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Izvod

Aanalizirano je ponasanje zavarenih spojeva od konstruk-
cionog Ccelika A516 Gr. 60 pri lomu usled udarnog
opterecenja. Udarno ispitivanje je uradeno na instrumentira-
nom Sarpijevom klatnu, na epruvetama sa zarezom u osnov-
nom metalu (OM), zoni uticaja toplote (ZUT) i metalu sava
(MS). Ukupna udarna energija je predstavljena kao suma
energije nastajanja prsline i energije rasta prsline, kako bi
ova analiza bila detaljnija i sveobuhvatnija. Uticaj tempe-
rature do -60 °C je takode analiziran, kako bi se potvrdilo da
Jje celik A516 Gr. 60 upotrebljiv i na niskim temperaturama.

INTRODUCTION

Before using welded joints made of A516 Gr. 60 steel, it
is necessary to investigate their properties, with the focus on
impact toughness and microstructure to ensure operational
safety. Each welded joint region (BM, WM and HAZ) has to
be analysed individually, and their impact toughness and
transition temperatures to determined and compared to each
other, to account for the heterogeneity of a weld, /1-3/. Crack
initiation energy and crack propagation energy, as the
components of total impact energy should be also considered
separately, to provide insight into the nature of fracture
which occurred under the effect of impact load at lower
temperatures. The main issue here is transition temperature,
as the phenomenon which is decisive for the use of a material
at lower temperature, as described in couple of recent papers,
14-71.

Kljuéne reéi
+ A516Gr. 60
»  Udarna Zilavost
+  UKupna udarna energija
«  Zone zavarenog spoja

Abstract

Impact fracture behaviour of welded joints made of A516 Gr.
60 is analysed as a commonly used carbon structural steel
for welded structures. Impact testing on Charpy instrumented
pendulum is performed using specimens with a notch at
positions: the base metal (BM), heat-affected-zone (HAZ),
and weld metal (WM). The total impact energy is presented
as a sum of energies for crack initiation and crack
propagation to make the analysis more sophisticated and
comprehensive. The effect of temperature up to -60 °C was
also analysed to prove the A516 Gr. 60 steel usability at
subzero conditions.

MATERIAL AND WELDING PLAN

The A516 Gr.60 is low-alloyed carbon steel, used mainly
for pressure vessels, such as spherical tanks and tanks for
gas storage. This is largely due to its exceptional mechani-
cal properties at lower temperatures. Its minimum yield
stress is 255 MPa and its guaranteed toughness at -40 °C is
41 J. It was manufactured in "Zelezarna ACRONI", Jeseni-
ce, /8-9/. Plates with a thickness of 15 mm were available
for experimental tests. The chemical composition of steel
Ab516 Gr. 60 is shown in table 1.

Test specimens were made out of welded joints which
were made using the manual arc welding (MAW) process,
with EVB Ni electrode as filler material. Nominal mecha-
nical properties and chemical composition for the filler
material are shown in tables 2 and 3.

Table 1. Chemical composition of the tested batch of steel A516 Gr. 60, Batch no.: 191314030402, /8/

Measuring number - Element, % wt. -
C Si Mn P S Cu Al Cr Mo Ni N
1 0.10 0.19 0.86 0.009 <0,001 0.24 0.036 0.12 0.05 0.16 0.007
2 0.10 0.20 0.86 0.005 <0,001 0.24 0.037 0.12 0.05 0.15 0.004
3 0.10 0.20 0.88 0.007 <0,001 0.25 0.041 0.12 0.05 0.15 0.005
Mean value 0.10 0.20 0.86 0.007 <0,001 0.24 0.038 0.12 0.05 0.15 0.005
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Table 2. Chemical composition of filler metal EVB Ni

Filler % wt.
material | C Si | Mn | Ni P S N
EVBNi | 0.07 | 0.50 | 1.40 | 1.1 | 0.009 | 0.011 | 0.012
Table 3. Mechanical properties of filler material EVB Ni
Yield stress Tensile Elonaation Impact
Rpo,2, MPa, strength A (yg min energy, KV, J
min.. Rm, MPa 7o ' at -40°C, min.
460 560-720 22 47

Welding plan was defined as follows:

— Root pass - MAW process (denoted as 111 according
to EN ISO standards). Filler material was EVB Ni,
with a diameter of 2.5 mm.

— Fill passes - MAW process for all passes. Same filler
material as the root pass, but with diameters of 2.5
and 3.25 mm.

Schematic display of the preparation and weld geometry is

shown in figure 1, whereas the order of welding passes is
shown in figure 2.
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Figure 1. Schematic display of weld geometry and preparation
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Figure 2. Welding sequence

After the machining of the weld was completed, pre-
heating to a temperature of around 120°C was performed.

In order to gain a clearer insight into the micro-structure
of the welded joint, with distinctive regions, images were
made using a stereo microscope with magnitude 12. Figure
3 shows the weld face, its central section and the weld root.
All three regions of the welded joint can be clearly seen in
the images - the base metal (BM), heat affected zone with
the fusion line (HAZ-FL) and weld metal (WM). Micro-
structure of BM, HAZ, FL and WM of the joint is shown in
figures 4-7.
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Figure 3. Weld face (top), central section (middle) and root
(bottom)
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Figure 4. Microstructure of BM (low-alloyed steel A516 Gr. 60)

It can be seen that the BM has a uniformly distributed
ferrite-pearlite structure. Ferrite is found in the shape of
polygonal crystals, whereas pearlite resembles a compact
dark micro-constituent. Weld metal and heat affected zone
also have a prominent ferrite-pearlite structure.
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Figure 7. Microstructure of WM (steel A516 Gr. 60)

Figure 5. Microstructure of HAZ
(low-alloyed carbon steel A516 Gr. 60) IMPACT TESTS

Standard Charpy specimens were used for impact tests,
/10/, shown in fig. 8. Three groups of specimens were
tested, depending on the location of the V-2 notch: Group |
- specimens with a notch in the BM, Group Il - specimens
with notch in the BM and Group Il - specimens with notch
in the HAZ. Their geometry is shown in figure 9.

In accordance with standard SRPS EN ISO 9016:2022,
11/, specimen type VWT (V: Charpy notch, W: notch in the
weld metal, T: notch perpendicular to the thickness) was
used for WM and VHT was used for the HAZ (H refers to
the notch in the HAZ and other designations are the same as
the previous type). The way of positioning the notch in the
corresponding welded joint region is shown in figure 9, /11/.

Detalj " A”

<
55+0,5 1040,11 <
o

10+0,06

Figure 6. Microstructure of FL (steel A516 Gr. 60) Figure 9. Scheme of notch locations in a welded joint, /11/
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tations of test results, will be presented in accordance with

However, since the tests were performed using an instru- B——m 50
mented Charpy pendulum (in accordance with standard Sor OM 1A, '5°°°I
SRPS EN ISO 14556:2023), total impact energy Wt was 2 “©
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ment (deflection) curve and the x axis, following interpreta- f“’ I -
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the aforementioned standard. Force-displacement curves i
enable the separation of total impact energy (W) into the ’ °
energy for crack initiation (W;) and energy for crack pro- , MW .
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Figure 10. Instrumented Charpy pendulum WOLPERT 150/300J
IMPACT TEST RESULTS FOR BM, HAZ AND WM

Results of impact testing of specimens with a notch in
the BM are given in table 4. Diagrams force vs. time are

=
o
@
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o
I
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shown in figure 11 for BM specimens (and different test . M
temperatures). Results of tests performed on specimens S S S SRS
with a notch in the HAZ are presented in the same form, in " Vreme, tms -
table 5 and figure 12. For specimens with the notch in the pes e Oacl
WM, results are given in table 6 and figure 13. " o0
—
Table 4. Values of impact energy the BM B . z
Specimen Temp. Initiation Propagation | Total impact - %
designation °C energy energy energy ;’w 7< o g
Wi, J Wy, J W, J ® =
1A 255 7.8 333 l -
2A -60 275 10.9 38.4 ° N 0
3A 27.1 8.1 35.3 .
1B 51.3 21.2 72.5 0 0
2B -40 45.1 2138 66.9 S et
3B 42.4 24.4 68.6 . _ 250
ic 51.3 71.0 1223 R |
2C -20 53.9 708 1247 " I
3C 53.9 73.8 127.7
1D 62.8 95.4 158.2 . w3
2D 0 64.4 98.6 163.0 w 5
3D 60.4 91.1 151.6 2 )< .
1E 62.6 139.9 202.5 < =
2E 20 62 1334 1953 . \ o
3E 65.4 141.7 207.1
\
0 0
0 2 4 6 8 10
Vreme, t,ms
Figure 11. The BM results - force -time diagrams
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Table 5. Impact energy for specimens with notch in HAZ —
Specimen Temp. | Initiation Propagation Total impact Epr.ZUT-1D, O“CI
designation °C energy energy energy 20 160
Wi, J Wy, J Wi, J S A S N
ZUT- 1A 28.6 43 32.9 W - g
ZUT -2A -60 26.9 3.5 30.4 ~ =
ZUT -3A 28.1 34 314 - / £
ZUT - 1B 45.6 14.3 59.9 =10 80 #
ZUT - 2B -40 414 13.8 55.2 2
ZUT - 3B 47 15.2 62.2 5 “©
ZUT -1C 50.3 52.8 103.1
ZUT - 2C -20 53.7 534 107.1
ZUT -3C 55.6 56.0 111.6 0 [y 0
ZUT -1D 59.4 86.5 145.8 0 1 2 3 4 5 6 7 8
ZUT -2D 0 60.2 83.4 143.6 Vreme, t,ms
ZUT-3D 60 79.6 139.6 ® Trowor w0 | =0
ZUT - 1E 57.2 123.0 180.2 Epr.ZUT _1E, 20C
ZUT - 2E 20 60.4 116.5 176.9 20 200
ZUT - 3E 61.8 120.4 182.2 | I m
Z15 Faa 150 [.%
= A516 Gr. 60 %0 I::: g
Epr. ZUT - 1A, -60°C U:’ 10 100 g
20 40 \\ =
' AW [ S S r:“ 5 50
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u_: El 0 o
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jw / < Figure 12. The HAZ results - force -time diagrams
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Table 6. Values of impact energy for the WM
o 0 Specimen Temp. | Initiation Propagation | Total impact
0,0 05 10 15 2,0 25 30 designation °C energy energy energy
Vreme, t,ms wi, J Whp, J Wi, J
25 T—s 50 M$ - 1A 23.8 5.5 29.3
Epr. ZUT - 1A, -60°C MS - 2A ‘60 268 34 302
2 0 MS -3A 27.3 1.3 28.6
MS -1B 33.0 114 444
l Ww”y S A N - o M$ -2B -40 32.9 10.4 43.3
2151 0g MS - 3B 337 12.3 46.0
w Uw A MS -1C 49.9 37.2 87.1
=10 03 MS - 2C -20 471 30.1 77.2
@ = MS-3C 48.1 34.9 83.0
/ - MS - 1D 55.6 51.4 107.0
5 10 MS - 2D 0 58.9 575 116.4
MS - 3D 56.7 54.4 111.1
0 0 MS - 1E 65.7 88.9 154.6
00 05 10 15 2,0 25 30 MS - 2E 20 62.6 92.7 155.3
Vreme, tms MS - 3E 65.4 92.2 157.6
25 200
A516 Gr. 60 25 50
Epr. ZUT - 1C, -20°C ASIBCr.60 I
Epr. MS - 1A, -60°C
20 160
20 40
m
Z15 | '"'ﬂw\ 120§ 2
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= '510 20 £
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5 2 / | <
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Vreme, t,ms
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Figure 13. The WM results - force -time diagrams
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Figure 14. Dependence of total impact energy Wton temperature

By analysing the effect of notch location on total impact
energy (tables 4-6), it can be concluded that the heterogeneity
between the microstructures of the BM and WM, results in
different mechanical properties and considerably affect total
impact energy values. Highest total impact energy values
were observed in the BM, whereas specimens with the notch
in the HAZ had slightly lower values and the lowest ones
were obtained for specimens with the notch in the WM.

However, the highest effect on obtained values of total
impact energy and its components (crack initiation and pro-
pagation energy), as well as on the failure mechanisms and
appearance of fracture surfaces was due to test temperature.
Since A516 Gr. 60 steel has a body-centered cubic structure,
the effect of temperature is evident. Lowering of temperature
favours the initiation of a brittle state and is particularly
prominent for this type of steels and welded joints, as typical
heterogeneous structure.

Total impact energy, W, decreases as the temperature
lowers, in a successive manner from room temperature to -60
°C for all welded joint zones (BM - HAZ - WM). Influence
of test temperature is most significant for specimens with the
notch in the WM, slightly less for HAZ, and the lowest for
the BM. More prominent influence of test temperature is
closely related to the heterogeneity of WM and HAZ. Weld
metal represents previously melted filler material (electrode)
and is characterised by a cast structure. Heat affected zone
represents the most heterogeneous welded joint region, due
to the effect of weld metal melting has on the base metal. In
this particular case, due to well defined welding parameters,
structural transformation of the BM was somewhat low,
hence the obtained total impact energy values were very
close to the BM itself.

Total impact energy values obtained for specimens with a
V-2 notch in the BM had an average of 202 J. With a

INTEGRITET | VEK KONSTRUKCIJA
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decrease in temperature, these values also drop. At 0°C, the
mean total impact energy for these specimens was 167 J.
Further decrease in temperature (-20°C) resulted in an avera-
ge of 125 J, whereas test temperature of -40° caused the total
impact energy to decrease to an average of 69 J. Finally, at -
60°C the mean value of total impact energy was around 36 J.

For the specimens with the V-2 notch in the HAZ, overall
values of total impact energy were slightly lower compared
to the BM specimens, with an approximate difference of
10%. At room temperature, their mean value was 179 J,
whereas at 0°C, this value was 143 J. Average value of total
impact energy at -20°C was lowered to 107 J, and at -40°C it
was around 59 J. Finally, at -60°C the mean value of total
impact energy was around 32 J.

As previously mentioned, temperature effect on total
impact energy values was most prominent for test specimens
with V-2 notch in the WM. At room temperature, total im-
pact energy mean values was 156 J and at 0°C it was 111 J.
Further decrease in temperature resulted in mean total impact
energy value of 82 J for -20°C test temperature and 45 J for -
40°C. Finally, at -60°C the mean value was around 29 J.

Annex D from standard SRPS EN ISO 148-1:2016, /16/,
defines four criteria that can be used to determine the transi-
tion temperature. The most commonly used is the 27 J crite-
rion, i.e. temperature at which the impact energy is equal to
27 J. Values of transition temperatures for all three welded
joint regions are given in table 7.

Table 7. Transition temperatures for a welded joint

Notch location Transition temperature, Tt, °C, at 27J
BM -70.2.
HAZ -65.5
WM -61.6

Transition temperature is determined using the absorbed
impact energy (KV) - temperature (T) curve, as shown in
Fig. 18 for the BM, WM and HAZ.

Crack propagation energy share for BM specimens at
room temperature is around 73% of total impact energy.
This share decreases with the temperature, and is 59% at
0°C, 53% at -20°C, around 28% at -40°C and only 24% of
total impact energy at -60°C.
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Figure 15. Total impact energy vs. temeprature (BM, HAZ, WM)

In the case of the HAZ, crack propagation energy share
at room temperature is around 67% of total impact energy.
This decreases to 54% for 0 °C, and continues to decrease
at lower temperatures. At -20°C, crack propagation energy
share is 51%, at -40°C it is around 24% and at -60°C it
represents 13% of total impact energy.

As for specimens with the notch in the WM, room
temperature tests had shown that the crack propagation
energy share is around 58% of total impact energy, whereas
at 0°C it is 48%. At -20°C test temperature, this share is
around 40%, at -40°C it is 22%, and at -60°C it decreases to
11% of total impact energy.

CONCLUSIONS

The goal of this paper was to determine the behaviour of
Ab516 Gr. 60 steel under impact load, for each welded joint
zone (BM, HAZ and WM) tested at different temperatures,

Based on the obtained results, it was concluded that the
specimens with a notch in the BM metal had shown the best
behaviour under impact load, with highest impact energy
values, and biggest share of crack propagation energy.
Specimens with the notch in the WM had the lowest values,
but all of the obtained results were still acceptable for each
welded joint region, even at temperatures as low as -60°C.
This was further confirmed after determining the transition
temperatures for each welded joint region, all of which
were below -60°C.
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