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Abstract:

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.

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.
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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.

Key words: ferrite-austenitic welded joint, impact toughness, critical
stress intensity factor Kic.

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);
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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).

log —

Figure 1 — Typical appearance of the fatigue crack growth curve as a function of AK
Puc. 1— TunuyHbIl 8ud Kpusol pocma ycmanocmHol mpewuHbl 8 hyHkyuu om AK
Cnuka 1 — TunuyaH u3ened Kpuse pacma 3aMOopHe npcriuHe y hyHKyuju 00 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 K. was carried out in
order to determine the critical factor of stress intensity, Ki, 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
S500NL1, 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)
Tabnuya 1 — Xumudeckuli cocmae 0CHO8HbIX Mamepuarios (Bukvic, 2012)
Tabena 1 — Xemujcku cacmae 0CHO8HUX Mamepujana (Bukvic, 2012)

C Si Mn P S Cr Ni Cu Al Mo Ti \ Nb

0.10 0.38 0.64 | 0.014 | 0.02 0.76 0.10 - - 0.33 0.02 -

0.04 0.35 1.73 | 0.031 | 0.004 | 17.9 11.6 0.18 [0.061]| 2.16 | 0.38 | 0.079 | 0.016

Table 2 — Mechanical properties of the base materials (Bukvic¢, 2012)
Tabnuya 2 — MexaHu4yeckue ceolicmea OCHO8HbIX Mamepuarnos (Bukvic, 2012)
Tabena 2 — MexaHu4yke ocobuHe 0CHOB8HUX Mamepujana (Bukvic, 2012)

Base Yield stress Tensile strength Elongation | Contraction
materials Ro.2 [MPa] Rn [MPa] A [%] Z [%]
I ™ 497 584 20 65
I v 321 596 37 53

Filler material

Welding was performed using filler material MIG 18/8/6, produced in
Zelezarne ACRONI, Jesenice, Slovenia (Bukvi¢, 2022; Jesenice
Ironworks, 2005). 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.
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Table 3 — Chemical compositions of the filler materials
(Bukvié¢, 2022; Jesenice Ironworks, 2005)
Tabnuya 3 — Xumuyeckue cocmasbi Q0rnoHUMEbHbIX Mamepuanos
(Bukvi¢, 2022; Jesenice Ironworks, 2005)
Tabena 3 — Xemujcku cacmasu 0odamHux Mamepujana
(Bukvic¢, 2022; Jesenice Ironworks, 2005)

I C Si Mn Cr Ni
I miG 18/8/6 0,08 <1.0 7 18.5 9

Table 4 — Mechanical properties of the pure weld metal filler material (Bukvic, 2022;
Jesenice Ironworks, 2005)
Tabnuya 4 — MexaHudeckue ceolicmea npucado4yHo20 Mamepuara u3 4ucmozo
Memarnna ceapHozo wea (Bukvic, 2022; Jesenice Ironworks, 2005)
Tabena 4 — MexaHu4yke ocobuHe Yyucmoe memarn wasa 0odamHoe mamepujana (Bukvic,
2022; Jesenice Ironworks, 2005)

|| Re, [N/mm?] Rm, [N/mm?] As, [%] KV,[J]
I miG 18/8/6 > 380 560 do 660 35 > 40 (pri 20 °C)

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 (Bukvic et al, 2022).
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Figure 2 — Positions of base and filler materials in the Schaeffler diagram
Puc. 2 — lNonoxeHue 0CHOBHbIX U AOMOIHUMENbHbLIX Mamepuarnos Ha duazpamvme
Llepcpriepa
Cniuka 2 — lNonoxaj ocHogHUx u dodamHux mamepujana y Llle¢pbneposom dujazpamy
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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 [kJ/cm], plate number 1, and
with a minimum heat input of 6.87 [kJ/cm], plate number 2 (Bukvi¢, 2012;
Bukvi¢ et al 2022).

Table 5 — Average amount of heat input during the welding of plate number 1
(Bukvic, 2012)
Tabnuua 5 — CpedHee Konudecmao no08o0uMo20 mera rnpu ceapke niaacmuHsl Ne 1
(Bukvic, 2012)
Tabena 5 — poceyaH yHOC Konu4YuHe moniaome npu 3asapusarby riode 6poj 1
(Bukvic, 2012)

| Welding
Plate and wire Mean Medium S Average Average
designation time speed strgngth voltage amount of heat
[min] [em/min] electricity [A] V] input [kJd/cm]
|l_Plate number 1 2.22 24.2 214 26.37 8.88

Table 6 — Average input of heat during the welding of plate number 2 (Bukvic, 2012)
Tabnuya 6 — CpedHee Konu4ecmso no08oduMo20 meriaa rpu ceapke rnacmuHbsi Ne 2
(Bukvic, 2012)

Tabena 6 — lNpoceyaH yHOC KOUYUHE MOriome rpu 3asapusarby rriodye 6poj 2
(Bukvic, 2012)

e Y Average Average Average
Pljeggigggti\gge '\t/:%a:an I\/Slicéggn strength voltage amount of heat
[min] [cm/min] electricity [A] V] input [kJd/cm]
|l_Plate number 2 2.19 34.15 243 30.47 6.87

The shielding gas flow was 12 I/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
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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 nhumber 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 Kic.

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
homogeneous 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
guality 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).

Detalj ,,A*

5545 10411

8+0,06
100,06

Figure 3 — Standard impact test specimen
Puc. 3 — CmaHdapmHbili obpasey dnsi ucnbimaHusi Ha ydap
Cnuka 3 — CmaHOapdHa enpysema 3a ucrumueare ydapHe xumnagocmu
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The notch position in relation to the welded joint is defined by 1SO
9016:2022 Standard (1SO, 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.e. 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 Eu, required for the fracture of a specimen using
the formula (Mileti¢ et al, 2020; Paris & Erdogen, 1963):

Ey = [F(t)-v(t)-dt (1)
0

where: F(t) —force; v (t) — change in the speed of the pendulum during
the break; and t — 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 Einic crack is calculated
by the formula (Mileti¢ et al, 2020; Paris & Erdogen, 1963):

Einic :Euk_EIom (2)
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

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
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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.

Table 7 — Fracture energy of the test specimens made of a microalloyed steel base
material
Tabnuya 7 — QHepeusi pa3pyweHust ucrbimyemMbix 06pa3yos, u320moeeHHbIX U3
MUKponeaupogaHHoU cmanu
Tabena 7 — EHepeauja nioma ernpysema U3 OCHO8HO2 Mamepujaria MUKposieaupaHoza

yesuka
Impact energy, E, | Crack formation Propagation
Test [J energy, Einic [J] energy, Eiom[J]
. speci By By By
VL men Bl ED test Average test Average test Average
label speci value speci value speci value
men men men
- p-1| Transverseto | 279.2 73.7 205.5
g 4 the rolling 265.9 78.1 201.1
% g g é P-2 direction 252.6 82.5 196.7
w2 |u-1 Normal 253.4 78.2 175.2
-§ z to the rolling 252.1 77.1 175
uU-2 direction 250.8 76.1 174.7

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 J.

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 J 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.
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Diagrams F—rand E,—7

The specimen P-2 The specimen U-1

F [kN]

/_“—_"ﬂ 200:—
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4 200
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Figure 4 — Diagrams obtained from the impact tests of the microalloyed steel test
specimens
Puc. 4 — Juazpammebl, nosly4eHHble 8 pesyrbmame ucrbimaHuli 06pa3yos us
MUKpoOsieauposaHHOU cmarsnu Ha yOapHyH 8513KOCmb
Cnuka 4 — [ujaepamu 0obujeHu yGapHuUM ucrumuearuma erpysema o0
MUKpofieaupaHoe Yesuka

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.

Table 8 — Fracture energy of the test specimens with a notch in the filler metal
Tabnuya 8 — SHepausi pa3pyweHus ucrbimyemMbix 0bpa3yoe ¢ Halpe3om 8 Memarinie
wea
Tabena 8 — EHepeauja nnoma enpysema ca 3ape3om y Memarn wasy

Plat Test Impact energy, Eu[J] Formation energy, Einic Propagation energy,
e specimen [J] Eiom[J]
e label By test Average By test By test Average By test
) specimen value specimen specimen value specimen
1.1 126 49.8 76.2
! 1.2 135.1 130.5 60.2 55 74.9 55
2.1 134.9 52.2 82.7
2 2.2 135.8 1353 64.7 585 71.1 68

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

401

Bukvi¢, A. et al, Analysis of impact toughness and the critical stress intensity factor Kic in ferrite-austenite welded joints with different heat input, pp.392-416



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

2 anditranges from 134.9 Jto 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,—7
The specimen 1.1 The specimen 2.1

= = Z7 Tspee. 21 WM =
-

1=20"C — —

0

8 ¢ [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 — Juazpammbl ydapHbIx ucrnbimaHuli 06pa3yoe - orbIMmHbIX
nnacmuH Ne 1 u 2 ¢ Hadpesom 8 memarine wea
Cnuka 5 — [Jujagzpamu ydapHux ucrnumusara erpysama U3 eKcriepuMeHmarHux
nnoyva 6poj 1 u 2 ca 3ape3om y memai wasy

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.

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
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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
Tabnuua 9 — SHepeaus pa3pyweHus ucrbimyembix 0bpa3yoe ¢ Hadpedamu 8 3TB o
OMHOWEeHUIO K MUKposieauposaHHoU cmasnu
Tabena 9 — EHepeauja nnoma enpysema ca 3apesom y 3YT ka MUKposieaupaHoM YesuKky

Test Impact energy, Eu[J] Formation energy, Einic Propagation energy,
Plate | o ecimen J] Eiom[J]
no. plab el By test Average By test By test Average By test
specimen value specimen specimen value specimen
1.3 218.1 68.5 149.3
! 1.4 1005 | 20943 58.2 635 132.3 140.8
2.3 189.5 61.1 128.4
2 2.4 216.3 202.9 74.6 67.8 141.7 135.1
Diagrams F—rand E,—7
The specimen 1.3 The specimen 2.3
g» _ o £* Tope 2307 i
= Spec. 1.3 11AZ = = t=20"C

SiE, m °

i t=20"C o 244 /‘
/'—— 200 /
~ 15
204 204

- 150

27 T T 1 r 0 0= T T : T a

e 8 ¢ ms)'0

Figure 6 — Diagrams of the impact tests of the test specimens with a notch in the HAZ
Puc. 6 — [Juaepammbl yOapHbIx ucrnibimaHutll o6pa3yos ¢ Hadpezom 8 3TB
Cnuka 6 — [Jujaepamu yOapHux ucriumusarsa enpysema ca 3apesom 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 63.5 J.

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 J.
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Determining the fracture toughness during flat
deformation Kic

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.e. they can be
directly transferred to an 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 area through which the fracture propagates (Bukvic,
2012; Zerbst et al, 2015; Kumar et al, 2016).

The test of fracture toughness during flat deformation K. 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
(Bukvi¢, 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 | - test specimens with the fatigue crack tip in the filler metal,

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

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

N 10
" »

R 0.0 " Vs

e ey I R Sl ]

z. < || ===

| 10
| 002]A -+
55
-« L

Figure 7 — Specimen for fracture mechanics testing
Puc. 7 — Obpasey 0nsi ucrbimaHull Ha MexaHUKy paspyweHusi
Cnuka 7 — Enpysema 3a ucrnnumusare MexaHuKke fioma
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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 c is shown in Figure
8. Approximately 50% of the final length of the fatigue crack was produced
at the maximum fatigue force Fmax = 0.4 -FL. In this case, the minimum force
was Fmin = 0.1 Fnax. 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:

B>25- (K—’)z (3)

Rpo.2

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 Ji, 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, during a 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 Jic is obtained from the obtained regression line. Knowing the
values of the critical J;c integral, one can calculate the value of the critical
stress intensity factor or the fracture toughness at flat deformation K,
using dependence (4) ASTM E399:

Ko =4/ 4)

where: E — modulus of elasticity and v — Poisson's ratio.
The critical value of the stress intensity factor K. was determined

using the method of one test specimen with successive loading and
unloading (Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016).
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Based on the data collected from a tensile machine (force transducer
and COD transducer), the diagrams of force F—Crack Mouth Opening
Displacement & (CMOD-Crack Mouth Opening Displacement) were
constructed.

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

Determination of Kic 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-6 and J-Aa for 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
Tabnuuya 10 — [nuHa ycmanocmHol mpeuwjuHbl obpa3ya ¢ Halpe3oM 8 Memarie wea

Tabena 10 — [Jy>xuHe 3aMOpHe npcruHe ernpysema ca 3apesoM y Memai wasy

Plate Te_st Fatigue crack length, aJlmm Average value,
specimen
no. label az1 az azs aza azs azsr[mm]
1 15 2.85 293 | 3.34 | 3.67 | 3.26 3.21
2 2.5 2.42 2.90 2.65 2.92 2.92 2.762

The calculated values of the critical stress intensity factor, K., 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 K. 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-0 diagram, (b) J-Aa diagram and (c) a broken test specimen 1.5 with
a notch in the filler metal

Puc. 8 — [Juazpammsbl F-5 (a), J-Aa (b) u (c) paspyweHHbIl obpasey 1,5 ¢ Ha0pe3om 8
memarnne wea

Cnuka 8 — (a) dujazpamu F-0 , (b) J-Aa u (c)npenomrbeHa enpysema 1,5 ca 3ape3om
y meman wasy

Table 11 — Kic values of the specimens with a notch in the filler metal
Tabnuya 11 — 3HayeHust obpa3syos Kic ¢ Hadpe3om 8 memarine wea

Tabena 11 — BpedHocmu Kic enipyeema ca 3ape3om y memar wasy

Plate s g;‘;:en Critical J-integral, J Critical stress intensity Critical crack
no. plabel [kJ/m?] factor, K. [MPa m*?] length, ac [mm]
1 1.5 69.5 125.1 93.4
2 2.5 75.6 130.5 100.9
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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 — fuaepammbl F-0 (a), F-0 (b) u (c) 8 pa3pyweHHbIx obpa3yax 2.5 ¢ Hadpe3om
8 Memarine wea
Cnuka 9 — (a) dujacpamu F-0, (b) F-6 u (c)npenomrbeHa enpysema 2,5 ca 3apesom y
memarn wasy

Determination of Kic 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-6 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
Tabnuya 12 — [dnuHbl ycmanocmHbiX MpeuwuH Ha ucrbsimyembix obpa3syax ¢ Hadpe3amu
8 3TB npu kKoMHamHoU memrnepamype
Tabena 12 — [lyxxuHe 3aMOpHe npcriuHe enpysema ca 3ape3om y 3YT Ha cObHoj

mewmnepamypu
Plate Tgst Fatigue crack length, az [mm Average value,
specimen
no. label az1 az az3 az4 azs azsg [mm]
1 1.6 3.46 347 | 328 | 241 | 2.34 2.99
2 2.6 2.17 3.56 3.19 3.43 3.31 3.13
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Figure 10 — (a) F - 6 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) duazpamma F - 8, (b) J - Aa u (c) pa3pyweHHbIl ucrbimyembil obpa3sey,
1.6 ¢ Hadpe3om 8 3TB cO CMOPOHbI MUKPOJIE2UPOBaHHO20 OCHOBHO20 Mamepuarna

Cnuka 10 — (a) dujacpamu F-6 , (b) J-Aa u (c)npenomrbeHa enpysema 1,6 ca 3ape3om
y 3YT ca cmpaHe MuKposieaupaHo2 OCHOBHO2 Mamepujana

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

Tabnuuya 13 — [nuHbl ycmanocmHbIX MPewUuH Ha ucnsimyeMbix obpasuyax ¢
Halpe3amu 6 3TB
Tabena 13 — [ly)xuHe 3aMOpHe npcriuHe ernpysema ca 3ape3om y 3YT

Plate s (-erfirsnten Critical J-integral, J;c Critical stress intensity Critical crack
no. pl abel [kJ/m?] factor, K. [MPa m¥?] length, ac [mm]
1 1.6 61.4 117.6 82.5
2 2.6 69.5 125.1 92.7
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Figure 11 — (a) F - 6 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) duazpamma F - 0, (b) J - Aa u (c) paspyweHHbIl ucribimyemsbil obpasey,
2.6 ¢ ¢ Hadpe3om 8 3TB cO CMOPOHbI MUKPOJIe2UPO8aHHO20 OCHOBHO20 Mamepuara
Cnuka 11 — (a) Oujagpamu F-0, (b) J-Aa u (c)npenomrbeHa enpysema 2,6 ca 3ape3om
y 3YT ca cmpaHe MukposneaupaHoe Yyesnuka

The obtained values of fracture toughness K. of the test specimens
with a notch in the HAZ towards microalloyed steel, shown in Table 13,
range from 117.6 MPa m¥? 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.e. to austenitic
high-alloy steel. In such cases, different microstructures can be expected
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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 vyielded 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.

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 Kc
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 K.
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The obtained critical crack lengths are adequate to the obtained K.
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 Kic
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 K. 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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AHanus ygapHomn BA3KOCTU U KpUTMYECKOro KoadhdumumneHTa
WHTEHCUBHOCTU HanpsixeHun Kic B peppUTHO-ayCTEHUTHBLIX CBapHbIX
COEOUHEHUSAX C pa3nMyHbIM NOABOAOM Tenna

AnekcaHdap I. Byksuy?, koppecnogeHT, Janubop I1. MeTpoBuy?,
Uzop 3. Pagucaenesuy®, Cawa C. Qumutpmy?
2 YHuBepcuTeT 060poHbI B 1. benrpan, BoeHHas akagemus,

r. benrpag, Pecny6bnuka Cepbusi

5 MunncTepcTBo 060poHLI Pecnybnuku Cepbus, BoeHHO-TEXHUYECKUI
nHcTuTyT, r. Benrpag, Pecnybnvka Cepbus

PYBPUKA TPHTW: 81.35.39 CBapHble METanNOKOHCTPYKLNN,
81.35.13 TexHonorusa n o6opynoBaHne CBapO4YHOro
npounsBoAcTBa
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTbs

Pesrome:

Beederue/uyenb: B nobol KoOHCmMpyKyuu eceada UMeemcsi HECKOSbKO
KpUMUYECKUX MOYeK, KOmopble MO2ym oKa3ambCsl UCMOYHUKaMu
obpasoeaHus deghekmos. Bce amu kpumudeckue mecma OOHO3Ha4YHO
O0/mKHbI  MPUHUMambCsl 80 8HUMaHue rpu oueHke 6e3onacHocmu,
Komopasi HauerieHa Ha ebisiefieHuUe Haubonee HebrazonpusmHbIX
hakmopoe aKcrlyamauyuu U OUEHKY JiokanbHoU 6e3onacHocmu
coeduHeHull. Ce200H1 8  MemarfioKOHCMPYyKUUsXx ece  Yaule
ecmpevaromcs COeOUHeHUs  palfiudHo20 cocmaea. B ces3u ¢
mpebosaHusaMuU SHEP203hheKMUBHOCMU U 3KO/I02UuU npu
cmpoumenbcmee 371IeKmpocmaHyul, XUMUYECKUX 0bbekmos u rp.
ceapHble COeOUHEHUS MUKPOIIeaupoBaHHbIX (beppumHbix cmanel C
8bICOKOIE2UPOBaHHbLIMU ayCIMEeHUMHbLIMU CmMasisiMu 8CMpeYaromcsl 8ce
vawle. McnbimaHusi makux ceapHbiX COeOUHeHUl MposoduUnuUCL Ha
pesepsyapax O0nsi HeghmenpoOykmos, 4Yacmu Kopryca Komopoeo
us2omoerieHbl U3 MUKporieauposaHHolU — ¢heppumHold cmanu, a
KOHCMPYKUUST KpbILWU — U3 8bICOKO/Ie2UP08aHHOU aycmeHUmH+ou cmaru.

Memodel: B daHHOU cmambe npedcmaeneHbl  pesyrbmamal
9KCriepUMeHmMarsnbHo20 aHanu3a pacrpoCmpaHeHUss MmpewuHbl 8
aycmeHUmHO-gbeppumHoOM ceapHoM coeduHeHuu. Ceapka 8bInorHsANach
memodom MIG ¢ d8ymsi pa3nuyHbIMU mernosbiMu nodeodamu, rpuyem
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ucrionb3oeasicsi 00UH U mom e rpucadoyHbili Mmamepuan MIG 18/8/6.
Bbinu ucribimaHbl 08a murna CeapHbIX nnacmuH. B cmambe onucaHbl
Xapakmepucmuku  OCHOBHbIX,  OOMOMHUMESbHbLIX U  PacxXxoOHbIX
Mamepuaros, a makxxe mexHonoauu ceapku. [ns onpedeneHusi ydapHbIx
ceolicme U napamMempo8 MexaHUKU paspyweHusi bbiniu Uu320moesieHb!
ucrisimamersibHble 06pa3ubi ¢ Hadpe3aMu U Ha4yasWUMCS pa3pyuieHUem
10 mury mpewjuHsI.

Pesynbmamei: Llenibto 0aHHO20 uccriedosaHusl $8/s/ioCh CpasHeHUe
05Ty YEeHHbIX PE3YIbMmarmos yOapHOU 853KOCMU, 8513KOCMU pa3pyweHust U
Oecbopmayuu 8 mrocKkocmu  ¢(heppumo-ayCcmeHUmMHoO20  C8apHbIX
coeduHeHul. Takxe 6 cmambe rpueedeHa OUeHKa pe3yribmamos,
rorny4eHHbIX npu ucrisimaHuu 3KcriepumeHmaribHbIX rnrnacmuH,
ceapueaeMbIX C pasfuYHbIM KOIU4ecmaom no0eo0umMo20 meria.

Bbigodbl: Mo pesynsmamam ucnbimaHuli 8bisisfieHa 3a8ucuMocmb
2eoMempuu paclwupeHUsi mpeuwuHbl om ycrnoeuul HanpskeHus. Takum
06pa3oM MOXHO onpedenums 3HayeHusl rnapamempos, OfuUChbI8arULUX
rnosedeHue mamepuarna, KaK rnpu JIUHEeUHO-ynpyaol, maK u rnpu yrnpyao-
racmu4eckoli MexaHuKke pa3pyueHus.

Knrouesbie criosa: ¢heppumHo-aycmeHUmMHoe ceapHoe coedUHeHUe,
yOapHasi 8513KOCMb, Kpumu4yeckul Ko3aghgbuyueHm UHMEeHCcUsHocmu
HanpskeHul Kic.

AHanuaa yAapHe XuinaBoCTU N KPUTUYHOT cbaKTopa WHTEH3UTETA
HanoHa Kic kog (bepVITHO-ayCTeHVITHVIX 3aBapeHunx cnojeBa
pas3snn4inTM yHOCOM TOMNJ10TE

AnekcaHdap I. Byksuh?, ayTop 3a npenucky, [Janubop M. MNetpouh?,
Uz0p 3. Pagucaerbesuh®, Cawa C. QumuTpuh?
2 YHuBepauteT oabpaHe y beorpany, BojHa akagemuja,
Beorpapg, Penybnuka Cpbuja
5 MunnctapcTeo oabpare Peny6nvke Cpbuje, BOjHOTEXHUYKM MHCTUTYT,
Beorpag, Penybnuka Cpbuja

OBJIACT: MawnHCTBO, MALLUHCKN MaTepujanu
BPCTA UJTIAHKA: opyruHanHu Hay4Hu pag

Caxxemak:

Yeod/yurb: KpumuyHa mMecma KOHCmpyKuuja u38op cy Mmoayhux
Oegbekama, na ce Mopajy y3emu y 0b3up fpu MPoyeHuU cuaypHocmu, ede
he ce caaznedamu HajHENo8OSbHUjU eKcriioamayuoHU akmopu u
npouyeHUmMu riokanHa cueypHocm croja. [aHac je cee ydyecmanuja
fpumeHa pasHOPOOHUX crojeea y MemarnHUM KOHcmpyKkuujama. 3602
E€KOHOMUYHOCMU U eKorloeuje, npu u3zpadru eHepeemcKux, XeMUjCKUX
unu Hekux Opyeux nocmpojerba cee yewhe ce cpehy 3agapeHu criojegu
MuKporieeupaHux — ¢hepumHux — Yequka ~— ca  8uCcoKoneaupaHum
aycmeHumHum Yenuuyuma. Odzoeapajyha ucriumueara epuieHa cy Ha
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pesepeoapuma 3a HaghmHe Oepusame, Koju ce uspahyjy o0d derosa
oriame 00 MUKposieaupaHoz ¢hepumHoe Yesuka U Kpo8He KOHCMpYKUUje
00 8UCOKoseaupaHoea ayCmeHUmHoea Yesiuka.

Memode: Y paldy je usepweHa ekcriepuMeHmasnHa aHanu3a Wwupera
rpcriuHe Kod ghepumHo-aycmeHUmHoe2 3agapeHoe crioja. 3asapusare je
uszeedeHo MMUI rocmynkom 3aeapuearba ca 0ea pasfuduma yHoca
Kosiu4uHe morisiome, a KopuwheH je ucmu dodamHu mamepujan MU
18/8/6. UcnumueaHe cy Ose epcme 3asapeHux rnioyva. HasedeHe cy
Kapakmepucmuke OCHOBHUX, dodamHux u nomohHux mamepujana u
mexHorioauja 3aeapusar-a. VspalieHe cy enpyseme ca 3ape3oMm ca
UHUUUPaHOM e2pewikoM muna rpcruHe padu odpehusara ydapHux
ceojcmasa u napamemapa MexaHuKe jioma.

Pesynmamu: CripogedeHa ucmpaueara umarna cy 3a Uurb 0a yriopede
0obujeHe pe3ynmame yOapHe Xurnagocmu U Xuiaagocmu sioMa rpu pagHoj
Oegbopmayuju Kod ghepumHo-aycmeHUmMHoe 3agapeHoa croja. [Jama je u
oueHa 0obujeHux pe3ynimama npu ucrumuearby €eKCrepumMeHmarnHux
rioya Koje cy 3asapeHe pasniuydumumM yHOCOM KOIUYUHE moryiome.

Sakrbyydak: Pe3ynmamu ucriumuearba jecy ycrocmasrbatbe 3a8ucHocmu
2eomMempuje NnoKpemHe fpcriuHe U ycriosa Harnpe3ara 3a 0arbe Wuper-e
npcnuHe. OmozyheHo je odpefjusar-e usHoca napamemapa Koju onucyjy
roHaware Mamepujana, Kako y JIUHeapHO-eflaCMmuy4yHoj, mako u y
eflacmuy4Ho-racmu4YHoj MexaHuyu jioma.

KrbyyHe pedqu. hepumHo-aycmeHUMHU 3aeapeHu croj, ydapHa
XKuaeocm, KpumuyHU ¢ghakmop UuHmeH3umema Harnoxa Ki.
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