavareni E
postupkom, dvostrano, austenitnim dodatnim
materijalom. Ispitivanjem su otkriveni iviéni zajedi
slika 7.a), mestimiéne popravke lica Sava
brusenjem, ostec¢enja OM od bru$enja slika 7.b).,
smaknuc¢a, mestimiéno nedovoljna visina Sava —
lice Sava nize od nivoa OM slika 7.a) i duboka
oSte¢enja OM od brusenja. Prihvatljivost otkrivenih
greSaka je ocenjena na osnovu propisa koji su
vazii u momentu pustanja rezervoara u
eksploataciju [8, 9, 10]. Iz literature [10] se vidi da
na poduznim spojevima rezervoara nisu dozvoljeni
ivicni zajedi i oste¢enja povrSina OM uz spoj, a da
su dozvoljena manja udubljenja lica Sava. Na
kruZnim spojevima dozvoljeni su maniji ivicni zajedi i
manja udubljenja lica Sava, dok oS$te¢enja OM uz
spoj nisu dozvoljena. Porededi rezultate ispitivanja
sa kriterjumima prihvatljivosti zakljuCuje se da
izvedeni  kvalitet zavarenih  spojeva nije
zadovoljavajuci. Navedene gresSke nisu posledica
eksploatacijskih oste¢enja i nastale su pri izradi

rezervoara. Pregledom proizvodacke
dokumentacije utvrdeno je da izveStaji o VT
ispitivanjima u njoj ne postoje.

Pregledom povrSina OM u zoni Iloma,

neposredno uz spoj su uoceni ucestali i duboki
tragovi brudenja, koji su priblizno normalni na osu
spoja. Ovi tragovi brudenja imaju oblik zareza i, na
slici 6.b)., se vide kao vedéi broj crnih linija pored
spoja. Najveée dubine ovih zareza se kre¢u od 1,1
do 1,5 mm, Sto Cini 18 do 25% debljine OM.
Vizuelnim pregledom prelomne povrsine uoceno je
da se jedna od prslina prostire kroz dublji od ovih
zareza. Analizom ostalih povrSina prslina nisu
uoCene greSke koje bi mogle biti uzrok loma. Na
osnovu toga i rezultata ostalih ispitivanja zaklju¢eno
je da su zarezi, kao koncentratori napona, bili uzrok
nastaka ove prsline i na kraju otkaza rezervoara.
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a)

Slika 6. Polozaj i izgled oStec¢ene zone na poduznom spoju na omotacu unutrasnjeg rezervoara a), b) ostecena zona,
tamne linije u OM pored spoja su oStecenja brusenjem

Figure 6. Position and appearance of the damaged zone in the longitudinal joint on the inner tank cover a), b)
damaged zone, and dark lines in the BM next to the joint are damaged by grinding

— . S Sl

Slika 7. Poduzni spoj, spoljna strana, ivicni zajedi i mesto sa nedovoljnom visinom $ava a), b) spoj danca i omotaca,
unutrasnja strana rezervoara, oStecenja OM i lica Sava brusenjem

Figure 7. Longitudinal joint, outer side, edge undercut and a place with underfill a), b) joint of the bottom and cover,
inner side of the tank, damage to the OM and the face of the seam by grinding

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2023, str. 169-177 175



NAUKA#*ISTRAZIVANJE*RAZVOJ

4. Zakljuéci

Vizuelno ispitivanje, pri oceni izvedenog
kvaliteta zavarenih konstrukcija, u zna¢ajnom broju
sluCajeva nije primenjeno ili nije primenjeno na
odgovarajuéi nacin. Ovo se zakljuéuje na osnovu
pregleda dokumentacija konstrukcija i izveStaja o
eksploatacijskim ispitivanjima u kojima izvestaji o
VT ispitivanjima nedostaju ili nisu izradeni u skladu
sa propisima.

Vizulno ispitivanje zavarenih spojeva je nuzno
sprovesti iz sledecih razloga. Neki tipovi greSaka u
zavarenim spojevima se mogu otkriti samo ovim
ispitivanjem.  lzvedene  dimenzije  zavarenih
spojeva, npr. ugaonih, nije moguée utvrditi drugima
metodama IBR. Dimenzije nekih tipova gresaka nije
moguc¢e dovoljno precizno utvrditi  drugima
metodama da bi se ocenila njihova prihvatljivost.
VT ispitivanjem se otkrivaju greSke koje mogu da
iniciraju nastanak drugih greSaka, zatim viSestruke
greSke u spoju, mesta predhodnih reparatura,
eksploatacijska oStecenja kao i greSke osnovnom
materijalu pored zavarenih spojeva. Navedene
gredke, osim VT ispitivanjem, moraju da budu
predmet ispitivanja i drugim metodama IBR, jer
mogu da budu uzrok nastanka ili rasta prslina i time
i otkaza konstrukcije. Ovo je posebno vazno kod
opreme pod pritiskom.

U praksi se, u zavarenim spojevima, Cesto
otkrivaju viSestruke greske tj. dve ili viSe
pojedinaénih greSaka na istom mestu u spoju.
Ocena prihvatljivosti ovakvih gre$aka je slozena. U
standardima za nivoe kvaliteta zavarenih spojeva
postoje kriterijumi prihvatljivosti za manji broj
viSestrukih greSaka. Medutim, zbog velikog broja
mogucih kombinacija pojedinacnih greSaka u
viSestruke, ovi standardi, u praksi nisu uvek od
koristi. Zbog toga, viSestruke gredke treba detaljno
analizirati i ispitati ostalim metodama IBR.

Otkaz rezervoara za skladiStenje tecnog
kiseonika je uzrokovan prslinom koja je nastala, u
osnovnom materijalu, pored spoja na zarezu od
bruSenja. Zarez je nastao pri izradi rezervoara.
Pregledom proizvodacke dokumentacije rezervoara
je utvrdeno da izvestaji o VT ispitivanjima u njoj ne
postoje. MozZe se =zaklju€iti da VT ispitivanje
zavarenih spojeva nije uradeno ili nije uradeno
dovoljno detaljno, zbog €ega su ostali neuoceni
tragovi bruSenja u OM, koji su doveli do loma
rezervoara.

4
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4. Conclusions

Visual test, when evaluate the quality of welded
constructions, was not applied in a significant
number of cases or was not applied in an
appropriate manner. This is concluded on the basis
of a review of construction documents and reports
on exploitation tests in which VT tests reports are
missing or not prepared in accordance with
regulations.

Visual inspection of welded joints must be
carried out for the following reasons. Some types of
weld defects can only be detected by this test.
Derived dimensions of welded joints, e.g. angular, it
is not possible to determine with other NDT
methods. The dimensions of some types of errors
cannot be determined precisely enough by other
methods to assess their acceptability. VT testing
reveals errors that can initiate the occurrence of
other faults, then multiple faults in the joint, places
of previous repairs, operational damage as well as
errors in the base material next to welded joints.
The mentioned errors, apart from VT testing, must
also be subject to testing by other IBR methods,
because they can be the cause of the formation or
growth of cracks and thus the failure of the
structure. This is especially important with pressure
equipment.

In practice, multiple faults are often detected in
welded joints, i.e. two or more individual faults in
the same place in the joint. The assessment of the
acceptability of such faults is complex. In the
standards for quality levels of welded joints, there
are acceptance criteria for a smaller number of
multiple defects. However, due to the large number
of possible combinations of individual faults into
multiple ones, these standards are not always
useful in practice. Therefore, multiple faults should
be thoroughly analyzed and investigated by other
NDT methods.

The failure of the liquid oxygen storage tank was
caused by a crack in the base material next to the
joint on the notch from grinding. The notch was
created during the manufacture of the tank. A
review of the manufacturer's documentation of the
tank revealed that there are no reports on visual
tests in it. It can be concluded that the VT
examination of the welded joints was not done or
was not done in sufficient detail, which is reason
that the grinding marks in the BM remained
unobserved, which led to the breakage of the tank.
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Abstract

The service performance and life of rail
components are subjected to the following wear
mechanisms: metal to metal or adhesive wear;
fatigue; plastic flow and defects in rail and welds.
Standard and head hardened rail grades made of
high carbon steel as well as crossing made of
austenitic manganese steels require permanent in
field as well as workshop maintenance. Arc welding
has been widely used for the repair and
maintenance of rail components. This paper
focuses on repairs of railway components using flux
cored arc welding as a process with higher
productivity, reliability, quality and increased
service life of the repaired components. The paper
addresses metallurgical aspects of the rail
components welding, development of welding
procedures, welding filler materials selection, heat
input and temperature control, dilution and
distortion control, weld, heat affected zone and
parent material properties.
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elektroluéno zavarivanje/navarivanje,
produktivnost, odrzavanje,

Kljuéne redi:
zelezniCke komponente,
procedure zavarivanja

Rezime

Performanse i vek Zelezni¢kih komponenti su
diktirane sledeéim mehanizmima: adhesivno i
abrazivno habanje; zamor (kotrljajuci); plasti¢na
deformacija i nedostaci/defekti u Sinama i varovima.
Standardne (normalizovane) i povrsinski
kaljenje/oCvrsle zelezniCke Sine napravljene su od
visoko ugljenicnog celika kao i razdvojnice
uglavhom su napravliene od austenitickih
manganskih Celika i zahtevaju trajno odrzavanje na
terenu, kao i u radionicama. Zavarivanje elektriénim
lukom je Siroko koriS¢eno za popravku i odrZzavanje
Zelezni¢kih komponenti. Ovaj rad se fokusira na
popravke  Zeleznickih  komponenti  koristedi
elekroluéno zavarivanje/navarivanje koriStenjem
Zice punjene pradkom, kao proces sa vecom
produktivnoscu, pouzdanoscu, kvalitetom i
poveéanim radnim vekom popravljenih komponenti.
Rad se bavi metalurSkim aspektima zavarivanja

zelezniCkih  komponenti, razvojem procedura
zavarivanja, izborom dodatnih materijala za
zavarivanje , unosom toplote i kontrolom

temperature, faznim transformacijama, kontrolom
vitoperenja i razlu€ivanja, zonom uticaja toplote i
svojstvima osnovnog materijala.

The paper was published in its original form in the Proceedings of the 32na Conference with international participation "Welding 2022" held in

Tara, Serbia from October 12 to 15, 2022.
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1. Introduction

The service performance and life of rails in track
(carbon

manganese rail steels) is determined primarily by:

PRACTICE

manganese as well as austenitic

Metal to Metal Wear: some of the defects.
Fatigue;
Plastic Flow and
Defects in rail and welds.
Table 1. Causes of rail defects [1]

Tabela 1. Uzroci oStec¢enja Sina [1].

Tables 1 and 2 are providing summary
information regarding the causes of the rail defects
and failures, and Figures 1 to 4 are illustrating

Railway First Second Third Fourth
Rail track Squats Vertical/transverse Horiz./longitudinal Bolt holes 9.6%
(99/00) 21.7% 20.1% 12.5%
SNCF (1999) Squats Internal fatigue 11.5% Shells Thermite welds
23.4% 8.4% 4.7%
HSPC (1999) Thermite welds Wheel bumns Horizontal split webs Bolt holes
31.5% 17.2% 13.3% 11.3%
NS Insulated Jomnts Transverse defects Thermate welds Fatigue Failure
(1997) 39.4% 18% 15% 32%
DB Thermite welds Sudden fracture 18% Fatigue Failure Electric bonds
(1996) 29% 16% 4%
Banverket* Transverse fracture ~ Welded jomt 32.7% Hornzontal defect Vertical split
(1998) 35.1% 6.1% 2.0%
HH1 (1999) Vertical split heads  Thermate welds 20.3% Detail fractures Bolt holes
34.7% 13.1% 12.2%
HH2 (1999) Transverse defects  Thermute welds 15.5% Wheel burns Shells
23.6% 13.2% 9.6%
Table 2. Causes of rail fractures [1]
Tabela 2. Uzroci loma $ina [1].
Railway First Second Third Fourth
Rail track Vertical/transverse Thermite welds  Boltholes 149%  Horniz /longitudinal
(99/2000) 39.5% 22.4% 7.4%
SNCF (1999) Thermute welds 35.3% Internal fatigue Squats Rail manufacture
18.6% 8.8% 6.1%
Banverket* Transverse fracture Vertical split Welded jomnt Hornizontal defect
(1998) 44.1% 19.4% 19.4% 17.2%
HH2 (1999) Transverse defects Thermite welds Bolt holes 5.8% Flash welds
37.9% 35.6% 5.6%
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Figure 3. Rail shell development Figure 4. Rail squat

Slika 3. Ostecenja glave $ine u obliku “Skoljki” Slika 4. OStecenja uzrokovana zamorom metala usled
kontakta pri kotrljanju

Figure 5. Thermit weld defect

Slika 5. OStecenja aluminotermijski zavarenog spoja

Figure 6. Rail crossing defect

Slika 6. Ostecenja na Zelezni¢kom prelazu
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2. Steels used in railroads

The main railroad steels are carbon manganese
alloys with main alloying elements in the range of
0.6 to 0.8% carbon and 0.65 -1.3% Mn. The

hypereutectoid grade steels are also used with the
chemical composition consisting of carbon in the
range of 0.85-1.00 % and Manganese 0.95-1,35%
(Tables 3 and 4).

Table 3. Rail mechanical properties [4]

Tabela 3. Mehani¢ka svojstva Sina [4]

0.2% Proof Tensile . Surface
: S Elongation
Nominal rail size stress MPa, strength %. Mi hardness
. . 0, Min.
Min. MPa, Min. ’ HB
All rail 31 kg, 41 kg - 700 8 —
50 kg, 60 kg, 68 kg 420 880 8 260
Head-hardened rail 50 kg, 60 kg, 68 kg 780 1130 9 340
Tabela 4. Hemijski sastav ugljeni¢no - manganskih &elika [5-6]
Table 4. Chemical compositions of carbon manganese steels [5-6]
I— Mn Si P s Cr AL v N Mo Sn
UIC 860 Classificatio] % % % %max %max %max | %max | %max | %max | %max %max
700]0.40-0.60 ]0.80-1.30 ]0.10-0.40 0.050 0.050 680
800]0.45-0.65 ]0.80-1.20 |<0.50 0.045 0.045 770
900A]0.60-0.80 |0.80-1.30 J0.10-0.50 0.040 0.040 880
9008(0.55-0.75 [1.30-1.70 |0.10-0.50 0.040 0.040 880
1100]0.60-0.82 0.80-1.30 ]0.30-0.90 0.030 0.030/0.80-1.30 1080
JEN13674-1 Classification
R200]0.38-0.62 |0.65-1.25 |0.13-0.6 0.040 0.040 0.15 0.004 0.03 0.01 680]200-240
R220/0.50-0.60 0.65-1.25 ]0.20-0.60 0.025 0.030 0.15 0.004 0.03 0.08 770]220-260
R260/0.60-0.82 |1.00-1.25 ]0.13-0.60 0.030 0.030 0.15 0.004 0.03 0.01 880[260-300
R260Mn]0.5-0.77 10.65-1.25 10.13-0.62 0.025 0.030 0.15 0.004 0.03 0.01 880]260-300
R320Cr|0.58-0.82 |1.25-1.75 ]0.48-1.12 0.025 0.025]0.75-1.25 0.004 0.02 0.01 1080]320-360
R350HT|0.70-0.82 §0.65-1.25 ]0.13-0.60 0.025 0.025 0.15 0.004 0.03 0.01 1175]350-390
R350LHT|0.70-0.82 ]0.65-1.25 10.13-0.60 0.025 0.025 0.3 0.004 0.03 0.01 1175]350-390
R370CrHT|0.68-0.84 0.65-1.15 0.38-1.02 0.025 0.025[0.35-0.65 0.004 0.03 0.030 1280]370-400
R400HT|0.88-1.07 |0.65-1.35 J0.18-0.62 0.025 0.025 0.30 0.004 0.030 0.030 1280]400-440

Austenitic Manganese Steels (AMS) are usually
used in the form of castings for crossings
applications with typical chemistry of 0.9 -1.4% C

and 10 -14% Mn. A numerous variety of Hadfield's
original compositions are available. Key chemical
elements are listed in Table 5. [7].

Table 5. Key alloying elements of austenitic manganese steels in (mass. %).

Tabela 5. Osnovni legirajuci elementi austenitnih manganskih ¢elika u (mas. %)

C Mn Si P Fe
1-1.3 min. 12 max. 1 0.07 rest

Increased cooling rate in the range from 871 °C
to 315 °C during quenching is important to surpass
detrimental carbides precipitation from austenite.
This is very important for manufacturing as well as
welding repair of AMS.

3. Arc welding repair maintenance of railtrack
defects

Flux Cored Arc Welding (FCAW) is a semi-
automatic process where a continuous flux/powder-
filled tubular electrode is used. The consumable
electrode is usually made of a low carbon steel or
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stainless steel tubular sheath with the core filled tubular consumable — self shielded (FCAWSS). The
with fluxing and alloying materials (Figure 8.). Flux ~FCAWSS process offers considerable flexibility and
cored arc welding consumables are available in two  is more economical than the MMAW process.

forms tubular consumable - gas shielded and
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Figure 8. Semi automatic Flux Cored Arc Welding Self Shielded (FCAWSS) process
Slika 8. Poluautomatski proces zavarivanja punjenom zicom sa samozastitom (FCAVSS)

Filler metals - consumables for the repair of rail
components

Filler metals for repairing railway defects are
listed in Table 6. and Table 7. for carbon
manganese and austenitic manganese steels,
respectively.

Table 6. Chemical composition of the filler materials suitable for repairing defects on carbon manganese steels in

(mass. %)

Tabela 6. Hemijski sastav dodatnih materijala koji su pogodni za popravku o$tecenja na ugljeniéno manganskim

celicima u (mas. %)

Weld Alloy Weld developed

description Microstructure C Mn | Ni) Mo | W Cr Fe Applicable to
Predominantly ) _
acicular ferrite. Minor All rail standard rail
Pearlitic/ proportions of grain Total of these elements: 5% surface hardness 260
e , 0-0.3 rest HB
Ferritic steel | boundary ferrite and max
bainite may be (Table 3)
present
Head hardened rail;
Low carbon | Predominantly low Total of these elements: 6% surface hardness 340
L 2 0-0.4 rest HB
bainitic steel carbon bainite max.
(Table 3)
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Table 7. Chemical composition of the filler materials suitable for repairing defects on austenitic manganese steels in
(mass. %)

Tabela 7. Hemijski sastav dodatnih materijala koji su pogodni za popravku ostecenja na austenitno manganskim
Celicima u (mas. %)

Weld alloy Weld developed C | Mn| Ni |Mo|W| cr | Fe Applicable to
description microstructure
Austenitic Austenite with isolated
particles of carbide at | 0.6-1.3| 10-20| - - - - rest
manganese . .
grain boundaries
Austenitic Manganese
: Crossings
Complete or incomplete
High carbon |networks of carbide and 0.9-1.7) 1-4 ) = | - | 310 rest
austenitic steel| austenite eutectic in
austenite 0.4-0.9|10-18| - - | -119-18] rest
Reviewing the as welded microstructures of Flux  Figure 9., for prediction of the weld metal

Cored Self Shielded Arc Welding weld deposit and
development of Al and C equivalents Dumovic and
Dunne [8] developed diagram as illustrated in

microstructures/phase fields relative to the relevant
wear resistance mechanisms.

A+N/B

Metal-to-metal and Impact

[Clequiv

NB
Metal-to-metal

Metal-to-

1‘4 F+M'B

o-F+NI'B

A

Impact and Metal-to-metal

3-F+A

Impact and Metal-to-metpl

Metal-to -metaland Impact

0 05

T

3

2.5

[Allequiv

Figure 9. Diagram for predicting the weld metal microstructures/phase fields for FCAWSS weld deposits, and the
corresponding wear resistance mechanisms. A represents austenite, M is martensite, F refers to « ferrite, and 5-F is
ferrite that forms at high temperatures and B is bainite [8]

Slika 9. Dijagram za predvidanje mikrostrukture metala Sava/faznih polja za FCAVSS prolaze Sava i odgovarajuci
mehanizmi otpornosti na habanje. A predstavlja austenit, M je martenzit, F se odnosi na «a ferit, a 5-F je ferit koji se
formira na visokim temperaturama, a B je bainit [8].

Equivalents of Al and C were calculated

according to equations:

[Alleq = Wt% Al + 0.5Wt% Mo + 0.43wt% Si +
0.075wWt% Cr + 0.016Wt% W + 0.625wt% V +
0.79wt% Ti

(1)

[Cleq= Wt% C + 0.018wt % Mn + 0.04wt% Ni (2)
Cross-section of one welded joint with
characteristic transformation temperatures,

measured line hardness and welding conditions for
material R35L3 on the first welded layer are
presented are presented in Figure 10.
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R35L3 | A7 | As | Ms | Mf | Bs | CE | Hardness | WFS | U TS HI
ey | el | ey | ey | ey | onw [HV] Fminl | [A] | V]| [mm/min] | [KJ/mm]
Lay.1. | 735 | 873 | 379 | 164 | 451 | 1.04 | 425p4 350 | 130 | 28 345 0.51

Figure 10. R35 weld deposit Layer 1 phase transformations.
HV10 (Preheat >Ms ) = 353.1 x CE(IIW) — 2.051 (3)
HV10 (Prehat <Ms) = 291.6 x CE(lIW) + 81.24 (4)
Slika 10. Makro izgled navara sa karakteristicnim temperaturama transformacije,
uslovima navarivanja i izmerenim tvrdo¢ama
HV10 (predgrevanje >Ms ) = 353.1 x CE(lIW) — 2.051 (3)
HV10 (predgrevanje <Ms) = 291.6 x CE(IIW) + 81.24 (4)

In Figure 11. the martensitic start temperature
(MS) as function of carbon equivalent CE(IIW) and
in dependence of welding layer is presented [9].

MS “C Rail Weld Deposits MS vs CE
y=-4.1561x+431.87

>00.00" g2 _0.2055

450.00

|

I

|

onng — N :
: i

I

<4th L:Lcwer YA\{ >

300.00 :
< ! — Thirdlayer >
| 4

250.00 |
CE : ‘ -
0.35 0.37 0.6 0.75 0.81 0.83 0.85 0.88 0.89 09 0.92 093 0.95 0.96 1.04 1.05

350.00

Figure 11. Martensitic Start temperature as function of CE(IIW) [9]
Slika 11. Temperatura poCetka martenzitne transformacije MS u funkcija CE(IIV) [9]

An example of the austenitic manganese weld @ failure analysis of broken rail revealed
with grain boundaries carbides and degradation of ~ development of undesired martensitic phase in the
crossing in service along grain boundaries of weld ~Weld overlay on high carbon head hardened rail
repair is presented in Figure 12. [13]. In Figure 13,  [10].
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Figure 12. Austenitic manganese weld with grain boundaries carbides a) and degradation of crossing in service along
grain boundaries of weld repair b)[13]

Slika 12. Austenitntno manganski var sa karbidima po granicama zrna a) i ostecenja duz granica zrna na repariranom
Savu nastala tokom eksploatacije b) [13]

d)

A

Figure 13. Failure analysis of broken rail revealed development of undesired martensitic phase in the weld overlay on
high carbon head hardened rail [10]

Slika 13. Analiza loma slomlijene Sine pokazala je nastanak i razvoj nezeljene martenzitne faze u navarenom sloju
Sava kod otvrdnute glave visokougljeni¢ne Sine [10]

Welding procedure specification (WPS) for case of Termit weld which was overlayed with Solid
repair welding of carbon steel rail by the Flux Cored Rail 30 weld deposit. Based on hardness
Self Shielded Arc (FCAWSS) welding process in  measurements it is evident that HAZ is softened
Figure 14 is presented, and in Figure 15, another  zone.
sample of the weld repairing is presented for the

186 ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2023, str. 179-189



Y
PRAKSA & PRACTICE

WELDING PROCEDURE SPECIFICATION (WPS) [11]

Weld Surfacing Repasr of Wheel Burns, Squats, ; y . -
ThomaFuh but dipe. RalEnds | WISOSTRHCHONIZ | DATE .
CLIENT WELIDING CODES )\wﬁ&“ \r"a\ pdﬂm AS(\!S 2576, ﬂl.\ lﬁ!‘
c standards EN 14700, AS 108520, AWS D152
RAIL MAT. SPEC : Cabon Siccl Ral AS 1088.], Standasd and H H. Raal MATERIAL THICKNESS MAX 170 mmn: THISCKNESS RANGE: Al

= PREHEATMIN. INTERPASS TEMP 150 °C. DONT WELD BELOW 150
REFERENCE NATA: LS 14083003 VT, LST14.0530-03 MPL LS 140530 *C; Temp Venific Infrared The and ceuyons. T sikins caminil

FROJECT

02and 75100 mem from the end of weld peep

PWHT: NA PREHEAT METHOD: Ony-fuel MAX, INTERPASS TEMPERATURE 450 °C; DO NOT EXCEED 450 °C
JOINT TYPE POSITION. Flat weld overlay: 1G Soaling Time at preheating empeyature of 380 °C: 10 manutcs

WHELDING PROCESS: Flun Cored Arc Weldimg Self Shuelkded Welding wire: Solsd RAIL 30, PN 14MBTDI XA

OPERATORS: Solid Techaologies POWER SOURCE. WIRE FEEDER: . OV or CC: OV, WELDING GUN:

NOTICE Prioe 1o welding remove grease, rust and dart. 1007% NDT imspoction dye-peoctrants of magnous particle inspoction. For thermat weld dips prepare
app. 90 mum cach wde from the contre of the thermat weld Use grinding of air arc/plasma googing. Establod defocts (sguats, whoel bums etc. ) wear, defect

pattern sure and cstumate referonce posats for the surfacng Sepdh, width and keagth (200 mm be aad max X0 men docp )
Wekd Beat WIRE. RALL %0 . oy : TRAVEL
Layer wrs Comnen
- iman 10 sekd beads : ESO nC o VOLTS SFEED Hest lapes LV wim
N i i SIZE. (rmam) Comam) AC cc + (Amgs) Eocaionrh
Ll 18
1w? >1 15 1.2 mm 25 DCe cv 20450 SO M0 1538 150400 06093

!
i

| Rall surface preparation detalls

g -
- — -

Temp. contrad min 350 Max 450
o

Bead sequence placoment.
Overlapping weld bead to
commence in the toe of previous weld bead. Stringer Weld bead
technique. Weld bead 1 is placed on one edge and weld bed 2 is
M-mw#dummmwmﬂmum“m
free and desired strcture and properties.

_ Weld Bead 1.1

:' { > — o ——
'l!l-” , drag angle, pull technique. To minimise spatter use 90 “anghe.

INTER-RUN CLEANING  remove sag by chp/wire brush,
DRESSING AND GRINDING AFTER WELDING: After weldng
exceis metal whall be removed and the running surface finhed

by grinding.

VISUAL INSPECTION AFTER WELDING No repons of under £l
cracking, slag incluson, Lack of fusion, roll over, gas prosody,
trater porowty, grindeng burms of arc —strike, melted edge

Weld Bead 1.2

AUTHORISED AND APPROVED BY: De Mo Dumovic, Managing Discctor
Solsd Technolopses Py Lad,
ABOBE PROCEDURE DETARS ARE GUIDE ONLY

Figure 14. Welding procedure specification (WPS) for repair welding of carbon steel rail by the Flux Cored Self
Shielded Arc Welding process

Slika 14. Specifikacija postupka zavarivanja (WPS) za reparaturno zavarivanje Sine od ugljenicnog celika postupkom
sa punjenom Zicom sa samozaStitom
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200 | Rail 30 overlay
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AS 1085.20 Fig G4
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Vickers hardness

ANy V‘*\?

123 45 6 78

A
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<—Fusionline

Heat softened zone

8192021222324252627282930313233343536

55 mm distance

Figure 15. Soft HAZ of thermit weld overlayed with Solid Rail 30 weld deposit [12]

Slika 15. OmekSana zona uticaja toplote (ZUT) aluminotermijski zavarenog spoja $ine koji je navaren sa slojem Solid
Rail 30 dodatnim materijalom [12]

4. Conclusions

Flux cored semi-automatic
maintenance of railroads and its components
require complex metallurgical approach and
solutions. High Carbon Rail steels require use of
consumables which will develop pearlitic/ferritic
weld deposits for standard rail; and bainitic weld
deposits for head hardened rail. Dilution, distortion
and phase transformations must be considered in
order to avoid developments of undesired
microstructures that could lead to catastrophic
failure. While most of the standards are focused on
the HAZ and its cracking, particular attention needs
to be made to the first layer of weld deposit and in
particular close to the fusion line up to 0.5 mm
where carbon pick up from the rail parent material
can cause formation of brittle structures. With
austenitic manganese steels maximum weld
interpass temperature is established at 260°C in
order to avoid brittle carbide formation that could
cause disintegration of the casting components.
Wide varieties of alloys are available and
development of proper Welding Procedure
Specifications is essential to successful repair of
the rail defects.

arc  welding

4. Zakljucci

Odrzavanje pruga i njenih komponenti
poluautomatskim elektroluénim zavarivanjem sa
punjenom Zicom zahteva kompleksan metalurski
pristup i reSenja. Celici za &ine sa visokim
sadrZzajem ugljenika zahtevaju upotrebu dodatnog
materijala koji ¢e razviti perlitno/feritne slojeve
navarivanja za standardnu S$inu; i bainitne slojeve
navara za glavu kaliene 8ine. Rastvaranje,
distorzija i fazne transformacije moraju se uzeti u
obzir kako bi se izbeglo stvaranje nezeljenih
mikrostruktura koje bi  mogle dovesti do
katastrofalnog kvara. Dok je vecina standarda
fokusirana na zonu uticaja toplote (ZUT) i njeno
pucanje, medutim posebna paznja treba da se
posveti prvom sloju navara, a posebno blizu linije
spoja do 0,5 mm gde porast sadrzaja ugljenika iz
osnovnhog materijala Sine moZe prouzrokovati
formiranje krtih  struktura. Kod austenitnitno
manganskih  Celika ~maksimalna temperatura
meduprolaza pri zavarivanju je preporu¢ena na
260°C, kako bi se izbeglo stvaranje krtih karbida
koji bi mogli izazvati dezintegraciju komponenti
spajanja. Veliki broj razli¢itih dostupnih varijanti
dodatnih  materijala i razvoj odgovarajucih
specifikacija procedura zavarivanja (WPS) je od
sustinskog znacaja za uspednu popravku defekata
Sine.
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TAKMICENJE MLADIH ZAVARIVACA
International Welding Competition - 2023

Od 11 - 15. septembra 2023. godine, u nemackom gradu Essen-u, odrzan je Sajam zavarivanja i
rezanja.

U okviru sajma, od 13. do 15. septembra, odrZzano je medunarodno takmicenje mladih zavarivaca
sluzbenog naziva ,International Welding Competition 2023“. Pravo u€e$¢a imali su mladi zavarivaci
rodeni u periodu 01.01.2000-31.12.2007. U&estvovalo je ukupno 11 zemalja: Nemacka, Svajcarska,
ltalija, Gréka, Rumunija, Bugarska, Ceska, Spanija, Kina, Bosna i Hercegovina i Srbija. Ukupna broj
takmicara 39.

Ekipu koja je, u organizaciji Drudtva za unapredivanje zavarivanja u Srbiji (DUZS), predstavljala
nasu zemlju na takmicenju Cinili su takmicari:

Lazar Adamovi¢ 2005. god. (postupak 141) uéenik tehnicke skole iz Obrenovca,

Lazar Popov 2005. god. (postupak 135) radnik preduze¢a Utva Milan Premasunac iz Kacareva,
Dimitrije Markovi¢ 2001. god. (postupak 111) radnik preduze¢a FMI iz Obrenovca.

Pored takmicara, nas tim Cinili su i Branislav Luki¢-Clan upravnog odbora DUZS, &lan Zzirija za
ocenjivanje spojeva za postupke 111 (REL) i 135 (MAG),

Vencislav Grabulov-¢lan upravnog odbora DUZS, voda ekipe.

B EE W ms A e - B

Takmi€enje je organizovano u 5 kategorija: u postupcima 311, 111, 135, 141 i zavarivanje gotovog
proizvoda (sklop koji je trebalo zavrsiti u kombinaciji postupaka 111, 141, 135i 311)

Osnova za izradu zavarenih spojeva: standard 1ISO 9606-1.

Uzorci koje je trebalo uraditi u pojedinacnim takmicenjima: cevi dimenzija @76x3 za postupke 311 i
141, a za postupke 111 i 135 trebalo je zavariti ploCe debljine 12mm. Svi zavareni spojevi su ocenjivani
vizuelnom kontrolom

283b 3 n

ottBicam 20
5 wi>dbe | | ___adim
Sklop je €inila kombinacija zavarenih ploca i : L = :
cevi. Po zavrSetku izrade sklopa svi 7. m>Ele I M
zavareni spojevi na sklopu su ocenjivani -~
vizuelnom kontrolom a nakon toga je sklop . A )
ispitivan pritskom, sukcesivno od 10, 30 do . F A | ~2h e 5
maksimalnih 50bara 5. mEh I H 3

T o - o % ; 0
PR PEL - - & 20 cm 3

Pojedinacno za svaki postupak takmicar je imao zadatak da za 60 minuta zavari sledeci uzorak: cevi
su€eono u polozaju PH i ploe ugaono u poloZzaju PD. Za zavarivanje sklopa ekipa je imala na
raspolaganju 480 minuta
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Zvani¢ni rezultati takmicenja “International Welding Competition - 2023”
Ekipno:
International Welding Competition 2023 - Team

Ranking | LV TNE | TNG TN MAG TN WIG | Gesamt | Team Comp.
1 Land 10 Switzerland 1 1 1 1 4 879,000
2 Land 7 Romania 1 0 1 1 3 876,250
3 Land 3 China 1 0 1 1 3 863,250
4 Land 6 ltalia 1 0 1 1 4 811,500
5 Land 4 Germany 1 1 1 1 4 753,000
6 Land 9 Spain 1 1 1 1 4 688,000
7 Land 1 Bosnia Herzegovina 1 1 1 1 4 651,000
8 Land 8 Serbia 1 0 1 1 3 650,500
9 Land 2 Bulgaria 1 1 1 1 4 522,000
10 Land 5 Greece 1 0 1 1 3 511,250
11 Land 11 Czech Republic 1 0 1 1 3 413,000

TIG (141)

Ranking | No. | Pre Name Name Process Country Total
1 46 | Gabriel Constandache TIG Land 7 Romania 99,412
2 43 | Robin Kaufmann TIG Land 4 Germany 87,647
3 42 | Zhihu Wei TIG Land 3 China 87,059
4 48 | Axel Ramirez Betanco TIG Land 9 Spain 85,294
5 45 | Davide Romano TIG Land 6 ltalia 84,118
6 49 | Jonas Keller TIG Land 10 Switzerland 84,118
7 40 | Miladin Vujié TIG Land 1 Bosnia Herzegovina 78,235
8 41 Martin Mihnev TIG Land 2 Bulgaria 58,824
9 50 | Daniel Semberk TIG Land 11 Tschechische Republik 53,529
10 44 | Antonios Koskinas TIG Land 5 Greece 41,765
11 47 | Lazar Adamovic TIG Land 8 Serbia 41,176

MAG (135)

Ranking | No. | Pre Name Name Process Country Total
1 36 | Manuel Ulmann GMAW Land 10 Switzerland 96,875
2 32 | Mattia Galian GMAW Land 6 Italia 91,875
3 30 | Paul Raubig GMAW Land 4 Germany 78,125
4 33 lonut Florin Lupascu GMAW Land 7 Romania 73,125
5 35 | Mihai Petre GMAW Land 9 Spain 70,625
6 29 | Rui Ma GMAW Land 3 China 66,875
7 34 | Lazar Popov GMAW Land 8 Serbia 63,125
8 27 | Alija MeS&¢ic GMAW Land 1 Bosnia Herzegovina 53,750
9 37 | Jan Marcisz GMAW Land 11 Tschechische Republik 48,750
10 28 | Katrin Eftimova GMAW Land 2 Bulgaria 40,000
11 31 | Evangelos Goga GMAW Land 5 Greece 31,875

GASNO (311)

Ranking | No. | Pre Name Name Process Country Total
1 23 | Joel Plank Gas Land 10 Switzerland 66,471
2 17 | Leon Buck Gas Land 4 Germany 59,412
3 22 | Igor Garmendia Hergue Gas Land 9 Spain 48,235
4 14 | Aldin Nisi¢ Gas Land 1 Bosnia Herzegovina 42,353
5 15 | Stanislav Yordanov Gas Land 2 Bulgaria 22,353

REL (111)

Ranking | No. | Pre Name Name Process Country Total
1 10 | Mattia Ferrara MMAW Land 10 Switzerland 96,250
2 4 Marc Bendig MMAW Land 4 Germany 72,500
3 7 Paul Doinas | Ticu MMAW Land 7 Romania 66,875
4 6 Alessandro Arnozzi MMAW Land 6 ltalia 66,250
5 1 Miladin Vujié MMAW Land 1 Bosnia Herzegovina 65,000
6 3 Guanghui Tian MMAW Land 3 China 65,000
7 8 Dimitrije Markovic MMAW Land 8 Serbia 62,500
8 5 Christos Pantos MMAW Land 5 Greece 54,375
9 11 Jakub Gronka MMAW Land 11 Czech Republic 52,500
10 2 Anatoli lvanov MMAW Land 2 Bulgaria 50,000
11 9 Arturo Herraez Herrera MMAW Land 9 Spain 45,625

Branislav Luki¢ dipl.ing.IWE
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LI o1 = W oo To g oo g oo o o - T PP PPPPPR 825 dinara

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

a) u slobodnoj prodaji:

= cena pojedinadnog broja za 2021, GOGINU ......c.e.reuerrieririiries ceeie et e 500 dinara

= cena pojedinacnog broja za prethodne GOINE. ...........eiiiiiiiiii e 250 dinara
b) beneficirane cene za ¢lanove DUZS:

= cena pojedinacnog broja za 2022. godinu (pouzecem ili Preuzimanjem) ............ccvevvuverieeiiieniiiiie e 400 dinara
= cena pojedinacnog broja za prethodne godine (pouzecem ili preuzimanjem) ..........ccccoviiiiiiiiiiiiiin Gratis
Knjiga Organizacija i ekonomika zavarivackih radova — autor: prof. dr Zoran Radojevi¢ (uracunat PDV 10%) .......... 1.045 dinara
Zbirke standarda OBEZBEDENJE KVALITETA U ZAVARIVANJU, komplet 4 toma 6.750 dinara

192 ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 4/2023





