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Abstract

The objective of this study was to investigate the effect of pulsed GTA welding parameters on the residual stress of the weldment.
Autogenous gas tungsten arc welding was applied on SUS 304 and SUS 310 stainless steels to produce a bead-on-plate weld. The residual
stress was determined by using the hole-drilling strain-gage method of ASTM standard E837. The experimental results show that a greater
pulse frequency, a larger pulse spacing, a greater amplitude ratio, and a greater duration ratio can reduce the magnitude of the residual stress in
the austenitic stainless steel weldment. The residual stress of the 310 stainless steel weldment is greater than that of the 304 stainless steel
weldment under the same welding conditions because of its lower thermal conductivity and thermal diffusivity. The experimental results also
showed that pulsed current welding has a smaller range of the tensile residual stress zone as compared to that of constant current welding
because of its lesser amount of heat input. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The pulsed current welding (PCW) process was intro-
duced in the late 1960s as a variant of the constant current
welding (CCW) process that is now used in a wide range of
applications. Switching between a pre-determined high and
low level of welding current can produce pulsed gas tungsten
arc welds. Usually, the pulse waves are rectangular in shape
(as described in Fig. 1).

The PCW has many specific advantages compared to CCW,
such as enhanced arc stability, increased weld depth-to-width
ratio, a narrower HAZ range, reduced hot cracking sensitivity,
refined grain size, and reduced porosity [1-6].

The parameters used for PCW are shown in Fig. 1. The
main pulse parameters of PCW are peak current Ip base
current /g, peak time fp, and base time tg. From combining
the above four pulse parameters, the following four char-
acteristic weld parameters can be determined [3,4,7]:

1. pulse frequency, F = 1/(tp + tg);

2. pulse spacing, S = V(tp +1g), where V is the travel
speed;

amplitude ratio, A = Ig/Ip;

4. duration ratio, T = tg/tp.
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The above weld parameters can actually control the
thermal characteristics and weld bead geometry.

During welding, the weldment is heated locally, therefore
the temperature distribution in the weldment is not uniform,
and the temperature also changes with time. During the
welding cycle, thermal strains are induced in both the weld
metal and the base metal near to the weld. The thermal
strains produced during heating are accompanied by plastic
upsetting. The thermal stresses resulting from these strains
combine and react to produce internal forces that cause
residual stresses. In past studies [8—11], it was found that
residual stress existing in a weldment can influence the
mechanical and/or corrosion properties of materials in ser-
vice, such as brittle fracture, fracture toughness, fatigue
strength, stress corrosion cracking, and hydrogen cracking,
etc.

Previous investigation on pulsed GTA welding were still
focusing on the study of pulsed wave shapes [1], the inves-
tigation of pulsed GTA welding parameters [3,4,7,12-14],
and the effect of GTA welding on the microstructures or
mechanical properties of the weldment [2,6,15]. Study of the
influence of pulsed GTA welding on the residual stress of
weldment was limited.

By means of detailed experiments, the aim of this paper
was to explore the effect of pulsed GTA welding on the
residual stress in an austenitic stainless steel weldment, and
also to try to find a proper explanation of the results.
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Fig. 1. Parameters used for pulsed GTA welding: Ip, peak current; /g, base
current; fp, peak time; fg, base time.

2. Experimental procedure

Types 304 and 310 austenitic stainless steels were used in
this study, their chemical compositions and mechanical
properties being listed in Tables 1 and 2. In order to obtain

Table 1
Chemical composition of the austenitic stainless steels used (wt.%)

347

the same initial stress-state condition, the test specimens,
having the dimensions 130 mm X 130 mm x 138 mm, were
annealed at 950 °C for 3 h before testing. The test specimens
were roughly polished with 400 grit abrasive paper to
remove surface impurities, then they were cleaned with
acetone. Autogenous gas tungsten arc welding was con-
ducted using an EWTh-2 electrode.

In order to monitor the thermal cycles during the welding
process, four thermocouples were separately attached at 2,
10, 30, 50 mm from the fusion line and transverse to the weld
bead. The thermal cycle recording equipment included a
dynamic temperature measurement system and a chromel/
alumel thermocouple and is shown in Fig. 2.

After welding, a three-element strain-gage rosette (Tokyo
Sokki Kenkyujo, type TML FRS-2-17) was attached at the
center location of the surface of the weld. A hole of 1.6 mm
diameter was drilled at the center of the rosette to measure
the welding residual stress. The residual stress was deter-
mined by using the hole-drilling strain-gage method of
ASTM standard E837. The residual stress measuring system
is presented in Fig. 3.

An optical microscope was used to measure the weld
depth-to-width ratio and HAZ range caused by pulsed GTA

Material ¢ Si Mn P S° C Ni @ Fe welding. All metallographic specimens were prepared by
SUS 304 SS 0.08 044 095 004 004 187 8.16 Balance mechanical lapping, grinding, and polishing to a 0.3 um
SUS 310 SS 020 0.79 164 0.04 0.04 239 19.61 Balance finish, followed by etching in a solution of 10 g CuSO,4 +
PVITR—— 50ml HCI + 50 ml H,0.
Table 2 . .
Mechanical properties of the austenitic stainless steels used 3. Results and discussion
Material Yield Elasticity Poisson’s 3.1. Initial st luati
strength (MPa) modulus (GPa) ratio 4. lmifiat stress evatuation
SUS 304 SS 290 193 0.25 In order to evaluate the initial stress in the test specimen, the
SUS 310 SS 311 204 0.32 . . e
stress of the specimen was measured using the hole-drilling
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Fig. 2. The thermal cycle recording system used.
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Fig. 3. The residual stress measuring system used.

strain-gage method before welding. Table 3 presents the
measured initial principal stress of the materials used. These
values are quite small, so that they can be neglected in the
investigation of the welding residual stress.

3.2. Effect of the pulse frequency on the residual stress

Fig. 4 shows the effect of the pulse frequency on the
residual stress of the weldment. The experimental result
shows that the residual stress decreases with the increase of
the pulse frequency. The measured geometric shape of the
welds shown in Figs. 5 and 6 can be used to explain this
result. It is observed that a greater pulse frequency can
increase the weld depth-to-width ratio and reduce the HAZ
range of the weldment. According to the results of previous
investigations [16,17], a greater weld depth-to-width ratio
and a narrower HAZ range represent a greater concentration
of energy density in the heat source. Based on the experi-
mental results, a greater pulse frequency in the pulsed GTA
welding process can enhance the concentration of the energy
density in the heat source, therefore the residual stress of an
austenitic stainless steel weldment can be reduced.

Table 3

Initial stress evaluation of the austenitic stainless steels used

Material Yield stress Initial stress Stress
(MPa) (MPa) ratio® (%)

SUS 304 SS 290 59 2.0

SUS 310 SS 311 10.6 34

“ Initial stress/yielding stress.

3.3. Effect of the pulse spacing on the residual stress

Fig. 7 presents the residual stress measured for various
pulse spacings in pulsed GTA welding. As the pulse spacing
increases, the residual stress of the weldment decreases. This
result can be explained from the different size of the double
fusion zone of welds, as shown in Fig. 8. It was found that a
greater pulse spacing can reduce the degree of double fusion
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Fig. 4. Residual stress measured for various pulse frequencies during the
pulsed GTA welding process.
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Fig. 5. The effect of pulse frequency on the weld depth-to-width ratio.

of welds. The extent of double fusion caused by the peak
current is related to the amount of the heat input. A larger
pulse spacing can induce a lesser heat input, therefore the
residual stress of the weldment will be reduced.

3.4. Effect of the amplitude ratio on the residual stress

The peak current was held as a constant value of 150 A,
with the base current being set differently for various
welding conditions. The effect of the amplitude ratio on
the residual stress is shown in Fig. 9. The results indicate that
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Fig. 6. The effect of pulse frequency on the HAZ range.
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Fig. 7. Residual stress measured for various pulse spacings during the
pulsed GTA welding process.

the residual stress decreases as the amplitude ratio increases.
This result can be related to the welding thermal cycle during
welding process, as shown in Fig. 10. In the pulsed GTA
welding process, a greater amplitude ratio will reduce the
temperature difference between the fusion zone and the
unaffected base metal in the weldment. According to the
results of previous study, the magnitude of the shrinkage
stresses were reduced by a smaller temperature gradient
[18,19]. Based on the above discussion, a greater amplitude
ratio can reduce the temperature gradient and therefore the
welding residual stresses can be reduced.

3.5. Effect of the duration ratio on the residual stress

Fig. 11 shows the measured residual stress induced by
different duration ratios in the pulsed GTA welding. The
result indicates that as the duration ratio increases, the
residual stress of the weldment decreases. This result is
also related to the thermal cycle during the welding process,
as shown in Fig. 12. As the magnitude of the duration
ratio increases, the peak temperature of the thermal cycle
decreases. According to the result of investigations by Lin
et al. [19-21], the welding thermal stress increases with the
increase of the peak temperature. Therefore, a lesser smaller
welding residual stress can be obtained by using a greater
duration ratio in the pulsed GTA welding process.

3.6. Study on the residual stress in an austenitic
stainless steel weldment

In this study, the experimental results clearly indicate that
the residual stress of a 310 stainless steel weldment is greater
than that of a 304 stainless steel weldment under the same
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Fig. 11. Residual stress measured for various duration ratios during the
pulsed GTA welding process.

welding conditions. The results can be analyzed from the
thermophysical properties of the materials used.

3.6.1. Coefficient of thermal expansion

Table 4 shows that types 304 and 310 stainless steels have
almost the same coefficient of thermal expansion. Thus, the
effect of the coefficient of thermal expansion on the welding
residual stress can be neglected.

3.6.2. Thermal conductivity
Table 4 shows that 310 stainless steel has a lower thermal
conductivity than that of 304 stainless steel. The thermal
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Fig. 12. Effect of the duration ratio on the peak temperature of the weldment.

Table 4
Thermophysical properties of austenitic stainless steels used
Material Coefficient Thermal Thermal
of expansion conductivity diffusivity®
(pm/mm °C) (W/m K) (m*/s)
SUS 304 SS 17.0 16.3 4.14 x 107°
SUS 310 SS 16.1 14.1 3.63 x 107°

*2=K/pCp, where A is the thermal diffusivity, K the thermal
conductivity, p the density, and Cp the specific heat.

conductivity usually can be considered as the ability of heat
transfer of material. In general, a lower thermal conductivity
will increase the temperature difference between the fusion
zone and the unaffected base metal in the weldment, there-
fore, the welding residual stress will be increased.

3.6.3. Thermal diffusivity

Table 4 also shows that 310 stainless steel has a lower
thermal diffusivity. The thermal diffusivity can be consid-
ered as, the capacity of the material for heat storage. Usually,
a lower thermal diffusivity relates to a high capacity for heat
storage and a consequent increase in the peak temperature of
the thermal cycle in welding process, thus the residual stress
of the weldment can be increased.

Since 310 stainless steel has a lower thermal conductivity
and thermal diffusivity, a greater temperature gradient
and a higher peak temperature of thermal cycle can be
obtained during the welding process as compared to that
for 304 stainless steel. Therefore, the residual stress of the
310 stainless steel weldment is greater than that of the 304
stainless steel weldment.
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Fig. 13. Distribution of the residual stresses in a weldment of 304 stainless
steel for various GTA welding processes.
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Fig. 14. Thermal cycles at various locations for CCW.

3.7. Study on the tensile residual stress zone
in the weldment

Fig. 13 shows the distribution of residual stresses in a
weldment of 304 stainless steel during various GTA welding
processes. The experimental result shows that the CCW
process has a greater range of the tensile residual stress zone
as compared to that of the PCW process. The welding
thermal cycle during the GTA welding process was recorded
to analyze the results in this study. The thermal cycles at
various locations for the CCW and PCW processes are
shown in Figs. 14 and 15, respectively. Comparing the
thermal cycles between the CCW and PCW processes, it

900

800 —

700 —
~ 600
o
~ ] (Dimension in mm )
0] |
3 500 | Location A
g s00 414t 00 -0 Locat?on B
g— i —_—— Location C
@ 300 - |x ——--—— Location D

0 T | T | T | T | T | T | T | T | T | T

0 100 200 300 400 500 600 700 800 900 1000
Time (sec)

Fig. 15. Thermal cycles at various locations for PCW.

is found that the thermal cycle of the CCW process has a
greater peak temperature and temperature-history area than
that of the PCW process. In other words, the CCW provides
a greater amount of heat input into the weldment than that of
PCW. According to the studies by Masubuchi [18], a linear
heat input is the most significant factor affecting the range of
the tensile residual stress zone, which increases with an
increasing amount of heat input. Therefore, a smaller range
of the tensile residual stress zone in the weldment can be
obtained by using the pulsed GTA welding process.

Further, based on experimental observations (as shown in
Fig. 13), it was found that the welding residual stresses were
tensile near to the weld and compressive away from the
weld. In stainless steel weldments, the maximum tensile
residual stress usually approaches the yield stress of the base
metal.

4. Conclusions

1. In pulsed GTA welding, the greater pulse frequency can
enhance the concentration of energy density on the heat
source. Therefore, the residual stress of an austenitic
stainless steel weldment can be reduced.

2. A larger pulse spacing can induce less heat input, there-
fore the residual stress of the weldment can be reduced.

3. A greater amplitude ratio can reduce the temperature
difference between the fusion zone and the unaffected
base metal in the weldment and therefore the welding
residual stress can be reduced.

4. A smaller welding residual stress can be obtained by
using a greater duration ratio in the pulsed GTA welding
process.

5. Since 310 stainless steel has a lower thermal conductiv-
ity and thermal diffusivity, a greater temperature
gradient and a higher peak temperature of the thermal
cycle can be obtained during the welding process, as
compared to that for 304 stainless steel. Therefore, the
residual stress of a 310 stainless steel weldment is
greater than that of a 304 stainless steel weldment.

6. The PCW condition has a smaller range of the tensile
residual stress zone as compared to that for the CCW
condition because of its lesser amount of heat input.
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