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Introduction

     Residual stress (RS) induced by dissimilar metal welds
(DMW) is undesirable since it contributes to premature fail-
ures in welded structures. Hence, reducing RS in DMW is of
primary concern. A wide variety of techniques are intro-
duced for the reduction or modification of residual stress
distributions in similar metal welds, such as heat treatment
and peening processes. These are the common (convention-
al) techniques used nowadays, but their effectiveness on
DMW is still questionable (Ref. 1). In addition, not only do
such methods demand expensive equipment and energy, but
some of them, such as the heat treatment method, are not
applicable when a large welded structure is the case for RS
reduction.
     Recently, two modern methods, so-called in-situ rapid

cooling (Ref. 2) and global mechanical tensioning (GMT)
(Refs. 3, 4), were designed to work against the formation of
RS during the welding process. These methods have received
significant attention over the past two decades because they
are more economical and effective compared to the conven-
tional methods. Particularly, the in-situ cooling method
sounds more promising than GMT because of its easy adap-
tation to industrial applications.
     The RS reduction in the in-situ cooling method, as the
name suggests, can be achieved through modifying the ther-
mal field induced via welding by applying an external cool-
ing source. This method was introduced and implemented
by Guan et al. (Ref. 5), and was later named dynamically
controlled low stress non-distortion (DC-LSND) welding,
where an intense cooling source is applied behind the weld
pool (WP). This cooling source induces thermal tensioning
near the weld zone (WZ) and reverses the incompatible plas-
tic strain that occurs during the heating stage. The method
was also applied by others, Li et al. (Refs. 2, 6), to mitigate
RS and distortion. Both their experimental and numerical
outcomes indicated that the RS along the longitudinal direc-
tion was reduced by 50%. Moreover, the welding distortion
was entirely eliminated. 
     In their attempt to improve RS reduction in the welding
process, van der Aa et al. (Ref. 7) found that the cooling
source has to be tuned to generate intense cooling power
and be located as close to the WP as possible. 
     Through numerical modeling, Richards et al. tested the
DC-LSND method in friction stir welding (FSW) of AA 2024-
T3 plates. Richards et al. also concluded that the location of
the cooling source has a great impact on the amount of re-
duced RS (Ref. 8).
     Over the last decade, the DC-LSND or CO2 cooling
method has been employed to reduce and eliminate RS and
distortions in welding processes (Refs. 9–11). However, at
present, the potential benefits of this technique have not
been explored on DMWs, where mixture of dissimilar metals
makes a fresh composition, and this consequently leads to
metal phase transformation.
     This study focuses on the experimental implementation
of the CO2 cooling method for gas tungsten arc welding
(GTAW) of similar and DMWs. The RS distributions of in-
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situ rapidly cooled welds (using CO2) were investigated using
the neutron diffraction (ND) technique. Distortion in 304-
304 and 1018-1018 similar welds, and their dissimilar metal
welds (304-1018), were measured and compared with their
corresponding CO2-cooled welds. Microhardness and mi-
crostructure changes were also evaluated to explore the ef-
fect of the in-situ rapid cooling method at the microstruc-
ture level.

Experimental Method

CO2 Cooling (DC-LSND)

     The technology developed by Li et al. (Ref. 6) was used in
this study to reduce the RS and distortion induced by the arc
welding process. The schematic used for this method is
shown in Fig. 1. In this method, a CO2 cooling source is em-
ployed during the GTAW process, which is located 40 mm
behind the welding torch. As the welding torch travels along
the weld path (shown by the red arrow), the cooling nozzle
travels at the same velocity along with the welding torch
while spraying the coolant on the surface of the hot metal
behind the WP.
     It is necessary that the cooling source behind the welding
torch meets essential requirements. The first important key
is that it must be capable of cooling the hot region behind
the WP fast with a high cooling rate. The second key is that
the cooling source needs to be applied to a relatively small
area behind the torch to provide a typical temperature dis-
tribution — Fig. 2B. Additionally, it is crucial that the cool-
ing source does not interfere with the flow of the shielding
gas and the arc, otherwise the arc will become unstable. 
     As shown in Fig. 2, the highest temperature at the center of
the heat sources was approximately the same in both conven-
tional and CO2 welding processes. However, the temperature
behind the heat source for the case of CO2 did not drop
smoothly in the same pattern as the conventional welding
process, as shown by arrows in Fig. 2A and B, respectively. Fig-
ure 2B shows that a sharp temperature drop occurred behind
the peak temperature for the CO2 case. The steepness is de-
pendent on the power of the CO2 cooling source.

     The generated power can be quantified by the uniform
convective cooling heat flux, qcooling. The heat flux (qcooling) be-
tween a hot plate at temperature, T, and the cooling source
can be described by Newton’s law of cooling: 

      qcooling = hcooling •(T – Tcooling) (1)

where the interfacial heat transfer (hcooling) and the cooling
source temperature (Tcooling) are two variables associated
with the cooling source characteristics. Based on Equation
1, the most effective coolant for the CO2 cooling method,
in terms of cooling source strength, should have a large
heat transfer coefficient (h), while having a low tempera-
ture (Tcooling). Some of the existing coolants are liquid argon,
liquid CO2, and liquid nitrogen. Among these coolants, liq-
uid CO2 is very notable and prominent because of its sub-
stantial latent heat during phase change. Since the phase
change of liquid CO2 takes place at atmospheric pressure,
the cooling power can be significantly high. Normally, the
CO2 is filled in tanks as a liquid at –18°C and 18 bar pres-
sure. While spraying this liquid out into one bar pressure
(atmospheric pressure), it turns into dry ice with a temper-
ature around –78°C. Such low temperature makes the CO2

one of the best coolants and cleaning agents for the CO2

cooling method.

Fig. 1 — Schematic of CO2 welding.

Fig. 2 — Typical temperature distribution: A — Conventional
GTAW; B — CO2 GTAW.
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B
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CO2 Cooling Welding

     Experiments were carried out with single-pass, autoge-
nous GTA butt joint welding of 1018 steel to 304 stainless
steel. Dimensions of the plates were 300 × 300 × 3 mm —
Fig. 3A. Compositions of these alloys are shown in Table 1.
The welding parameters (displayed in Table 2) were designed
so as to produce partial penetration, because no auxiliary ar-
gon gas was accommodated for weld protection underneath.
After welding, the specimens were allowed to cool for 2000
s. This time allows the weldments to cool completely to am-
bient temperature before being released from the fixture.
The active cooling source consisted of a CO2 snow jet that
followed the welding torch at a distance of 40 mm with the
same velocity — Fig. 3B.
     In this research, there is a modest amount of practical de-
velopment on the CO2 cooling method. The nozzle and pow-
er of the cooling source were not varied in the present study.
In addition, the cooling source properties were not perfectly
constant for all welds because the setup was a home-made
apparatus. Consequently, there can be some variations in
cooling between the different CO2 weldments. The main
goal of this research was not to develop an ideal CO2 cooling
setup, but to prove its effectiveness in reducing tensile RS in
DMWs.

Temperature Measurements

     Temperatures were recorded during the GTAW process
using K-type thermocouples that were spot welded to the
upper surface of the plates. An array of three thermocouples
(T/C) was applied on a line perpendicular to the weld zone,
with distances of 30, 40, and 50 mm away from the weld
centerline. Measurements were taken during both conven-
tional and CO2 welding processes.

Stress Measurement Using the Neutron
Diffraction Method

     In this study, the ND method was used to nondestruc-
tively measure the residual elastic stresses in the weld-
ments (Ref. 12). These measurements were performed us-
ing the High Flux Isotope Reactor at Oak Ridge National
Laboratory’s (ORNL) 2nd Generation Neutron Residual
Stress Facility (Ref. 16). At each measurement point, lat-
tice strains were calculated from the corresponding meas-
ured d-spacing changes in three orthogonal directions.
Then the stress fields were calculated from the strain val-
ues. Full details of this measurement are given elsewhere
(Ref. 12).

Fig. 3 — A — Dimensions and measurement directions of the specimen (dimensions are in mm); B — experimental setup for the
DMW with CO2 cooling and mechanical restraints.

A B

Table 1 — Chemical Composition of Steel Plates (wt-%)

       Composition               C                Mn              Si              P             S            Cr            Ni           Balance          Nieq        Creq

               1018 steel            0.13–0.20     0.30–0.90   0.15–0.30   0–0.04    0–0.05        —            —               Fe                6         0.3
         (average)                                                                                                                                                                       

      304 stainless          0–0.08             1.7             0.52      0–0.045  0–0.035      18.9          7.5               Fe                10         20
         (average)                                                                                                                                                                       

          1018-304                  —                 1.14            0.12            —            —          7.58         4.32              Fe                7          8
              WZ                                                                                                                                                                            
           (EDAX)
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Microstructure Study

     It is important to analyze the microstructure of the weld-
ments due to the increased cooling rate taking place using the
CO2 cooling method. Optical microscopy and microhardness
mesurements were used to identify the possible phases pres-
ent in the weldments.

Results and Discussions

     Figures 4 and 5 present temperature measurements of
conventional and CO2 welding processes, respectively. These
results show that the CO2 cooling was robust enough to sig-

nificantly drop temperatures on both sides of the DMW
even at locations 30, 40, and 50 mm away from the weld
centerline. Figure 5 shows that the temperature drop in the
1018 side is larger than that of the 304 side. This is because
the thermal conductivity of 1018 steel is greater than that
of 304. Hence, heating/cooling dissipation is faster in the
1018 weldment when compared to the 304 weldment.

Effect of the CO2 Rapid Cooling Technique on
Weld Distortion 

     Welding of thin base metals (BM) with low stiffness gen-
erally produces distortions due to formation of residual

Fig. 4 — Temperature measurement in conventional GTA DMW: A — 1018 side; B — 304 side.

A B

Fig. 5 — Temperature measurement in CO2 GTA DMW: A — 1018 side; B — 304 side.

A B

Table 2 — GTAW (DCEN) Parameters Used in This Study

        Arc Voltage                  Arc Current                  Electrode Diameter                 Arc Length                      Travel Speed                Argon Gas
               (V)                                (A)                                   (mm)                                (mm)                               (mm/s)                       (m3/s)

                18                                150                                     2.4                                    1.5                                      4                            0.0136
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plastic strains around weldments (Ref. 13). Different de-
grees of distortion can occur depending on the gradient
forces/moments caused by longitudinal and transverse
shrinkages (Ref. 14). In this section, curvatures, measured
along the longitudinal and transverse edges with a dial
gauge (see Fig. 3A), are addressed for both the conventional
and CO2 weldments.
     Figure 6 depicts distorted weldments for conventional
and CO2 cooling along the longitudinal and transverse direc-
tions. As shown in Fig. 6A, a large distortion can be ob-
served in the conventional welding process of all three weld
cases, namely 1018-1018 similar, 304-304 similar, and 304-
1018 dissimilar weldments. Distortions in both directions
(longitudinal and transverse) are large. However, these 
large distortions almost disappeared in the CO2-cooled
weldments for all three cases — Fig. 6B.
     Figure 7 shows the measured values of distortion in longi-
tudinal (Fig. 7A) and transverse (Fig. 7B) directions with and
without CO2 cooling for the similar and dissimilar weldments.
From Fig. 7A and B, it can be concluded that CO2 cooling re-
duces the amount of distortion in 304-1018 DMWs from 3.5
to 0.5 mm for both longitudinal and transverse directions. It is
worth noting that if excessive cooling power is used in this
technique, it may reverse the direction of distortion. With the
employment of the CO2 cooling technique, a large positive cur-
vature in the longitudinal direction and a negative curvature in
the transverse direction, which are a result of volume expan-

sion due to the formation of martensite in the 1018-304 WZ
(Ref. 12), were minimized.

Weld Microstructure

     Figures 8 through 9 show microstructures of the WZ and
HAZ in both conventional and CO2 weldments. The BM of
the 1018 conventional weldment has microstructures of
mainly ferrite and some pearlite; the HAZ contains fine
pearlites due to the faster cooling rate, while the WZ con-
tains coarse ferrite/pearlite as a result of the intermediate
cooling rate — Fig. 8A and C. As depicted in Fig. 8B and D,
the microstructure of the HAZ and WZ in the 1018 CO2

weldment did not change to a degree where the difference
between conventional and CO2 welds was noticeable. Figure
9A and C show the microstructure of the conventional 304
weldment. It is well known that the microstructure of 304 is
mainly composed of single-phase austenite. It shows a
columnar dendritic structure within the WZ. Figure 9B and
D show that by implementing CO2 rapid cooling during the
welding process, the microstructure of the 304 similar weld-
ment was not significantly influenced. 
     Figures 10 and 11 show the microstructure of the 304-
1018 weldment in conventional and CO2 rapid cooling con-
ditions, respectively. According to the Schaeffler diagram
(Ref. 12), the WZ of the 1018-304 weldment is martensitic.
Similarly, it predicts that the WZ microstructure of the

Fig. 6 — Distortion observed in similar and dissimilar metal welds; A — Conventional weld; B — CO2 weld.
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1018-304 weldment made by the CO2 rapid cooling method
is also martensitic.

Microhardness Evaluation

     Hardness profiles can assist the interpretation of weld
microstructure changes affected by the CO2 cooling tech-
nique. Microhardness tests were performed by measuring
values across the weld cross section, crossing both the HAZ
and WZ for the three cases (1018-1018, 304-304, and 1018-
304 weldments). The Vickers test was done with a load of
500 gf and a loading time of 10 s. Microhardness profiles
across the six weldments are shown in Fig. 12. 
     Figure 12A shows that the hardness of the similar 1018
weldments made by the conventional and CO2 rapid cooling
methods slightly increased from BM to HAZ to WZ. This is
due to the increase in density of the fine ferrite phase. Hard-
ness in the 304 weldments (Fig. 12B) made by the conven-
tional and CO2 rapid cooling technique showed very similar
values across both weldments. However, in the case of the
304-1018 weldments (Fig. 12C), a sharp increase in hard-
ness (about 200 HV) was seen from the HAZ to the WZ. The
reason behind this increase is the formation of martensite

in the WZ, which confirms the microstructure predicted 
by the Schaeffler diagram. Implementation of CO2 rapid
cooling did not significantly influence the hardness 
magnitude/distribution in the 1018 and 304 similar weld-
ments. However, it did affect the hardness of the 1018-304
weldment. No visible cracks were observed in all the welds
subjected to the CO2 rapid cooling process.

Residual Stresses

     The main purpose of using the DC-LSND technique, such
as the CO2 rapid cooling process, is to reduce RS during the
welding process. The RS distribution for both the conven-
tional and CO2 cooling weldments, measured using the ND
technique, are shown in Figs. 13 to 16. It is important to
note that the accuracy of strain measurements by the ND
method is on the order of ± 50 , resulting in a RS resolu-
tion of ± 10 ~ 15 MPa.
     According to Fig. 13A, the maximum longitudinal stress
of 300 and 350 MPa occurs in the WZ and the HAZ of the
304-304 weldment, respectively, which then decreases
sharply with the increasing distance from the weld center-
line. In the case of the 304-304 CO2 weldment (Fig. 13B),

Fig. 7 — Measured distortion in similar and dissimilar metal welds with and without CO2 cooling: A — Longitudinal; B — transverse.
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the maximum longitudinal stress drops to 100 MPa in the
WZ. The asymmetric RS distribution across the 304-304
CO2 weldment is attributed to asymmetrical cooling due to
misalignment of the CO2 nozzle.
     Figure 14 shows the distribution of RS across the 1018-
1018 conventional weldment (Fig. 14A) versus the 1018-
1018 CO2 weldment (Fig. 14B). In this case, the maximum
longitudinal RS drops from 400 to 200 MPa in the WZ by
the CO2 cooling technique. Also, a 100-MPa RS reduction
was observed in the transverse and normal directions for
the 1018 CO2 weldment. These results confirm the effec-
tiveness of the CO2 rapid cooling process for the 1018 simi-
lar weldments.
     The magnitude of longitudinal RS in the 1018 similar
weld is larger compared to that of the 304 similar weld. Also,
the RS evens out with a smaller gradient in the 1018 similar

weld. The reason is that 1018 alloy has a lower coefficient of
thermal expansion (CTE) and a larger yield strength (YS)
compared to the 304.
     Generally, when a DMW is carried out, induced RS by the
arc welding process could produce different RS distribu-
tions, especially near the WZ — Fig. 15A. This is due to the
different CTE and YS of the base metals. Aside from materi-
al properties, the microstructure of the WZ in this DMW
can contribute significantly to RS formation near the fusion
boundary. It is shown that the microstructure of the WZ in
the 304-1018 weldment is mainly martensitic because of the
varied composition and rapid cooling (Ref. 15). When the
face-centered cubic (FCC) structure of the WZ (austenite)
transforms to the body-centered tetragonal (BCT) structure
(martensite) during cooling, a volume expansion is experi-
enced. This expansion produces a compressive stress within

WELDING RESEARCH

NOVEMBER 2018 / WELDING JOURNAL 321-s

Fig. 8 — Microstructure of conventional 1018 weldments,
etchant 2% nital.

A

C D

B

Fig. 9 — Microstructure of the conventional 304 similar weld
(left) and 304 similar CO2 weld (right), etchant 87% glyceregia.

A B

C D

Fig. 10 — Microstructure of the conventional dissimilar weld,
etchants 2% nital and 87% glyceregia.
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Fig. 11 — Microstructure of the CO2 DMW, etchants 2% nital
and 87% glyceregia.
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the WZ; however, it induces a tensile stress to the surround-
ing area outside of the WZ. It is interesting to note that the
RS in the transverse direction undergoes a sharp increase
near the WZ (± 5 mm). The reason for this drastic change is
again the existence of martensite at the top surface of the
WZ (Ref. 15). The question then becomes the following:
Why does experimental measurement show only tensile
stress near the weld center? Given that the ND facility at
ORNL measured only one phase on each side of the DMW
(FCC on the 304 side and BCC on the 1018 side), the stress
within the WZ, which is martensite (BCT), was not meas-
ured. It has been shown in previous numerical studies that
the overall stress within the WZ of the 1018-304 DMW is
mainly compressive (Refs. 12, 15).
     Figure 15B shows RS distribution in the 304-1018 weld-
ment exposed to the CO2 rapid cooling process. It shows
that RS reduction took place effectively in the longitudinal
and transverse directions, in which the RS dropped from
400 (Fig. 15A) to 250 MPa (Fig. 15B) and from 300 (Fig.
15A) to 100 MPa (Fig. 15B), respectively.
     Several studies (Refs. 2, 7, 8) concentrated on the effec-
tiveness of DC-LSND on RS distribution in the past two
decades. With their experimental and numerical investiga-
tion, they successfully demonstrated that CO2 rapid cooling
is capable of reducing RS significantly if proper parameters
are used, such as distance between the cooling nozzle and
the torch (arc), size of nozzle, and type of coolant. In this
study, implementation of this technique on the 1018 similar
weld can be another proof of principle.
     In addition, the RS distribution of the 304 similar weld
under the CO2 rapid cooling condition conveys the same be-
lief, while neglecting the asymmetric behavior due to incon-
sistent experimental setup. Two common facts about all pre-
vious studies (Ref. 14) are that in-situ cooling was imple-
mented on welded samples that were neither DMW nor sub-
jected to undergo phase transformation. When similar metal
welds (1018-1018 or 304-304 welds) are carried out under
this rapid cooling condition, ideally the amount of RS re-
duced is constant through thickness (normal direction) if
these welds do not undergo any phase transformation. Fig-
ure 16A and B shows the schematics of the tensile and com-
pressive stress distribution inside and outside of the WZ for
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Fig. 12 — Microhardness profiles for welds made with and with-
out the CO2 cooling method: blue circle — conventional weld;
red rectangle — CO2-cooled weld.

Fig. 13 — Longitudinal, transverse, and normal stress distributions in convectional 304-304 (left) and 304-304 CO2 (right) weldments.
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similar and dissimilar metal welds.
     In this study, application of the CO2 rapid cooling technique
was extended to 304-1018 DMWs, which have three phases:
ferrite in the BM, and the HAZ on the 1018 side; austenite in
the BM, and the HAZ on the 304 side; and mainly martensite
in the WZ. It is of interest to examine the interaction of these
phases with CO2 cooling welds. Normally, in the WZ of con-
ventional 304-1018 DMWs, martensite forms because of the
varied composition and rapid cooling. The martensite forma-
tion induces compressive stress within the WZ, resulting in
tensile stress to the surrounding area — Fig. 16C.
     As shown in Fig. 16, dark arrows are a representation of
RS formed purely due to heating and cooling during the
welding process. However, the red arrows represent the
stress due to formation of martensite. It is believed that un-
der the rapid cooling condition, the magnitude of compres-
sive/tensile stress due to formation of martensite does not

change. All red arrows in Fig. 16C and D display the same
magnitude of stress. However, the black arrows outside the
WZ show that RS due to welding should drop with the im-
plementation of rapid cooling. These hypotheses were con-
firmed by ND measurements — Figs. 13 and 15. According
to these results, it can be concluded that the CO2 rapid cool-
ing technique is not only effective on similar welds, but also
effective on selected DMWs.

Conclusions
     This study focused on the implementation of the CO2

rapid cooling technique on 1018 and 304 similar and 304-
1018 DMWs. For this purpose, a setup was designed at
Clarkson University, Potsdam, N.Y., to make welds under
controlled conditions. 
     The cooling source size and heat transfer coefficient could

WELDING RESEARCH

NOVEMBER 2018 / WELDING JOURNAL 323-s

Fig. 14 — Longitudinal, transverse, and normal stress distributions in convectional 1018-1018 (left) and 1018-1018 CO2 (right) weldments.

A B

Fig. 15 — Longitudinal, transverse, and normal stress distributions in convectional (left) and CO2 cooling (right) of the 304-1018 weld.

A B
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not be changed. Spraying dry ice CO2 during welding resulted
in a drastic drop in temperature, localized at the cooling
source position. During the conventional welding process of
thin plates, the samples showed an out-of-plane deformation
and severe buckling deformation. Distortion of 304 and 1018
similar and their DMW were measured and compared with
their corresponding CO2 rapid cooled welds. It was experi-
mentally shown that the CO2 rapid cooling welding process
can be exceptionally successful in the elimination of buckling
distortion in thin plates.
     The influence of such active cooling was investigated on
the microstructures of similar and DMW. In the 1018 and 304
similar welds, no significant influence of CO2 on the weld mi-
crostructure was found. However, this technique led to a
modest increase in hardness in the DMWs. 
     The RS distributions of conventional and CO2-cooled
weldments were investigated by ND technique. According to
these results, it can be found that the CO2 cooling technique
is not only effective on similar welds, but it is also successful
on DMWs.
     Improvement of the CO2 rapid cooling technique is im-
portant to deliver the desired hardness and microstructure
in the DMWs.
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