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Abstract
Investigation of weldability by thermal cycle simulation of welding is an accelerated testing procedure
that provides quantitative indicators of weldability in the heat-affected zone of the welded joint. This
paper presents the research into weldability by weld thermal cycle simulation performed in single and
double passes on the Smitweld 1405 simulator. Thermal cycle simulation of welding significantly
shortens the process of selecting optimal welding parameters and attesting the welding procedure, and
it also reduces total costs of weldability testing. The data obtained by this weldability testing method
are repeatable and verifiable, so they can be used with sufficient reliability in selection of optimal
welding parameters and in attesting of welding procedures.
(Received in February 2020, accepted in May 2020. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION
Welding ranks highly among industrial processes and involves more scientific principles and
variables than those involved in any other industrial process [1]. It includes a wide range of
variables such as time, temperature, electrode, pulse frequency, power input, welding speed
etc. that influence the eventual properties of the weld metal [2, 3]. During the welding process
there is a tendency to achieve optimal welding parameters in order to control the heat transfer
and residual stresses in the welded joint. The experimental method and the modelling,
estimation and simulation methods are used to obtain optimal welding parameters [4-7].
Experimental research is the most significant method of weldability testing because it
provides qualitative and quantitative indicators of weldability in real welding conditions or in
conditions that are as close as possible to real welding conditions. Experimental testing of
weldability can be carried out in a workshop or in a laboratory. Although the attestation
follows the final testing of material weldability, it can be said that the weldability test also
refers to any investigation of welded joint properties and comparison with the properties of
the base material [8, 9]. As welding engineers aim to obtain a valid welding attest or a highquality welding technology as quickly as possible, they often use the weld thermal cycle
simulation as an experimental method. By applying this method, it is possible to “produce”
any point in the heat-affected zone and then test it to achieve the least weakening of the base
material caused by welding [10]. Hardness and impact energy are usually tested after the weld
thermal cycle simulation. It is also possible to test other mechanical properties of individual
points in the welded joint or to run some other tests, such as testing of the microstructure of
heat-cycled points, testing of susceptibility to corrosion after controlled heat treatment of
samples, etc.). There are different types of laboratory equipment used for weld thermal cycle
simulation. Tests are usually carried out on the Gleeble, Thermorestor and Smitweld
simulators. These devices can be used both for testing of material weldability and for testing
of material itself (obtaining TTT diagrams, examining effects of subsequent heat treatment of
material, etc.) [11, 12].
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This paper presents the results of single-pass and double-pass weld thermal cycle
simulation of high-strength steel S960QL on the Smitweld 1405 simulator.

2. SIMULATION OF SINGLE-PASS AND MULTI-PASS WELDING
Weld thermal cycle simulator enables single-pass and multi-pass thermal cycling. In tempered
materials, single-pass thermal cycling (Fig. 1 a) facilitates greater hardness values in the heataffected zone (HAZ) along the fusion line. In some parts of HAZ, this method can be used to
investigate locations where significant weakening of the base material is expected due to
welding. In such cases, the testing of mechanical properties (hardness, impact energy) follows
the thermal cycle simulation [13]. Simulation of the single-pass HAZ enables detection of the
weakest point in the welded joint, thus representing a relatively faster and extremely useful
method of studying relevant structural changes in HAZ. Results obtained with the single-pass
simulation cannot be compared with multi-pass welding, so it is considered that the tests
required for steel and welding process classification have to be carried out by using the multipass welding simulation [14-17]. Multi-pass welding is more common in practice, so the
simulation of the thermal cycle is performed in two or more passes. Fig. 1 b shows the weld
thermal cycle simulation in two passes, where the impact of both passes is clearly seen
(including the structural transformations at heating and cooling). Strictness of either singlepass of multi-pass simulation of the weld thermal cycle depends on the material that is being
tested (i.e. welded). In both cases, mechanical properties and microstructure of the thermally
cycled samples are investigated and then compared with the data obtained within tests of the
real-welded samples. This procedure significantly shortens the duration of testing on realwelded samples, and it also affects the lowering of costs connected with testing of weldability
and obtaining an attest of the welding procedure [18, 19].

Figure 1: Single-pass (a) and double-pass (b) simulation of the weld thermal cycle t8/5.

The coarse grain microstructure of HAZ is formed in the thermal conditions presented in
Fig. 1 a. The coarse grain microstructure of HAZ develops during the first thermal cycle, as
shown in Fig. 1 a, when the temperature reaches above 1350 °C, and then it breaks into small
pieces during the influence of the second thermal cycle when the material is heated to 780 °C,
which is between Ac1 and Ac3 [20, 21].
Fig. 1 b shows a simulation of the thermal cycle of the subsequent pass at a point slightly
off the fusion line of the second pass, where the temperature reached 980 °C. There is also
recorded dilatation curve, which serves to detect the start and the end of transformation while
heating and cooling. In the example shown in the above-mentioned figure, as based on the
output dendritic microstructure of a single-pass weld, there is the generated double-pass weld
microstructure in which the thermal cycle temperature exceeded the Ac3 temperature. Due to
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not so high temperature of the second thermal cycle, the austenite of that pattern could not
become quite homogeneous. In this case, the austenitization of the material generated by the
first thermal cycle could not be fully achieved [22, 23].
The Smitweld 1405 weld thermal cycle simulator is a computer-controlled system that
enables heating and cooling of a test tube within a thermal cycle of a randomly selected point
in the heat-affected zone (HAZ), followed by testing of mechanical properties or
microstructure of the thermally simulated tube. Fig. 2 presents the Smitweld 1405 in service.
Figs. 3 a and 3 b show dimensions of specimens for thermal cycle simulation according to
the Smitweld method with indirect (a) and direct (b) cooling.

Figure 2: Simulation of fine grain HAZ material on specimen 11  11  57 mm.

Figure 3: Dimensions of thermal cycle specimens according to the Smitweld TCS 1405 method, in case
of indirect cooling (a) and in case of indirect and additional direct cooling by water (b).

3. MATERIALS AND METHODS
Preliminary research was performed on the thermal cycle simulator and determined that there
is not enough information about the effect of cooling time from 800 C to 500 C (t8/5), i.e.
about the effect of cooling speed on the hardness and toughness of the improved microalloyed high strength steel S960QL. It is important to point out the effect of cooling speed on
the hardness and toughness of the single-pass and double-pass weld on the mentioned steel.
Over the past period, the authors applied the weld thermal cycle simulation in testing of
weldability of different materials (micro-alloyed steels Nioval 50, TStE 420, high-strength
steels S1100QL, as well as T/P 91, T/P 92, etc.).
Within this research, the experiment plans determined that the weld thermal cycle
simulation would be performed in single pass and double pass.
Table I overviews the chemical composition and mechanical properties of the tested
material.
Single-pass simulation of the thermal cycle was carried out at the maximum temperature
of 600, 700, 800, 900, 1100 and 1350 °C. Retention at the maximum temperature was 0.5
seconds, followed by cooling time t8/5, as shown in Table II. The samples were cooled to less
than 150 °C.
When simulating the thermal cycle of welding in two passes, the maximum temperature of
the first cycle was 1350 °C, with a retention period at a maximum temperature of 0.5 seconds.
The maximum temperatures of the second welding cycle were 600, 700, 800, 900, 1100 and
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1350 °C. Retention at the maximum temperature was 0.5 seconds, followed by cooling time
t8/5, also shown in Table II. The samples were cooled to less than 150 °C.
Table I: Chemical composition and mechanical properties of the S960QL steel [24].
C
max.
0.20
0.17

Steel

Si
max.
0.80
0.47

Mn
max.
1.70
1.42

Chemical composition in mass (%)
P
S
Cr
Mo
Ni
Nb
V
max. max. max. max.
0.02
0.01
1.50
0.70
0.008 0.003 0.59
0.56
0.79
0.02
0.05
Mechanical properties at standard room temperature

Cu
-

Ti
-

0.03

0.005

Yield strength
Tensile strength
Elongation break
Rp0,2 min. 960 MPa
Rm 980-1150 MPa
A5 % min. 10
1020
1080
16
Impact toughness, KV in J at 20 °C, 0 °C, -20 °C and -40 °C, longitudinally

S 960 QL
case hardened
3-50 mm diameter

min. 50 J, min. 40 J and min. 30 J according to data [12], testing results: 162 J, 158 J, 76 J and 58 J

Table II: Parameters at single-pass simulation and double-pass simulation of the thermal cycle.
Tmax., °C
default
600
700
800
900
1100
1350

vheating

tkeeping

200 °C/s
200 °C/s
200 °C/s
200 °C/s
200 °C/s
200 °C/s

0.5 s
0.5 s
0.5 s
0.5 s
0.5 s
0.5 s

t8/5
t5/3*
28.2*
28.2*
10
10
10
10

Tcolling
< 150 °C
< 150 °C
< 150 °C
< 150 °C
< 150 °C
< 150 °C

4. RESULTS AND DISCUSSION
The Table III contains data of the measured parameters for the single-pass simulation, and the
Table IV presents the measured parameters of the double-pass simulation.
Table III: Measured parameters of the single-pass simulation.
Tmax.,
°C really

t8/5, t5/3*,
s really

605.6
604.2
605.6
607.2
610.5
610.5
712.5
718.8
739.5
713.4
717.1
716.8
824.0
811.2
829.2
816.4
811.2
813.5

29.5*
29.4*
28.3*
28.5*
28.3*
28.3*
29.0*
29.0*
27.6*
26.4*
28.2*
28.8*
10.8
11.5
11.1
11.1
11.3
11.3

𝐻𝑉10

𝐾𝑣 , 𝐽

351

181

350

180

320

82

212

Tmax.,
°C really

t8/5, t5/3*,
s really

926.9
919.9
913.8
913.4
927.6
913.2
1121.1
1111.8
1116.5
1131.2
1123.3
1110.9
1363.1
1359.2
1360.8
1358.7
1359.0
1354.0

10.7
10.8
10.8
10.5
10.8
10.8
10.8
10.8
10.8
10.8
10.8
10.8
9.5
9.8
9.8
10.1
10.3
10.2

𝐻𝑉10

𝐾𝑣 , 𝐽

316

137

375

177

410

109
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Table IV: Measured parameters of double-pass simulation.
Tmax.1,
Tmax.2,
°C really

t8/5,
t5/3*,
s really

TA
default

t8/5,
t5/3*,
s really

TA
default

1354.8 /
607.0 °C

t8/5 =9.3,
t5/3 = 29.2*

1350/0.5 s
600/0.5 s

1359.2 /
918.5 °C

t1 8/5 = 8.2,
t2 8/5 =11.0

1350/0.5 s
900/0.5 s

1354.3 /
605.9 °C

t8/5 = 9.2,
t5/3 = 29.1*

1350/0.5 s
600/0.5 s

1358.1 /
921.8 °C

t1 8/5 = 8.5,
t2 8/5 =10.8

1350/0.5 s
900/0.5 s

1370.8 /
608.2 °C

t8/5 = 9.7,
t5/3 = 29.4*

1350/0.5 s
600/0.5 s

1356.1 /
918.5 °C

t1 8/5 = 8.0,
t2 8/5 =10.8

1350/0.5 s
900/0.5 s

1364.0 /
610.5 °C

t8/5 = 9.7,
t5/3 = 29.4*

1350/0.5 s
600/0.5 s

1371.5 /
935.1 °C

t1 8/5 = 8.0,
t2 8/5 =10.5

1350/0.5 s
900/0.5 s

1360.2 /
707.0 °C

t8/5 = 9.1,
t5/3 = 28.2*

1350/0.5 s
700/0.5 s

1359.8 /
1123.0 °C

t1 8/5 = 8.2,
t2 8/5 = 9.3

1350/0.5 s
1100/0.5 s

1366.2 /
704.0 °C

t8/5 = 8.7,
t5/3 = 28.2*

1350/0.5 s
700/0.5 s

1379.2 /
1136.5 °C

t1 8/5 = 8.0,
t2 8/5 = 9.4

1350/0.5 s
1100/0.5 s

1356.0 /
717.0 °C

t8/5 = 9.2,
t5/3 = 29.1*

1350/0.5 s
700/0.5 s

1357.5 /
1135.0 °C

t1 8/5 = 8.0,
t2 8/5 = 8.8

1350/0.5 s
1100/0.5 s

1360.0 /
719.0 °C

t8/5 = 9.7,
t5/3 = 28.8*

1350/0.5 s
700/0.5 s

1359.8 /
1123.0 °C

t1 8/5 = 8.9,
t2 8/5 = 9.8

1350/0.5 s
1100/0.5 s

1371.5 /
823.7 °C

t1 8/5 = 9.0,
t2 8/5 = 10.1

1350/0.5 s
800/0.5 s

1357.7 /
1366.8 °C

t1 8/5 = 9.0,
t2 8/5 = 9.0

1350/0.5 s
1350/0.5 s

1358.2 /
814.1 °C

t1 8/5 = 8.9,
t2 8/5 = 10.3

1350/0.5 s
800/0.5 s

1365.5 /
1369.7 °C

t1 8/5 = 8.2,
t2 8/5 = 8.5

1350/0.5 s
1350/0.5 s

1371.5 /
821.7 °C

t1 8/5 = 9.3,
t2 8/5 = 10.2

1350/0.5 s
800/0.5 s

1372.6 /
1370.2 °C

t1 8/5 = 9.6,
t2 8/5 = 8.8

1350/0.5 s
1350/0.5 s

1354.5 /
822.5 °C

t1 8/5 = 8.3,
t2 8/5 = 10.1

1350/0.5 s
800/0.5 s

1350.0 /
1350.0 °C

t1 8/5 = 9.7,
t2 8/5 = 8.1

1350/0.5 s
1350/0.5 s

𝐻𝑉10

351

350

415

Tmax.1,
Tmax.2,
°C really

𝐾𝑣 , 𝐽

181

180

87

𝐻𝑉10

𝐾𝑣 , 𝐽

385

125

375

131

421

90

whereas:
vheating – heating speed, °C/s,
Tcooling – measured temperature at the end of welding cycle (cooling), °C,
Tmax
– maximum temperature of the thermal cycle, °C,
TA
– temperature of austenitization, °C,
t8/5
– cooling time from 800 to 500 °C,
t5/3
– cooling time from 500 to 300 °C,
HV 10 – average value of 4 measurements,
– mean value of the impact energy – 4 measurements.
Kv
Figs. 4 and 5 show the results of the HV10 hardness testing on samples that were
simulated in single and in double pass welding. The base material hardness HV10 was
between 348 and 350. Single-pass simulation did not cause changes in hardness at maximum
thermal cycle temperatures of 600 and 700 °C. At maximum thermal cycle temperatures of
800 and 900 °C, there was a slight decrease in hardness, which mean values were 320 HV and
316 HV, respectively. At a maximum thermal cycle temperature of 1100 °C, the hardness
value increased to 375 HV. Further increase of the maximum thermal cycle temperature to
1350 °C affected the increase of hardness value to 410 HV. The high values of hardness are a
result of grain coarsening and the increase of martensite portion in the structure [25, 26].
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Thermal cycle simulation in two passes (the first pass 1350 °C, and the second pass 600 °C
and 700 °C), did not cause changes in the hardness values after simulation, if compared to the
initial values. Thermal cycle (the first pass 1350 °C, the second pass 800 °C) resulted in the
hardness of 390 HV. Within the further thermal cycles (the first pass 1350 °C, and the second
pass 900 °C) and (the first pass 1350 °C, and the second pass 1100 °C), the hardness value
decreased to around 370 HV. In the last thermal cycle (the first pass 1350 °C, the second pass
1350 °C), the hardness value was 407 HV.

Figure 4: Results of testing the hardness of single-pass simulated specimens with cooling time t8/5 = 10 s
at a maximum thermal cycle temperature of 1350, 1100, 900 and 800 °C.

Figure 5: Results of testing the hardness of double-pass simulated specimens with cooling time t8/5 =
10 s at a maximum thermal cycle temperature of 1350 (first cycle), 1350, 1100, 900 and
800 °C (second cycle).

Figs. 6 and 7 present two examples of registered toughness on simulated microstructures
when welding the S960QL steel.
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Fig. 6 presents the Charpy toughness of the coarse-grain HAZ being dependent on the
maximum thermal cycle temperature. The toughness initially grows along with the increase of
the thermal cycle temperature and then it falls. Martensitic microstructure is formed by the
fastest cooling. The highest toughness is associated with the presence of a certain share of
bainite in martensite. Slower cooling causes more bainite to form and the toughness begins to
decrease. The maximum toughness in Fig. 6 corresponds to the partial austenitization of the
coarse-grain martensite/bainite microstructure.

Impact energy / J

200
150

100
50

0
600

900

1200

1500

Temperature / °C
Figure 6: Results of testing the impact energy of single-pass simulated specimens with cooling time
t8/5 = 10 s at a maximum thermal cycle temperature of 1350, 1100, 900, 800 and 600 °C.

Figure 7: Results of testing the impact energy of double-pass simulated specimens with cooling time
t8/5 = 10 s at a maximum thermal cycle temperature of 1350 °C (first cycle) and 1350, 1100,
900 and 800 °C (second cycle).

Fig. 7 presents the Charpy toughness of HAZ along the fusion line, where the next pass
output coarse-grain HAZ takes effect. This HAZ has the highest toughness (1100 °C) after the
first pass. Toughness is the lowest when the temperature of the second thermal cycle becomes
so high to complete the austenitization. This austenite prior to initial cooling is not
sufficiently homogenized. The toughness again significantly increases when the temperature
of the second thermal cycle is so high that the austenite becomes homogeneous.
Fig. 8 presents the microstructure of the base material, which is the improved highstrength steel S960QL. This is a fine-grain structure of a tempered martensite with a certain
share of bainite, having hardness of HV10 = 348. When heating to 1350 °C and cooling at the
cooling time t8/5 = 10 s, the hardness increases at HV10 = 410 due to higher share of martensite
and coarsening of grain, which is shown in Fig. 9.
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Figure 8: Microstructure of the base material steel S960QL; magnification 200 .

Figure 9: Microstructure of the steel S960QL, maximum temperature of thermal cycle 1350 °C,
magnification 200 .

5. CONCLUSION
Cooling speed, i.e. cooling time t8/5 has significant effect on the properties of the welded
joint. Satisfactory relation between hardness and impact energy can be achieved by selecting
the appropriate cooling speed. This facilitates creation of the microstructure that is less
susceptible to cold cracks.
Single-pass welding simulations usually focus on investigation of thermal cycles with a
maximum temperature between 1200 °C and 1350 °C. The authors of this paper performed
researches into thermal cycles with the maximum temperature of 1350 do 1380 °C.
By applying single-pass simulation of thermal cycles, there are satisfactory hardness and
microstructure obtained at a temperature of 1100 °C, meaning that the structure is martensitebainite and the hardness is from 365 to 385 HV, which guarantees the satisfactory impact
energy.
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The highest values of impact energy are related to the fine martensitic grain structure that
occurs at a temperature slightly higher than Ac3, which was in this research 1100 °C.
Temperature that is higher than the above mentioned one causes the lowering of the impact
energy. Furthermore, maximum impact energy at 1100 °C reduces hardness. Additional
increase of temperature leads to the decrease of impact energy (Figs. 6 and 7), which is then
conditioned by the hardness increase (diagram shown in the Figs. 4 and 5).
Welding of the S960QL steel is based on the controlled input of energy during welding
process (pre-heating, temperature between passes, heat input achieved by the electric arc, reheating) and strict application of the defined procedure steps, all for the purpose of avoiding
cold cracks and other manufacturing faults, and of securing the required properties of the
welded joint.
Simulation of weld thermal cycle provides results that can be used to optimize the welding
parameters of micro-alloyed high strength steel. These results are useful in real welding
environment, as they facilitate assurance of optimal mechanical properties of welded joints in
micro-alloyed high strength steels [27-29].
Further research will be focused on investigation of mechanical properties of real samples
welded by MAG welding procedure.
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