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Introduction/purpose: Constructions always have several critical points that can be sources of possible defects. All these critical
places must be taken into account in safety assessment where the most unfavorable exploitation factors are considered and the
local safety of a joint is assessed. Today, joints of various compositions are becoming more frequent in metal constructions. Due
to the requirements of economy and ecology, welded joints of microalloyed ferritic steels with high-alloyed austenitic steels are
increasingly encountered during the construction of power plants, chemical facilities, etc. Tests of such welded joints have been
performed on tanks for oil derivatives, where parts of the tank shell are made of microalloyed ferritic steel and the roof structure

is made of high-alloyed austenitic steel.
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Methods: In the paper, an experimental analysis of crack propagation in an austenitic-ferritic welded joint was performed. The
welding was performed by the MIG welding process with two different heat inputs, and the same filler material MIG 18/8/6
was used. Two types of welded plates were tested. the characteristics of the base, filler and auxiliary materials and welding
technologies are given. Notched test specimens with an initiated crack-type fracture were made in order to determine the impact
properties and fracture mechanics parameters.

The results: The research carried out within this study aimed to compare the obtained results of the impact toughness and
fracture toughness at flat deformation in a ferrite-austenitic welded joint. An evaluation of the results obtained during the
testing of the experimental plates welded with different amounts of heat input is also given.

Conclusion: These test results established the dependence of the geometry of a propagating crack and the stress conditions for
further crack propagation. It is possible to determine the values of the parameters that describe the behavior of the material,
both in linear-elastic and in elasto-plastic fracture mechanics.

Keywords: ferrite-austenitic welded joint, impact toughness, critical stress intensity factor K.

Pesrome

Beepcnne/near: B A10605 KOHCTpYKIMH BCEraa HMMEETCS HECKOABKO KPUTHYECKHX TOYCK, KOTOPBIE MOTYT OKa3aThCs
UCTOYHMKaMK 00pasoBaHus AcdexToB. Bee aTn KpuTHdeckne MecTa OAHOSHAYHO AOAXKHBI IIPUHHUMATHCS BO BHUMAHHCE IIPH
OLCHKe 0e30IIaCHOCTH, KOTOpas HALCACHA Ha BBUIBACHHE Hanboaee HeOAArONpUATHBIX (PAKTOPOB SKCIAYATALMH M OLCHKY
AOKaABHOH GesomacHocTn coepnHeHni. CeroaHs B METAAAOKOHCTPYKLMAX BCE YAIE BCTPEYAIOTCS COCAMHCHHS PasAHMYHOIO
coctaBa. B cBsasu ¢ tpeGoBaHMsAMM 9HEProadPeKTUBHOCTH U IKOAOTHU IIPH CTPOUTEABCTBE IACKTPOCTAHLIUH, XUMHICCKHX
OOBEKTOB M Ip. CBAPHBIC COCAMHCHUSI MUKPOACTHPOBAHHBIX (CPPHUTHBIX CTAACH C BBICOKOACTHPOBAHHBIMU AyCTCHHTHBIMU
CTaASIMH BCTPEUAIOTCSI BCe valre. FICIbITaHus TAKUX CBAPHBIX COCAMHECHHI IPOBOAUAKCDH Ha PE3ePBYapax AAs HEPTCIPOAYKTOB,
YaCTH KOPIyca KOTOPOTO H3TOTOBACHBI U3 MHKPOACTHPOBAHHOH (EPPUTHON CTaAM, a4 KOHCTPYKLMs KpBIIH — U3
BBICOKOAETMPOBAHHOM ayCTEHUTHOM CTAaAH.

Meroas: B AaHHON cTaThe NPEACTABACHBI PE3YABTATHI IKCIICPUMEHTAABHOLO aHAAM3A PACIPOCTPAHECHMs TPCUIMHBI B
AyCTCHUTHO-PEPPUTHOM CBapHOM coepnHeHun. CBapka BbIIOAHsAACh MeTOAOM MIG ¢ AByMSI pasAMYHBIMH TEIIAOBBIMU
[OABOAAMH, IIPUYEM HCIIOAB30OBAACS OAMH U TOT )Ke npucasounbiil Matepuas MIG 18/8/6. Byian uciibiTaHbl ABa THIIA CBAPHBIX
[AACTUH. B cTaTbe OMMCaHBI XapaKTEPUCTHKU OCHOBHBIX, AOIOAHUTCABHBIX M PACXOAHBIX MATCPUAAOB, 4 TAKXKE TCXHOAOTUH
CBapKH. AAS OIPEACACHUS YAAPHBIX CBOHCTB M IAPaMCTPOB MCXAHHKH pPaspyLICHHs ObIAM HSTOTOBACHBI HCIIBITATCABHBIC
00paswbl ¢ HAAPE3aMHU M HAYaBIIMMCS! Pa3PYIICHUEM [0 THITY TPCLIHHBL.

Pesyabrater: Lleablo AAHHOTO HCCACAOBAHMS SIBASAOCH CPABHCHHC ITOAYYCHHBIX PE3YABTATOB YAAPHOM BSI3KOCTH, BSI3KOCTH
paspyuieHUs. U AepOPMALIMM B AOCKOCTH PEPPUTO-AYCTCHUTHOTO CBAPHBIX COCAMHECHHI. TakoKke B CTaThe IPUBEACHA OLICHKA
PE3YABTATOB, IIOAYYCHHBIX IPH HCIBITAHUH OKCIICPUMCHTAABHBIX IIAACTHH, CBAPHBACMbBIX C PAa3AHYHBIM KOAHYECTBOM
ITOABOAMMOTO TEIIAQ.

Brisoasr: ITo pesyabraraM HCIBITAHUIH BBISIBACHA 3aBHCHMOCTh F€OMETPUH PACIIMPECHUS TPELIUHbL OT YCAOBUUIL HAIPSDKCHUSL.
Taxnm 06pasoM MOXKHO OIPEACAUTb 3HAYCHHS APAMETPOB, ONMCHIBAIOIINX TOBEACHUE MATCPHUAAQ, KAK IIPU AMHCHHO-YIIPYTOH,
TaK U [IPU YIIPYTO-IIAACTHIECKON MEXaHUKE PAa3PYLICHHSL

KAroueBbie cAOBa: QeppuTHO-ayCTEHHTHOE CBAapHOE COEAMHEHHE, YAAPHAS BASKOCTb, KPUTHYECKUil KOIPPHITHEHT

unTeHcuBHOCTH HanpspkeHui Klc.

Abstract

YBoa/unn: Kputnana Mecra koHeTpyKiuja usop ¢y moryhux aedekara, mma ce Mopajy yseru y 003up IpH MPOLICHU CHI'YPHOCTH,
rac he ce caraeparn HajHENOBOAHUjH EKCIIAOATALIMOHM (AKTOPH U IPOLICHUTH AOKAAHA CHUTYPHOCT croja. AaHac je cBe
ydeCTaAUja NPUMEHA PasHOPOAHUX CIIOjEBA Y METAAHUM KOHCTPYKIHjaMa. 360r CKOHOMMYHOCTH M CKOAOTH)E, [IPH USTPAAH
CHEPIETCKHX, XCMMjCKUX HAM HEKHUX APYIHX mocTpojema cse uemhe ce cpehy saBapenu crojeBu MUKpoAcrupaHux $pepuUTHUX
YECAMKA €A BHCOKOACTHPAHUM aycTeHUTHHM deannmma. Oarosapajyha mcnurusama BplueHa Cy Ha pesepBoapuMa 3a HadTHe
AepuBate, Koju ce uspal)yjy oA AcAOBa OmAaTe OA MHKPOACTUPAHOT (EPUTHOT YCAUKA M KPOBHE KOHCTPYKIIHjE OA
BHCOKOACTHPAHOT ayCTCHUTHOT YCAHKA.

Meroae: Y papy je usBpIICHA eKCIIEPUMEHTAAHA AHAAM3A IIMPEHA IPCAHHE KOA (EPHTHO-AyCTEHUTHOT 3aBApEHOT CIOja.
3asapusame je usBeacno MU' nocrynkom saBapuBarma ca ABa PasAMYMTA YHOCA KOAMYHMHE TONAOTE, a kopumheH je uctu
soparau matepujas MUI 18/8/6. Mcmurusane cy aBe BpcTe 3aBapeHHx maoda. HaBeaeHe cy KapakTepHCTHKE OCHOBHHX,
AOAATHUX M MOMONHMX MaTepujasa U TexHOAOIHWja 3aBapuBama. Mspahene cy enpysere ca sapesoM ca MHMIMpPAHOM IpelIKOM
TUIIA IPCAMHE PaA OApeDiBatba yAADHUX CBOjCTABA U I1apaMeTapa MEXaHUKE AOMA.

Pesyararn: CrpoBeACHA HCTPKUBAbA HMAAA CY 32 LA AA YIIOPEAC AODUjEHE PE3yATATE YAAPHE SKUAABOCTH M XKHAABOCTH AOMA
IpH PaBHOj AcPOPMALHjH KOA GEPUTHO-AYCTCHUTHOT 3aBapeHOr croja. Aara je u omeHa AO6I/IjCHI/IX PE3yATaTa IPU UCITUTUBAKY
EKCIIEPHMEHTAAHUX [TAOYA KOjE CY 3aBAPEHE PASAHYUTHM YHOCOM KOAMYMHE TOIIAOTE.
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33K1by‘{aK: PC3yAT3.TI/I HCIIMTHBAKka jCCy YCIIOCTaB»akbCe 3aBUCHOCTH FCOMCTPI/IjC IIOKPETHC MPCAMHE U YCAOBA HaIlpE3akha 3a Aamde
IUPEHE NPCAHMHE. OMOI‘thHO jC OApCbI/IBaH)C H3HOCa IapaMmeTapa KOjI/l OHI/ICyjy IIOHalIamk e MaTCPI/Ija.Aa, KaKO y AHMHCapHO-
CAaCTI/I'{HOj, TaKO Uy CAaCTI/I‘{HO-HAaCTI/I‘{HOj MCXaHUIIU AOMaA.

Keywords: $epHUTHO-ayCTEHUTHHU 3aBAPECHH CIIOj, YAAPHA KUAABOCT, KpUTHYHH $pakTop uHTeH3HUTeTa HanoHa Klc.
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Introduction

Impact toughness tests are important when considering a material's tendency to brittle fracture. Impact
tests are performed in order to determine total energy (impact toughness) as well as energy of crack
creation and growth in critical parts of welded joints (Rabbolini et al, 2015; Bukvi¢, 2012).

Efforts are constantly made to study the causes of material fatigue and to mitigate its consequences.
Material failure caused by fatigue is the most common form of failure in practice. Such fractures occur at
stress values that are lower than the tensile strength even in low-strength plastic materials (Bukvi¢, 2012;
Rabbolini et al, 2015). A large number of structure fractures which occur during exploitation at lower than
permissible stress levels indicate the risk of brittle fracture (Bukvi¢, 2012; Rabbolini et al, 2015).

When studying fatigue of materials using fracture mechanics, it is assumed that there is an initial crack
or that the period of its formation is short or negligible. Determining the working life of a structure is
reduced to predicting the time of crack growth. The process of material fatigue under variable loading can
be divided into three phases (Zerbst et al, 2015), as in Figure 1:

1. crack formation (threshold value below which a fatigue crack has no conditions for growth);

2. crack propagation up to a critical value (area of application of the Paris equation); and

3. unstable fracture of the final part of the section (AK_ at which a fracture occurs).
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Figure 1
Typical appearance of the fatigue crack growth curve as a function of AK

Puc. 1 — TunuaHbiit BUA KPUBOK POCTA YCTAAOCTHON Tpemunsl B GyHkunu or AK
Canxa 1 - Tunuaan usraea kpuse pacta saMopHe mpcanHe y ¢pyukmju op AK

Fatigue occurs as a result of plastic deformation during the stages of crack formation and growth. Until
the final failure of the material, fatigue spreads in the form of plastic failure of the material, although this
plasticity, of a completely local nature, is limited only to the process zone. The fatigue effect is a cumulative
action of microscopically limited events which can add up to several million in a single fatigue process.
Therefore, it is difficult to predict in advance the service life of a structural element that has begun to break
and is permanently loaded with a variable load (Zerbst et al, 2015).

The fracture toughness test at flat deformation Kj. was carried out in order to determine the critical
factor of stress intensity, K, i.e. the evaluation of the behavior of the components of a welded joint, weld

metal and the HAZ in the presence of a crack-type defect as the most dangerous of all defects in structural
materials, especially welded joints (Bukvi¢, 2012; Zerbst et al, 2015).
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Chemical and mechanical characteristics of materials and welding technology

Base materials

Two base materials were used for welding: microalloyed steel SSOONLI, under the commercial name
NIOMOL 490K with a thickness of 16 mm (marked with M) and high-alloyed steel X6CrNiMoTi 17 12
2 according to EN 10088 (C.4574 according to SRPS EN 10088-1) with a thickness of 12 mm (marked
with V) (Bukvi¢, 2012). Table 1 shows the chemical compositions and Table 2 shows the mechanical
properties of the base materials.

Table 1
Chemical compositions of the base materials (Bukvi¢, 2012)
C [|Si [Mn [P S Cr |Ni ||Cu |JAI Mo [Ti INb
0.10 0.38 0.64 [0.014[0.02 [0.76 [0.10 |- |- 033 [ [0.02 |-

<|=

0.04 10.35 [1.73 10.031]0.004/17.9 [11.6 |]0.18]0.061]2.16 0.38]0.079/0.016

Tabanna 1 — XuMuueckuil COCTaB OCHOBHBIX MATEPUAAOB (Bukvic’, 2012)

Tabeaa 1 — Xemujcku cacras ocHoBHuX Marepujasa (Bukvi¢, 2012)

Table 2
Mechanical properties of the base materials (Bukvi¢, 2012)

Yield Tensile . .
Elongatlon Contraction
Basemat | stress strength
erials Ry > R, [MPa
3 A 0 Z 0
w1 %] %]
M 497 584 20 65
Vv 321 596 37 53

Tabauna 2 — MexaHuueckye CBOHCTBA OCHOBHBIX MaTepHAAOB (Bukvié, 2012)
Tabeaa 2 — Mexannuke ocobune ocHosHux Matepujasa (Bukvi¢, 2012)

Filler material

Welding was performed using filler material MIG 18/8/6, produced in Zelezarne ACRONI, Jesenice,
Slovenia (Bukvi¢ et al, 2022; Jesenice Ironworks, 2022). Table 3 shows the chemical compositions and
Table 4 shows the mechanical properties of the welding wire.

The filler material MIG 18/8/6 was selected based on recommendations from the literature (Jovicic,
2007; Bukvi¢ et al, 2022) and in accordance with the results obtained from the Schaeffler diagram (Bukvi¢,
2012; Bukvi¢ et al 2022). The result from the Schaeffler diagram is shown in Figure 2.

Table 3

Chemical compositions of the filler materials (Bukvi¢ et al, 2022; Jesenice Ironworks, 2022)

C Si Mn Cr Ni

MIG
18/8/6

Tabauua 3 — XuMudecKue cOCTaBbl AOMOAHMTEABHBIX MaTepuasos (Bukvi¢ et al, 2022; Jesenice Ironworks, 2022)
Tab6eaa 3 — Xemujcku cactaBu AoaatHux Matepujasa (Bukvié et al, 2022; Jesenice Ironworks, 2022)

0,08 <1.0 7 18.5 9
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Table 4
Mechanical properties of the pure weld metal filler material (Bukvié et al, 2022; Jesenice Ironworks, 2022)
R, [N/ R, [N/
- e A5 [%] | KVI[]]
mm~] mm?|
MIG .
N > 380 560do 660 | 35 > 40 (pri 20 °C)

Tabauna 4 — MexaHuueckne cBoicTBa IPUCAAOYHOIO MATEPHAAA U3 YHCTOTO MeTaaaa cBapHoro mBa (Bukvié et al, 2022; Jesenice Ironworks,

2022)

Tabeaa 4 — Mexannuke ocobHHe YHCTOT MeTaa maBa AoAaTHOT Matepujana (Bukvié et al, 2022; Jesenice Ironworks, 2022)

The choice of a filler material is directly related to the need for the desired chemical composition. Then

the composition of the filler material corresponds to the chemical composition of one of the base materials

or the average chemical composition. For bonding high-alloy steel with some other less alloyed or
unalloyed steel, a high-alloy filler material should be used, as shown by the position of the filler metal in
Figure 2 of the Schaeffler diagram (Bukvi¢ et al, 2022).

F=0% 5% 10%12%
26 - v d
24 A LA o
o bt b Wi ,4/ A L~
P B
" i /,1 I #// /z“/ -'/-
20 _— . e T e 140 %
- .\\\.' d A . (:/‘! " it |~ o g [~ o
Tk OB Z A% 0P
16 1= ~ 171 Al 80 %
P 2 4 l/ 7 /J Pl B | Pl b
" .'..- \\\\ - H\\\ /.f &f"% ._.-"..--'r-.-“
12 S : ;
; ™ 3 _.I/ - il
10 . - - '
i A A 100 %
8 AP < - I W _t ¢
\ M J,../'} P ¥ et 1 The points on the
6 ‘1._ - - -+ i dc -
l f"ﬂ L . | ].-; lﬂgramf arf.
1 f.ﬁv"’ 4] -1 o 1 Microalloyed
\ A -
2 V4 — 2 Hihg - alloved
2] I i I MIG 18/8/6
2 4 6 B 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Figure 2
Positions of base and filler materials in the Schaeffler diagram
Puc. 2 - I'ToAoeHnEe OCHOBHBIX M AOIIOAHHTEABHBIX MaTepruasoB Ha aouarpamme [Hlepdaepa
Cauka 2 — [Toaoxaj ocHOBHUX 1 pAopaTHUX MaTepujasa y HledaepoBom aujarpamy
Welding technology

The plates of the base materials are welded by the electric arc semi-automatic MIG/MAG process. A
MIG/MAG welding device KEMPACT 3000+ FastMig 400 was use for welding. Two different heat
inputs were applied, as shown in Tables 5 and 6. Two welded experimental plates were formed: with a
maximum heat input of 8.88 [k]/cm], plate number 1, and with a minimum heat input of 6.87 [k]J/cm],
plate number 2 (Bukvi¢, 2012; Bukvié¢ et al 2022).
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Table 5
Average amount of heat input during the welding of plate number 1 (Bukvi¢, 2012)
Welding Average Average Average
Plate and wire | Mean Medium strength It 5 amount of
designation time speed [cm/ | electricity \[73] e heat input [k]/
[min.] min] [A] cm]
Plate number 1 | 2.22 24.2 214 26.37 8.88
Tabanna 5 — CpeaHee KOAUIECTBO TIOABOAMMOTO TEIAA IIPH CBapKe MAACTHHBI NO 1 (Bukvi¢, 2012
Tab6eaa 5 — [Tpoceuan yHOC KOAMMHHE TONIAOTE IIPHU 3aBapuBamy naouc 6poj 1 (Bukvi¢, 2012)
Table 6
Average input of heat during the welding of plate number 2 (Bukvi¢, 2012)
Welding Average Averase Average
Plate and wire | Mean Medium strength lea i amount of
designation time speed [cm/ electricity \[’3] 5 heat input [k]/
[min.] min] [A] cm]
Plate number 2 | 2.19 34.15 243 30.47 6.87

Tabauna 6 — CpeaHee KOAHYECTBO TIOABOAMMOTO TEIIAA IIPH CBAPKE MAACTHHBI N? 2 (Bukvi¢, 2012)
Tabeaa 6 — ITpoceyan yHOC KOAMYHHE TOIIAOTE IPU 3aBAPHBAKLY IIAOUC 6poj 2 (Bukvic’, 2012)

The shielding gas flow was 12 [/min. A mixture of Ar and 2% O, gases was used as a protective
atmosphere during welding (Smiljani¢, 2006; Messer Tehnogas, 2008).

The welding was performed using the multi-pass advance welding technique. For each welded plate, the
number of passes during welding was six and it was determined by the speed of welding, different voltage
and strength of current, i.e. different amount of heat input during welding. Each plate of the base material
was preheated, and the intermediate temperature was maintained by heating with a flame from a mixture
of oxygen and acetylene. With each welded plate, the root passage is first welded from the inside of the
groove. After that, the filling passages were welded. The resulting welded plates were cooled in still air
(Bukvi¢, 2012; Bukvi¢ et al, 2022).

The welded joints were visually inspected and subjected to radiographic ventilation with y-rays. No
defects such as cracks, lack of penetration, sticking, etc. were detected.

The welded plates were machined to the same thickness of 12 mm (Bukvi¢, 2012; Bukvi¢ et al, 2022).

From the obtained welded plates number 1 and 2 of the ferritic-austenitic welded joint, test specimens
were cut in accordance with the standards for testing impact toughness and for determining fracture
toughness at flat deformation K.

Test of impact toughness on an instrumented Charpy pendulum

The test of impact force on notched test specimens can provide an explanation about the behavior of a
material around the crack tip, starting from the assumption that the test specimen material is sufficiently
homogenecous under a plane state of stress (Mileti¢ et al, 2020; Paris & Erdogen, 1963). Determining the
energy required for fracture under established test conditions is most often used for regular control of the
quality and homogeneity of a material, as well as for its processing quality control. With this test
procedure, the tendency to increase brittleness during exploitation (aging) can be determined. The impact
tests of the test specimens were performed in accordance with ASTM E23-95 Standard (Mileti¢ et al,
2020; Paris & Erdogen, 1963), on the test specimens of the dimensions and appearance as in Figure 3 and
in order to determine the total impact energy (Mileti¢ et al, 2020; Paris & Erdogen, 1963).
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Detalj , A*
55+5

T A

Figure 3
Standard impact test specimen
Puc. 3 — CranaaptHbii 06paser; AASL HCIIBITAHUS Ha YAQP
Caunxa 3 — CraHpapAHA CIIPyBETa 32 HCIIUTHBAE YAAPHE KMAABOCTH

The notch position in relation to the welded joint is defined by ISO 9016:2022 Standard (ISO, 2022).
The notch is made by milling so that the state of the material does not change during processing.

In bending impact load testing, fracture energy is determined as an integral quantity. The fracture
energy determined in this way does not give the possibility of separating the resistance of the material
related to the formation, i.c. the propagation of the crack. The impact force and time were continuously
recorded during the test on an instrumented pendulum. This is how the force-time diagram was obtained.
From it, it is possible to calculate the total energy E,, required for the fracture of a specimen using the

formula (Mileti¢ et al, 2020; Paris & Erdogen, 1963):

E, = ]‘F(r) V(1) - dt

(1)

where: F(t) - force; v (¢) — change in the speed of the pendulum during the break; and . — duration of
fracture.

In order to evaluate the behavior of the material under impact load, it is necessary to know which part of
the energy is used for the formation of the crack, and which part for the propagation of the crack. The
procedure for determining the energy of crack growth through the "fatigue crack” was used. The part of the
energy required to form an Ej;,;. crack is calculated by the formula (Mileti¢ et al, 2020; Paris & Erdogen,

1963):

E

inic

=E uk_E.Fom )

The energy of formation and the energy of crack growth are determined by this method on one
specimen (unlike other procedures), which gives higher accuracy (Mileti¢ et al, 2020; Paris & Erdogen,
1963).

Impact toughness test results on an instrumented Charpy pendulum

The impact energy was determined on an instrumented Charpy pendulum with an oscilloscope whose
impact load range is 150/300 J. Standard Charpy V-notch test specimens were used during the test, as in
Figure 3, and the energies were calculated by formulas (1) and (2).

Results of testing the toughness of the base material
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At the very beginning, before welding, from the plate of microalloyed steel NIOMOL 490K, the test
specimens were cut normal to the direction of rolling of the plate and marked with a U mark with a notch
normal to the rolling direction. After that, test specimens were cut from the same plates in the rolling
direction and marked with a P, with a notch parallel to the rolling direction. The cut test specimens were
tested for impact toughness. The test was performed at room temperature. The obtained results are shown

in Table 7 and Figure 4.
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Table 7
Fracture energy of the test specimens made of a microalloyed steel base material
- Impact energy, E, Crack formation Propagation
. eSt, Notch U] cnergy, Einic U] cnergy, Elom U]
Material specimen|
[abel place By test Average | By test Average | By test Average
specimen | value specimen | value specimen | value
P-1 Transverse | 279.2 73.7 205.5
to the
i 265. 8.1 201.1
?fe‘;mauoyed P2 rolling 252.6 >7 182 7 196.7
direction
NIOMOL
49(?K © U-1 Normal to | 253.4 78.2 175.2
he rolli 252.1 1
U-2 | M8 | 2508 > 76.1 7 1747 |17
direction

Ta6AI/ILIa 7 - SHCPI‘I/ISI PaprIlICHI/ISI HCIIBPITYCMbIX O6p33LIOB, HN3TrOTOBACHHBIX U3 MHKPOACFHPOB&HHOﬁ CTaAnu
TaGeAa 7 - EHCPI‘I/Ija AOMa CHPyBCTa U3 OCHOBHOT MaTCPI/IjaAa MHKPOAeI‘I/IPaHOI‘ YCAHKA
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As it can be seen from Table 7 and from the diagram in Figure 4, the total impact energies of
microalloyed steel do not differ significantly depending on where the notch is placed in relation to the
plate rolling direction. The total energy is slightly higher when the notch is transverse to the rolling
direction and ranges from 252.6 J to 279.2 J. When the notch is placed normally to the rolling direction,
the total energy is slightly lower and has a value of 250.8 J to 253.4 ].

Table 7 and the diagrams in Figure 4 show that the energy of crack formation does not depend
significantly on the position of the notch. It ranges from 78.1 J when the notch is transverse to the rolling
direction to 77.1 ] when the notch is normal to the rolling direction. It is observed that the crack
propagation energy depends on the position of the notch. It ranges from 201.1 J when the notch is
transverse to the rolling direction to 175 J when the notch is normal to the rolling direction.

The properties of high-alloy austenitic steel were not investigated, because it is known from the
literature (Sedmak A. et al, 2022) that austenitic steels have good toughness at low temperatures. On
pressure vessels (Golubovi¢ et al, 2018), structural changes in the base material and the HAZ were neither
expected nor revealed by the examination.

Diagrams F—rand E,~1
The specimen P-2 The specimen U-1

1

E Spoe. Tl ;
a4 (=20 =

T 8 . o . e [
Figure 4
Diagrams obtained from the impact tests of the microalloyed steel test specimens
Puc. 4 - AI/IarPaMMI}I, ITOAY4CHHBIC B PC3yAbTaTC UCITBITAHUU O6pa3u0B Hus MHKPOACFHPOBQHHOﬁ CTaAH Ha yAapHy]O BA3KOCTb

Cauka 4 - AHjarPaMI/I AO6I/IjCHI/I YAapHI/lM HCIIUTHUBakbHUMa CHPYBCTa oA MI/IKPOACTI/IpaHOr YCAHKA
Results of the impact tests on the test specimens with a notch in the filler metal

During the test, standard Charpy test specimens with a V notch in the filler metal were used, as in
Figure 3. Two test specimens were cut from the welded experimental plates number 1 and 2, and the test
was performed at room temperature. The obtained results are shown in Table 8 and Figure 5.
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Table 8

Fracture energy of the test specimens with a notch in the filler metal

T Impact energy, Formation energy, Propagation
Plate CSt, |35 U] [Ee U] energy, - U]
specimen
no- 1 1bel By test | Average | By test By test Average | By test
specimen value specimen | specimen value specimen
1.1 126 49.8 76.2
! 1.2 135.1 1305 60.2 > 74.9 53
2.1 134.9 52.2 82.7
135. . .
2 2.2 135.8 353 64.7 58:5 71.1 768

Tabauma 8 — DHeprus paspyUICHIS HCIIBITYEMBIX OOPA3LIOB C HIAPE3OM B METAAAC IUBA
Tabeaa 8 — Enepruja soMa enpyBeTa ca 3apesoM y METaA IIaBy

As it can be seen from Table 8 and from the diagram in Figure 5, the difference in total impact energies
for all test specimens is not large. The total impact energy is the highest in the test specimen from plate
number 2 and it ranges from 134.9 J to 135.8 J. Negligibly lower total impact energy was achieved in the
test specimen from plate number 1 - from 126 J to 135.1 J. Obviously, a different amount of heat input
during welding did not affect the total toughness energy when the notch is located in the filler metal zone.

Diagrams F—rand E,~t
The specimen 1.1 The specimen 2.1

F3 It
= = Spec. 2.1 WM
= 59 =2 e - |
= 24 4 -

s B

SUEE—— 0 -
4 ]

t [mg] ® ® ¢ [ms]
Figure 5
Diagrams of the impact tests of the test specimens from experimental plates 1 and 2 with a notch in the filler metal
Puc. 5 — AuarpaMmsl yAQpHBIX HCIIBITAHUI 00PA3LIOB - ONBITHBIX AacTHH N¢ 1 1 2 ¢ HAAPE3OM B METAAAC LIBA
Cauka 5 — Aujarpamu yAapHHX HCIIUTHBAbA CIPYBaTA U3 CKCIIEPUMEHTAAHHX 11A04a 6poj 1 1 2 ca 3ape3oM y MeTaA masy

Plate 2 has a slightly higher crack formation energy of 58.5 J, and the lower crack formation energy of
the test specimen from plate number 1 is 55 J. The difference is not significant.

Plate number 2 has a higher crack propagation energy of 76.8 J and the test specimens from plate
number 1 have a lower crack propagation energy of 75.5 J. The difference is negligible.

Results of the impact tests on the test specimens with a notch in the HAZ

During the test, standard Charpy test specimens were used, where a V notch was placed in the HAZ
towards the microalloyed steel, as in Figure 3. Two test specimens were cut from experimental plates 1 and
2. The obtained results are shown in Table 9 and Figure 6.
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In Table 9 and in the diagram of Figure 6, the total impact energies are slightly higher than the impact
energies obtained from the test specimens with a notch in the filler metal in Table 8. In the test specimen
from plate 1, the total energy is from 190.5 J to 218.1 J, while it is from 189.5 J to 216.3 J in the test
specimen from plate 2.

Table 9
Fracture energy of the notched test specimens in the HAZ towards the microalloyed steel

T Impact energy, Formation energy, Propagation

Plate CSt, |35 U] 157t U] energy, o U]
specimen

no- 1 1bel By test | Average | By test By test Average | By test

specimen value specimen | specimen value specimen

1.3 218.1 68.5 149.3

1 204. 63. 140.8
1.4 190.5 3 58.2 35 132.3
2.3 189.5 61.1 128.4

202. . .
2 2.4 216.3 02.9 74.6 67.8 141.7 1351

Tabauna 9 — DHeprust paspyLIeHUs HCIBITYeMbIX 00pasLioB ¢ Happesamu B 3TB 110 OTHOLICHNIO K MUKPOACTHPOBAHHOM CTaAH
Tabeaa 9 — Exepruja aoma enpysera ca 3ape3oM y 3Y'T Ka MUKPOACTHPAHOM YEAUKY

Diagrams F—rand E,—r
The specimen 1.3 The specimen 2.3
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Figure 6
Diagrams of the impact tests of the test specimens with a notch in the HAZ

Puc. 6 — AuarpamMMmbl yAQpHBIX HCIIBITAHHH 00pasuos ¢ Happesom B 3TB
Canxa 6 — AujarpaMu yAApHUX HCITUTHBAKbA CIpyBeTa ca sapesom y 3YT

The crack formation energy is of very uniform values. The test specimens from plate 2 have a higher
crack formation energy of 67.8 J while the test specimens from plate 1 have a slightly lower crack
formation energy of 63.5J.

Crack propagation energy does not differ from plate to plate. The test specimens from experimental
plate 1 have a higher crack propagation energy of 140.8 J and the test specimens from experimental plate 2
have a slightly lower crack propagation energy of 135.1].

Determining the fracture toughness during flat deformation Ky,
Examining test specimens with a crack shows the local behavior of the material around the crack tip,

starting from the assumption that the material around the crack is sufficiently homogeneous, which means
that the results of the local behavior can be treated globally, i.c. they can be directly transferred to an
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appropriate construction. The influence of the heterogeneity of a structure and the mechanical properties
of a welded joint is primarily reflected in the position of the fatigue crack tip and the characteristics of the
arca through which the fracture propagates (Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016).

The test of fracture toughness during flat deformation Kj. was carried out in order to determine the
critical stress intensity factor Ky, i.e. the evaluation of the behavior of the components of the welded joint,
weld metal and the HAZ in the presence of a crack-type defect as the most dangerous of all defects in
structural materials, especially welded joints (Bukvié¢, 2012; Zerbst et al, 2015; Kumar et al, 2016). The test
was performed at room temperature.

Two groups of test specimens were tested depending on the location of the fatigue crack tip, namely:

— Group I - test specimens with the fatigue crack tip in the filler metal,

— Group II - test specimens with the fatigue crack tip in the HAZ towards microalloyed steel.

Three-point bending test specimens (SEB) were used to determine Ky, the geometry of which is defined
by ASTM E399 Standard and given in Figure 7.

N 10

ﬁ} g+ﬂ<? N7 "b”

- —
. 0,02 A - >

Figure 7
Specimen for fracture mechanics testing

Puc. 7 — Obpasen AAS UCIIBITAHUI HAa MEXAHUKY Pa3pyLICHHS
Cauxa 7 — Enpysera 3a ncniuTrBarme MeXaHHKE AOMA

As defined by ASTM E399 Standard, i.e. BS 7448 Part 1, the first step was to prepare a test specimen,
i.e. to form a fatigue crack. The fatigue crack on the fractured test specimen marked 1.5 under ¢ is shown in
Figure 8. Approximately 50% of the final length of the fatigue crack was produced at the maximum fatigue
force Fp,, = 0.4xFy. In this case, the minimum force was Fy;, = 0.1xF,,,. The fatigue crack was formed

on an AMSLER high-frequency pulsator®. The condition of flat state of deformation is not satisfied
according to ASTM E399:

2
BEZ.S»(&)

Rpo.2

(3)

In that case, instead of applying linear-elastic fracture mechanics (LEML) defined by ASTM E399
Standard, elasto-plastic fracture mechanics (EPML) defined by ASTM E813, ASTM E1152, ASTM
E1820-18 and BS 7448 Part 1 and 2 Standards was applied. the purpose of using elasto-plastic fracture
mechanics is to determine the value of the critical stress intensity factor Ky indirectly via the critical J-
integral Jp, i.e. to monitor the crack growth under the conditions of pronounced plasticity. The behavior
of the elasto-plastic material, which also includes the components of the welded joint, duringa stable crack
growth can be described by the J-Aa diagram, where Aa is crack growth (Bukvi¢, 2012; Zerbst et al, 2015;
Kumar et al, 2016).

Based on the obtained data, a J-Aa curve is constructed, on which a regression line is constructed

according to ASTM E1152. The critical J-integral Ji. is obtained from the obtained regression line.
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Knowing the values of the critical Jj. integral, one can calculate the value of the critical stress intensity
factor or the fracture toughness at flat deformation Ky, using dependence (4) ASTM E399:

where: E — modulus of elasticity and v — Poisson's ratio.

The critical value of the stress intensity factor Ky, was determined using the method of one test
specimen with successive loading and unloading (Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016).

Based on the data collected from a tensile machine (force transducer and COD transducer), the
diagrams of force F-Crack Mouth Opening Displacement 6 (CMOD-Crack Mouth Opening
Displacement) were constructed.

These diagrams are the basis for determining the critical value of the J-integral Ji.. However, in order to
determine the length of the crack Aa, it is necessary to measure the length of the original fatigue crack a,
(Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016).

Determination of K| in the test specimens with a notch in the filler metal

The results of measuring the length of the fatigue crack are given in Table 10 while the diagrams F-dand
J-Aafor the test specimens with a notch in the filler metal are given in Figures 8 and 9.
Table 10

Fatigue crack lengths of the specimens with a notch in the filler metal

Plate Test‘ Fatigue crack length, az[mm] Average value,
specimen

no. e 5zl ] ;2 ;3 A4 ;5 aZSR[mm]

1 1.5 2.85 2.93 3.34 3.67 3.26 3.21

2 2.5 2.42 2.90 2.65 2.92 2.92 2.762

Tabauna 10 — Aauna YCTAAOCTHOM TPEIIUHBI o6pasua C HAAPE30M B METAAAE IIIBA
Tabeaa 10 — AyXrHe 3aMOpHE IIPCAHHE CIIPYBETA €A 3APE3OM Y METAA LIABY

The calculated values of the critical stress intensity factor, Ky, are given in Table 11 for the test
specimens with a notch in the filler metal. In the calculation for fracture toughness at flat deformation K,
a single value for the modulus of elasticity at room temperature of 210 GPa was used.

The fracture toughness values Ki. of the specimens with a notch in the filler metal range from 125.1

MPa m? to 130.5 MPa m /2. The values do not differ significantly, because it is the same filler material,
regardless of the difference in the amount of heat input during welding.
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Figure 8
(a) F-3 diagram, (b) J-Aa diagram and (c) a broken test specimen 1.5 with a notch in the filler metal

Puc. 8 — Anarpammet F-0 (a), J-Aa (b) u (c) paspymennsiit o6paser 1,5 ¢ Happe3oM B MeTaaAe IBa
Cauxka 8 - (a) anjarpamu F-3, (b) J-Aa u (c)npesommena enpysera 1,5 ca 3apesoM y MeTaa maBy

Table 11

Kjc values of the specimens with a notch in the filler metal

- T;;: . Critical J-integral, J,- Critical stress intensity Critical crack
pf;b ol [kd/m?] factor, Kic[MPa m'?] length, ac [mm]

1.5 69.5 125.1 934

2.5 75.6 130.5 100.9

Tabauna 11 — 3navenus 06p33u05 Kj. c Happesom B MeTasse mBa
Tabeaa 11 — Bpeanocrn Ky, enpysera ca sapesom y meTaa masy
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Figure 9
(a) F-0 diagram, (b) J-Aa diagram and (c) a broken test specimen 2.5 with a notch in the filler metal

Puc. 9 — Anarpammet F-3 (a), J-Aa (b) u (c) B paspymennnix o6pasiax 2.5 ¢ HAAPE3OM B METAAAE I1BA
Cauxa 9 — () aujarpamu F-8, (b) J-Aa u (c)npesomaena enpysera 2,5 ca 3apesoM y MeTaa masy

Determination of Ky in the test specimens with a notch in the HAZ

The results of measuring the fatigue crack length in the test specimens with a notch in the HAZ towards

microalloyed steel are given in Table 12 and in the F-8 and J-Aa diagrams in Figures 10 and 11.

Table 12

Fatigue crack lengths of the notched test specimens in the HAZ at room temperature

Plate Test‘ Fatigue crack length, a7 [mm] e ——
specimen
no. e a1 2, |as  |aw |as | azsr[mm]
1 1.6 3.46 3.47 3.28 2.41 2.34 2.99
2 2.6 2.17 3.56 3.19 3.43 3.31 3.13
Tabaunna 12 — AANHBI YCTAAOCTHBIX TPEIIMH Ha HCIBITyeMbIx 00pasiax ¢ Happesamu B 3TB npu koMHaTHOI TeMnepatype

Tabeaa 12 — Ayxune saMopHe IpcanHe enpysera ca 3apesoM y 3Y'T Ha co6HO]j TeMnepaTypu
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Figure 10
(a) F - 0 diagram, (b) J - Aa diagram and (c) a broken test specimen 1.6 with a notch in the HAZ towards the
microalloyed base material
Puc. 10 - (a) anarpamma F - 3, (b) J - Aa u (c) paspymmennsiit ucnbityemstiit o6pasen 1.6 ¢ nappesom B 3TB co cropoms
MHKPOACTHPOBAHHOIO OCHOBHOI'O MATEPHAAA

Cauxa 10 - (a) anjarpamu F-0, (b) J-Aa n (c)npesommena enpysera 1,6 ca sapesom y 3YT ca crpaHe MEKpOAETHpaHOT
OCHOBHOT MaTEpHjaAd

Table 13
Fatigue crack lengths of the notched test specimens in the HAZ

Plate - T;fr:en Critical J-integral, J;c Critical stress intensity Critical crack
— p;ml [kJ/m?] factor, Ki.[MPa m'?] length, ac [mm]
1 1.6 61.4 117.6 825
2 2.6 69.5 125.1 92.7

Tabauna 13 — AAHHbI YCTAAOCTHBIX TPCIMH Ha UCIIBITYeMbIX o0pasiax ¢ Haapesamu B 3TB

Tabeaa 13 — Ayxune 3aMOpHe pcAKHE enpysera ca sapesom y 3Y'T
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Figure 11
(a) F - 8 diagram, (b) J - Aa diagram and (c) a broken test specimen 2.6 with a notch in the HAZ towards the
microalloyed base material
Puc. 11 - (a) anarpamma F - §, (b) J - Aa u (c) paspymennsrit ucnsityemsrit o6pasen 2.6 ¢ c Haapesom B 3TB co croponst
MUKPOACTHPOBAHHOTO OCHOBHOTO MaTEpPHaAA

Cauxa 11 - (a) anjarpamu F-5, (b) J-Aa u (c)npesommena enpysera 2,6 ca sapesom y 3V'T ca cTpaHe MHKPOAECTHPAHOT
9eAMKA

The obtained values of fracture toughness Kj. of the test specimens with a notch in the HAZ towards

microalloyed steel, shown in Table 13, range from 117.6 MPa m!’2 to 125.1 MPa m'/2. The values do not
differ significantly, which means that a different amount of heat input during welding had no effect.

Analysis of the results

In practice, different base and filler materials are used for welding in order to optimise constructions.
The economy of construction is not the only reason for such use of materials. For example, storage tanks
for liquid petroleum products are made of different materials. This paper deals with base materials with
different chemical compositions and filler materials that have similar characteristics to one of base
materials, i.c. to austenitic high-alloy steel. In such cases, different microstructures can be expected to
appear in welded joints. All this makes it difficult to predict the behaviour of such joints in use.

Welding with the filler material MIG 18/8/6 yielded two welded experimental plates, marked 1 and 2,

where different amounts of heat input were used.
Experimental plates 1 and 2 were welded with the highest and lowest allowed amount of heat input. It is

noted that the difference in heat input is about 30%. The obtained values of the quantity of input heat
represent, in this case, the limit values for the chosen welding procedure and the filler material.

20
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According to the Schaeffler diagram (Figure 2), it is possible to use the filler material MIG 18/8/6
during welding because the result of this bonding is in the safe area.

In testing microalloyed steel toughness at room temperature, it was observed that high values of total
energy were obtained regardless of the direction in which either the test specimens or the notches were cut
(transverse or normal to the rolling direction). The total impact energy is 5.3% lower for the test
specimens cut transversely to the rolling direction and with their notch normal to the rolling direction.
From the obtained results, the energies of crack propagation are higher than the energies of formation,
which indicates the fact that the examined material is ductile.

The total impact energy obtained by testing the test specimens with a notch in the metal seam from
experimental plates 1 and 2 shows that the highest achieved total energy is for the test specimens from
plate 2, and a total energy lower by 3% was obtained for the test specimens from plate 1. In the tested cases,
the ductile component is greater than the brittle one, so it can be concluded that experimental plates 1 and
2 with a notch in the metal seam behaved as ductile at room temperature.

The comparison of the obtained impact toughness values for the test specimens with a notch in the
HAZ towards microalloyed steel from plates 1 and 2 shows that the values are high and slightly lower than
the toughness values in the microalloyed steel test specimens. This decrease in toughness is due to the
growth of grains in the HAZ and the appearance of bainite in the structure. In all tested samples, the
energy of propagation is higher than the energy of formation. This leads to the conclusion that the test
specimens were ductile at room temperature.

Observing the obtained values of the critical stress intensity factor Ky, for the test specimens with a
notch in the metal seam, one can notice that different amounts of heat input during welding did not give
significant differences in the values of Kj..

The obtained critical crack lengths are adequate to the obtained Ky, values, so the highest value is for
plate 2, and a slightly smaller one for plate 1. It can be concluded, based on the values of the critical crack
lengths and fatigue crack lengths for the test specimens with a notch in the metal seam, that the best
characteristics in the presence of a crack-type defect will be shown by plate 2 followed closely by plate 1.

Observing the obtained values of the critical stress intensity factor Ky for the test specimens with a
notch in the HAZ towards microalloyed steel leads to the conclusion that plate 2 has the highest values
while plate 1 has a lower value by 6%.

The obtained critical crack lengths are adequate to the obtained K. values, so the highest value is
obtained by plate 2 while plate 1 has a lower value by 11%.

Conclusions

Based on the test results, the following conclusions can be drawn:

1. The resistance of microalloyed steel to crack formation and growth is uniform regardless of
whether test specimens are cut in the rolling direction of the experimental plates or cut normal to
the rolling direction of the plates;

2. The obtained impact energies from the test specimens with a notch in the metal seam are lower
than the impact energies from the test specimens with a notch in the HAZ by about 35%;

3. Different amount of heat input during welding with the same filler material does not give a
difference in the obtained impact energy;

4. A higher value of the critical stress intensity factor Klc was obtained for the test specimens with a
notch in the metal seam compared to the test specimens with a notch in the HAZ;

5. The critical length of the cracks is smaller in the test specimens with a notch in the HAZ by about
10%; and

6. If a construction made of the materials used in this study is exposed to a stress lower than the
yield stress and if there is a crack in their welded joint smaller than the critical one, there is no risk of
fracture.
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