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Abstract

In this study, welding-induced out-of-plane distortion of stainless steel sheets is examined in the case of applying air-atomized mist jet
on the rear side of the weld pool. An internally mixed type air atomizing spray nozzle is attached to the welding torch and both are moved
at the same speed and direction onto the welding centerline. The test specimens are 2 mm thick grade 304 stainless steel plates. Bead-on-
plate welds are made on the plates using a DC Gas tungsten arc welding (GTAW) process. The measured welding distortion and residual
stresses are compared with those of a conventional GTAW welding process. The experimental results show that the welds performed
with a trailing heat sink using air-atomized mist have almost zero out-of-plane distortion. In addition, a slight welding residual stress

reduction is achieved.
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1. Introduction

Welding is an economical manufacturing process to assem-
ble structures in many industrial fields. However, during the
welding process, locally concentrated heat is applied to the
welded joint. This imposes local steep temperature gradients
that produce high gradients in thermal expansion. The expand-
ing material is thereby restrained by the surrounding cooler
base metal causing plastic deformation. As the weld zone is
cooled down to room temperature, welding-induced distortion
and residual stresses are produced.

Usually, the welding residual stress level of the weld zone is
close to the yield stress of the welded material. These high
stresses are responsible for stress corrosion cracking and fa-
tigue crack growth in the weld zone, which shorten the service
life of the welded structure.

Welding-induced distortion leads to precision problems and
fixing the dimensional tolerances incurs additional costs after
the welding process [1]. Mitigation of welding residual stress
and welding deformation requires an additional process to
mechanically or thermally alleviate these problems after the
completion of welding in most cases [2, 3].

However, the application of in-process control techniques
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such as Heat sink welding (HSW) and Low-stress no distor-
tion (LSND) welding would be more economical.

The existing parameters such as electric current, voltage,
and welding speed are required in addition to the new parame-
ters, including the distance between the heat sink and welding
arc, strength of heat sink, and size of heat sink.

The LSND technique was studied by Guan et al. [4-6].
They reported that during Gas tungsten arc welding (GTAW)
of 1 mm thick mild steel and stainless steel, trailing welding,
where a heat sink trails a welding arc, is effective in prevent-
ing buckling.

To control welding-induced stresses and distortion by using
the LSND process, liquid CO, and liquid nitrogen are applied
as a heat sink medium; however, they are cost-intensive.

On a numerically simulated HSW using a semicylindrical
pipe where water flows at the time of multipass GTAW weld-
ing of 10 mm thick Monel 400 alloy plates, Yegaie et al. [7]
discovered that there was a reduction in residual stress. In the
numerical simulation of HSW for 316L stainless steel using
the same method as that of Yegaie et al., Jiang et al. [§8] also
found a 20 % reduction in the welding residual stress.

In the present study, the rear side of the weld is cooled by
using water that is inexpensive and easy to handle.

The water is sprayed by a commercial mist nozzle, which is
applied in various industries [9-11]. With the fabricated mist
cooling system, HSW is carried out and the variations of out-
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Fig. 1. Photograph of experimental apparatus with mist cooling nozzle.
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of-plane distortion are observed in comparison with the con-
ventional welding process.

2. Experimental setup and procedure

The type of welding used in this experiment is GTAW
without filler wire. A special setup is added to obtain the de-
sired experimental results. The setup consists of a GTAW
torch followed by an atomizing nozzle at a short distance
(standoff distance), as shown in Fig. 1.

The stream of atomized water is sprayed along the weld ar-
ea through a nozzle trailing the welding arc. The mist nozzle is
an internal mixing type twin-fluid atomizer, which produces a
narrow and full cone round spray pattern. Compressed air and
water are sprayed through this mist nozzle and the flow rate is
measured by a rotameter.

Autogenous Bead-on-plate (BOP) welds are performed at
the center of the specimen except for 30 mm at both ends. The
materials used in the experiment are 304 stainless steel with
dimensions of 100 x 200 x 2 mm and 150 x 300 x 2 mm.
Using these specimens, both conventional GTAW and HSW
are carried out to check the feasibility of using mist cooling
instead of liquid CO, or liquid nitrogen for minimizing out-of-
plane distortion.

To prevent intrusion of the atomized water to the arc pool
side and maintain arc stability, heat-resistant silicone mem-
brane and ceramic wool are installed between the arc torch
and mist nozzle.

All the specimens are not clamped and hence, distortion in
out-of-plane direction is not restrained during the welding and
cooling processes. The welding current and welding speed are
fixed at 100 A and 0.6 m/min, respectively. The conditions for
minimizing out-of-plane distortion were determined by vary-
ing the standoff distance and flow rate of the mist nozzle.

The out-of-plane distortion, temperature history, and distri-
bution of residual stress are all measured experimentally for
comparison between the conventional welding and HSW.

The out-of-plane distortion was measured by using an
LVDT (Linear variable differential transformer, TCL-100A)

Fig. 4. Photograph of specimens with attached strain gauges for meas-
uring welding residual stresses.

and data logger (TDS303) at a distance of 5 mm from the
center of the specimen length in the width direction. The
measurement position is shown in Fig. 2.

To measure the thermal histories, a series of K-type thermo-
couples are spot welded on the specimens as shown in Fig. 3.

The residual stresses in the as-welded specimens for com-
parison between conventional welding and HSW are meas-
ured with sectioning method using strain gauges. The strain
gauges of type FCA-1 (gauge length 1 mm, 0°/90° 2-element
rosette stacked, 120 Q) are used for residual stress measure-
ments. The strain gauges are attached at 0, 5, 10, 16, 24, 32
and 40 mm from the weld bead centerline as shown in Fig. 4.
The measurements are taken from the top surfaces of each
specimen tested. After taking the initial readings, the strain
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Fig. 5. Water jet cutting of strain gauges attached to welded specimens.

Fig. 6. As-welded specimens of conventional welding (upper) and heat
sink welding (lower).

gauges are cut off from the specimens by water jet for stress
relaxation as shown in Fig. 5.

3. Results and discussion

3.1 Out-of-plane distortion measurement

The out-of-plane distortion in the conventional welding is
convex shape as shown in Fig. 6, and 4.5 mm out-of-plane
distortion occurs at the LVDT measuring point. On the other
hand, completely distortion-free results are obtained in both
100 x 200 x 2 mm and 150 x 300 x 2 mm specimens by ap-
plying HSW using mist cooling as shown in Fig. 6.

The mist sprayed onto the specimen surface evaporated
immediately after passing through the hot weld bead.

In the case of 25 mm standoff distance, the welding distor-
tion was minimized when the flow rates of compressed air and
water were 22-24 L/min at 0.8-0.1 MPa and 80-100 mL/min
at 0.08-0.09 MPa, respectively. In this optimum condition, no
out-of-plane distortion was observed as shown in Fig. 6.

However, when the standoff distance increases, or when the
amount of water and air sprayed is changed from the optimum
condition, out-of-plane deformation occurs. For example, Fig.
7 shows the convex and concave deformed shapes at a stand-
off distance of 30 mm when the mist injection amount is large
and when the mist amount is small, respectively.

Throughout the experiment, it is confirmed that the out-of-
plane distortion decreases with the decrease in the spacing
between the welding arc and the cooling heat sink. HSW is
ineffective in reducing distortion when the standoff distance is
greater than 50 mm.

Fig. 7. Concave (upper) and convex deformed shapes (lower) of heat
sink welded specimens.
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Fig. 8. Thermal history comparison between conventional welding
(dotted lines) and heat sink welding (solid lines).

3.2 Thermal measurement

The temperature history for conventional welding and HSW
are comparatively measured.

The K-type thermocouples are attached at the bottom side
of the specimens on the weld centerline. The temperature his-
tories are measured from the weld centerline as shown in Fig.
8. The heat sink weld shows a steep decrease in temperature
as time passes, whereas a more gradual decrease in tempera-
ture is observed for conventional welds.

For HSW, it can be observed that the temperature gradient
during cooling varies from approximately 6.2 s and the tem-
perature drops more rapidly. It is thought that the mist droplets
reach the surface of the weld after 6.2 s under this experimen-
tal condition; thus, the welded surface is wet and therefore, the
cooling rate is higher than that before 6.2 s. The droplets
ejected from the mist nozzle evaporate in the high-temperature
atmosphere of the welded zone and cannot reach the surface
of the high-temperature welded part due to the evaporation
pressure; hence, the cooling rate is lower than that after the
wetting temperature. This variation in cooling gradient is simi-
lar to that observed by Lee et al. [12] in the case of mist cool-
ing of a high-temperature cylindrical surface. As a result, the
temperature is over 400 °C for conventional welding, whereas
for HSW, the temperature is rapidly cooled to less than 100 °C
after approximately 10 s. These changes affect the strain and
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Fig. 9. Measured residual stress distributions for conventional welding
and heat sink welding on the top surface of the welded specimens (100
x 200 x 2 mm).
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Fig. 10. Measured residual stress distributions for conventional weld-
ing and heat sink welding on the top surface of the welded specimens
(150 x 300 x 2 mm).

deformation of the welded specimens, and the internal me-
chanical states are investigated through residual stress meas-
urements.

3.3 Residual stress measurements

A comparison of the welding residual stress distribution be-
tween conventional welding (dotted lines) and HSW (solid
lines) are shown in Figs. 9 and 10. In the caption of the graphs,
XX refers to the transverse residual stress component and YY
refers to the longitudinal residual stress component.

Figs. 9 and 10 are the results of the 100 x 200 x 2 mm and
150 x 300 x 2 mm, respectively. The residual stress distribu-
tion due to the difference in thermal history between conven-
tional welding and HSW is also very different. In the case of
HSW, the variation of the transverse residual stress compo-
nent is small, and for the longitudinal residual stress compo-
nent, the amount of the portion where the tensile stress is gen-
erated is small. However, there is no significant difference in
the maximum magnitude of longitudinal residual stress com-
ponents occurring near the weld bead.
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4. Conclusions

Successful results of experiments on in-process welding dis-
tortion control were obtained by applying HSW using mist
cooling. In the future, we will test whether mist cooling is
effective in reducing out-of-plane distortion even in multipass
full penetration welding using a weld filler.

The major findings are summarized as follows:

(1) A significant in-process reduction of weld induced out-
of-plane distortion of 2 mm thick stainless steel specimens can
be achieved by mist cooling using water as the cooling me-
dium.

(2) The heat sink placed behind the heat source should be as
small and as close to the weld pool as possible to obtain the
highest out-of-plane distortion mitigation effect. In this ex-
periment, the cooling effect by mist was negligible when the
standoff distance was more than 50 mm.

(3) Compared with conventional welding, no significant dif-
ferences are observed in the maximum values of welding re-
sidual stress in the case of mist cooling.
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