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The underlying mechanisms associated with welding-induced buckling distortions are investigated using
finite element procedures. Unlike stable type of welding-induced distortions which can be adequately
captured by performing a thermo-plasticity simulation of actual welding procedures, local buckling dis-
tortions in welded structures are of an unstable type, which requires the use of appropriate buckling
analysis procedures incorporating welding-induced residual stress state. With the underlying mechanisms
in buckling distortions being established, two effective mitigation techniques were presented. One is trailing
heat sink and the other is in-process synchronized rolling techniques. Detailed finite element simulations
were performed to demonstrate how some of the important process parameters can be established in
effectively reducing or eliminating the buckling distortions. The proposed techniques were also validated by
laboratory welding trials. The underlying principles and potential applications of the distortion mitigation
techniques are also discussed in light of the detailed finite element simulation results.

Keywords buckling distortion, finite element method, in-process
rolling, trailing heat sink, welded structures, welding
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1. Introduction

Thin-gauge materials are increasingly used in today’s high-
performance welded-structures in automotive, aircraft, ship-
building, and other industries. It is well known that buckling
distortions have been a major concern in welding fabrication of
such structures. Both past research efforts such as those by
Masubuchi (Ref 1) and recent investigations (Ref 2-8) in this
area have established that compressive residual stresses con-
tribute to the development of a specific buckling mode in a
given component. There is a growing interest in developing
effective finite element procedures for predicting buckling
distortions (Ref 6-12), particularly in terms of relating a
particular residual stress distribution to a specific buckling
mode. Only then, can the effects of welding procedures and
additional in-process mitigation techniques (Ref 9-18) be
quantitatively evaluated for their effectiveness in producing a
favorable residual stress state that minimizes the likelihood of
setting off a particular buckling mode during and after welding
fabrication.

To understand the buckling mechanism and assist the
development of buckling controlling techniques, finite element-
based analysis techniques were developed (Ref 9-18).
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Michaleris and Sun (Ref 9) used 2D approximation to the
longitudinal (along weld direction) residual stress state in a 3D
Tfillet joint. Then, elastic buckling modal analysis was
performed using an equivalent thermal load to the 2D model.
The method is attractive in its simplicity and was demonstrated
effective for the cases reported (Ref 9). However, one limitation
of this analysis procedure is that residual stress distribution and
weld sequence effects on buckling distortion cannot be
assessed, since the complex history effects on residual stress
and deformation developments in such situations cannot be
captured in both stages of the analysis procedure proposed. Deo
et al. (Ref 8, 10) used a rather similar buckling analysis method,
except that a residual stress value away from weld in the 2D
residual stress field was used to correlate with critical buckling
loads with respect to elastic buckling modal analysis under a
unit thermal load condition.

Earlier efforts in mitigating welding-induced buckling
distortions are primarily experimental in nature. For instance,
Masubuchi (Ref 1) discussed the effects of pre-straining using
either mechanical or thermal means. Guan et al. (Ref 14)
presented an effective in-process buckling distortion mitigation
technique that employs an in-process trailing heat sink
technique which provides stretching effects on weld metal on
cooling. A subsequent analysis by Yang et al. (Ref 6) and Van
et al. (Ref 11) using a finite element method incorporating
residual stress distribution demonstrated that both compressive
residual stress magnitude and the overall full-field distribution
characteristics contributed to the effectiveness of this method.
With this understanding, this technique has been used to control
buckling distortion in titanium thin sheet (Ref 12). Recently,
this technique had been used to control distortion during
friction stir welding (Ref 13).

A thermal tensioning technique for controlling welding
residual stress and distortion was first investigated by Bural
et al. (Ref 15), involving imparting tensile stress at the
weld zone, prior to and during welding by imposing a preset
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steady-state temperature gradient. This technique was recently
investigated further by Michaleris et al. (Ref 9), Deo et al. (Ref
10), and Yang et al. (Ref 7) both experimentally and
numerically, on its effectiveness of a stationary side-by-side
heating/cooling combination on a stiffened panel weldment.

Since some materials such as high strength steels are
sensitive to heating and cooling, the trailing heat sink technique
and the transient thermal tensioning technique may not be
applicable to control buckling distortion and weld residual
stress. Mechanical rolling technique was investigated for this
purpose (Ref 16, 17). Altenkirch et al. (Ref 17) placed two
rollers at both sides of weld during FSW. Although this two-
roller setup successfully controlled hot cracking (Ref 16), it
produced minimum effect in controlling residual stress and
distortion (Ref 17). Post-welding rolling was also conducted by
applying a single roller directly on the FSW weld line. In this
case, significant effects were observed with increased loading,
causing a marked reduction in the longitudinal tensile residual
stress (Ref 17). The disadvantage of mechanical rolling
technique is that special tooling design has to be done for
applying this technique. Therefore, noncontact electromagnetic
impact technique was proposed and demonstrated its effective-
ness in controlling buckling distortion (Ref 18). All the
techniques mentioned above follow essentially the same
principle that local buckling tendency can be minimized by
reducing or altering a compressive residual stress distribution
that otherwise would promote a particular buckling mode.

In this article, the underlying mechanics associated with
buckling distortion are first presented, particularly by contrast-
ing with typical stable type of distortions. An effective finite
element procedure for predicting buckling distortions is then
presented, in which a given full-field residual stress state can be
directly related to the most likely buckling mode for a given
welded component. With such analysis procedures, various
mitigation techniques for modifying residual stress distributions
and their effects on reducing or eliminating buckling distortions
are evaluated. Both a trailing heat sink technique and a new in-
process synchronized rolling technique are found to be
particularly effective. With their proper parameters being
qualitatively established in a series of finite element simulation,
experimental welding trials have been conducted to validate
their effectiveness. The in-process synchronized rolling tech-
nique is novel and possesses various additional advantages
such as significantly improved weld performance in service.

2. Buckling Distortion Mechanisms

2.1 Analytical-Based Buckling Distortion Analysis

Buckling distortions due to welding-induced residual
stresses can be simply illustrated by considering a plate
subjected to a given longitudinal residuals stress field (oy(y))
in Fig. 1(a). For simplicity, only one weld is considered in the
middle of the plate, as shown in Fig. 1(a). Resorting to classical
elastic structural mechanics theory (Ref 19), one can obtain the
following governing equations with respect to out-of-plane
displacement w:

Pw P o N )
ot T aar T ar - D\ q
where
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(b) Along aweld direction

Fig. 1 [Illustration of weld residual stress-induced buckling. (a)
Buckling problem definition for a plate with an aspect ratio of a/b,
(b) illustration of buckling instabilities with various wave lengths

EP
D=—
12(1 —v?)
t/2
Ny=h- / ox(y,z) dz
—t/2

Equation 1 ignores the end effects in the longitudinal welds,
so the in-plane unit force N, depends only on the y-coordinate
after the through-thickness integration. Note that N,, as a
measure of a distributed line force contributed by the longitu-
dinal residual stress component in Fig. 1(a). The scaling
parameter A for a given residual stress distribution is introduced
here for convenience in constructing numerical solutions in
performing buckling mode identification in the next section. D
is the flexural modulus as a function of Young’s modulus E,
Poisson ratio v, and plate thickness ¢. Equation 1 can be easily
solved if the line force N, is assumed to be invariant in y, which
can be viewed a reasonable assumption if the local buckling
wave length is relatively small in the width direction. The
solution of the buckling problem as stated in Fig. 1(a) becomes,
under simply supported conditions:

SN . MAX . ATy
w= E E @y SIN—— SiN——
a b

m=1 n=1

(Eq 2)

Then, the corresponding residual stress levels when buck-
ling develops can be calculated as:

2
N — n?a’D (m?*  n?
T\ TR
Without losing generality, one can set n = m = 1 (i.e., one-

halfbuckling wave with respect to x and y) to obtain the minimum
critical compressive line force due to weld residual stresses:

2D (b S 2))
(Nx)cr:n <_+g> = TE_

(Eq 3)

2 \a b B (Fq 4)

Although various assumptions were introduced in obtaining
the closed-form solutions in Eq 3 and 4, the implications are
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significant in understanding distortion behaviors as observed in
the test panels discussed earlier. For a given plate width (b), the
line force (due to compressive residual stresses) is at the
minimum when the plate aspect ratio a/b = 1. If multiple-half
waves in the length direction are considered (i.e., m =1, 2, 3,
..., in Eq 3, as illustrated in Fig. 1b), it can be shown that the
critical compressive line force in Eq 4 remains the same for a/
b =1,2,3, .... As the plate becomes very long or a/b becomes
large, the local buckling half-wave length approaches the width
of the plate (b) in Fig. 1(a). Among other things, Eq 4 clearly
suggests that in welding assembly of thin plate structures such
as those in shipbuilding, a plate aspect ratio (a/b) that maximize
the buckling strength should be considered, if practical.

In all cases discussed above, the critical compressive
residual stresses on the sides of the weld can be approximately
estimated as:

; km’E £
T T (1 -2 B2 (Eq )

Equation 5 clearly indicates that the buckling resistance
decreases drastically in the form of (#/b)?, as the plate thickness
t decreases. For instance, if the plate thickness decreases from
t = 10 mm to 5 mm (current panel thickness), the magnitude of
the compressive residual stresses required to trigger buckling is
reduced by 75%. In the meantime, the longitudinal residual
stresses, which serve as the buckling driving force, remain
essentially the same in magnitude within such a thickness
range.

The buckling problem for an actual panel in Fig. 2 is
difficult to be analytically solved from Eq 1. Thus, a finite
element-based buckling distortion analysis procedure was
proposed below.

2.2 Finite Element-Based Buckling Distortion Analysis

The detailed weld residual stress analysis procedures will be
discussed in this section, even though some of the procedures
had been used in the past as discussed in some earlier
publications (Ref 20-22). Typically, longitudinal (parallel to
welding direction) tensile residual stresses occur in the weld
and longitudinal residual compressive stresses occur in areas
away from the weld in thin gauge plate components. If the
compressive residual stress over a length scale that is compa-
rable with buckling wave length exceeds the critical buckling
load of weldment, buckling distortion will develop. With a full-
field residual stress distribution, the “stress stiffening” matrix
[K],o can be formulated in the form that consistent with

Clamping

500 |

Bead-on-plate weld
20

Test Panel

Fig. 2 Sketch of TIG welding of thin steel sheet
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buckling stability analysis procedures within the context of
finite element methods, such as:

(K] +Aher [K], ) {ue} = {0} (Eq 6)

which can be solved for AL in a conventional manner under
a given weld residual stress distribution. Note that [K]; is the
conventional tangential stiffness matrix at a reference configu-
ration, {u} the corresponding displacement vector, typically
referred as buckling mode shape.

Without considering weld residual stresses, Eq 6 typically
provides multiple buckling mode shapes and the corresponding
buckling loads (eigenvalues). With a full residual stress
distribution being considered (as a pre-stress state), Eq 6 may
miss the actual buckling mode by providing a higher order of
mode, if the structure is already buckled due to the presence of
a given residual stress distribution. In such situation, the
residual stress field scaling parameter A in Eq 1 or 6 will be
progressively reduced until the lowest buckling mode is
identified under given boundary conditions. In doing so, the
present procedure provides an effective means in identifying
the actual buckling mode without prior knowledge. If there are
no additional modes being identified in this process, the lowest
mode with A = 1 is the most likely buckling mode.

For absolute magnitude distortion estimation in addition to
shape, one additional step needs to be taken by including the
identified buckling mode from Eq 6 to perform a nonlinear
large deformation weld analysis. In the following, the above
buckling analysis procedures are first demonstrated in a butt
welded flat plate on which detailed experimental data are
available.

3. Buckling Distortion Prediction

A full-penetration weld specimen and fixture are shown in
Fig. 2. The specimen was made of low carbon steel with a
length of 500 mm, width 200 mm, and thickness 2.5 mm. The
weld was conducted with GTAW welding process with
parameters: welding current 155 amps, welding voltage 13 V,
and travel speed 5 mm/s. Both sides of the test specimens
parallel to the weld line were clamped tightly by a hydraulic
keyboard jig to ensure uniformity of pressure to simulate severe
restraint conditions in production situations.

A 3-D shell element model of the specimen, as shown in
Fig. 3, was adopted from an early study (Ref 22) where its
application for modeling multi-pass welds was also presented.

Symmetric line

Fig. 3 Three-dimensional shell model
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Very fine mesh was used in the weld and heat-affected zone to
capture the localized stress distributions. Coarse mesh was used
in the area away from the weld to reduce computational time.
With the shell element model, the surface convection heat loss
to the air from the top and bottom surfaces of the coupon sheet
and the out-of-plane (in z-direction) deformation mode were
considered. The thermal heat sink from the clamps was
modeled by increasing heat convection coefficient in the
clamping area. The through-thickness temperature and defor-
mation gradients were resolved using five integration points
along shell thickness directions based on an early study (Ref
22). Symmetry conditions were assumed with respect to the
centerline of the weld. Fixed displacement boundary conditions
(both in-plane and out-of-plane) were imposed at clamp
positions (see Fig. 3) to simulate the clamping conditions
during welding. The thermal physical properties (Ref 23) and
mechanical properties are temperature-dependent that were
input to the finite element models. The mechanical properties
were obtained from materials testing at different temperatures.

3.1 Prediction by Conventional Thermoplasticity Analysis
Procedures

To illustrate the requirements for buckling analysis proce-
dure for unstable distortions, we start with a conventional
residual stress and distortion analysis procedure without
considering buckling. A moving heat source model was
developed (Ref 20) and used as an ABAQUS user-subroutine
in the form of surface heat flux. The top and bottom surfaces of
the plate were subjected to convective heat loss at ambient
temperature. The energy-density distribution of the moving arc
was assumed to be of a Gaussian type. Figure 4 shows the
temperature distribution on the test plate when arc was moving
near the middle of the plate.

Using the temperature history from welding heat flow
analysis discussed above, conventional residual stress/distor-
tion analysis was performed. A weld material model was used
in conjunction with ABAQUS, as discussed in Ref 5. By
comparing the predicted final distortion shape with the
experimental one in Fig. 5, it can be seen, as expected that
the conventional thermoplasticity procedure cannot capture the
buckling distortion behavior. However, this step is necessary in
providing the full-field residual stress distribution that contrib-
utes to the stress-stiffening matrix in Eq 6.

3.2 Prediction by Present Buckling Analysis Procedure

By applying the buckling analysis procedure as embodied in
Eq 6 with the full-field residual stress generated using the
thermoplasticity analysis procedure, the buckling distortion
analysis procedure was then performed after mapping the 3D
full-field residual stresses on to the 3D buckling analysis
model. It is critical to select the 3D full-field residual stresses
after releasing the clamps. Residual stress strongly depends on
the restraint conditions. Substantial clamping can, relative to
minimal clamping, produce very different history effects on the
overall outcome of residual stress and deformation following
release. Note that the line force definition in Eq 1 should be
applied to both longitudinal and transverse directions. Since a
3D shell element model was used in this investigation, the line
force integration in through thickness direction is not needed if
the stresses at the mid-section are used. Figure 6 shows that the
welding residual stress has very strong effect on the eigenvalue
of the buckling modes. For instance, the -eigenvalues
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Temperature (°C)

t =50 Sec.

Fig. 4 Predicted temperature distribution of conventional welding
on top surface

Magnification = 20

(c)

Fig. 5 Comparison between experiment and prediction without
considering buckling. (a) Experimental distortion shape, (b) predicted
distortion without considering buckling, and (c) weld residual stress
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(or buckling strengths) for the first three modes were all
significantly reduced, particularly for the first mode, which
indicated a 45% reduction in the buckling strength under the
given residual stress field predicted. If the specimen buckles, it
must exhibit the buckling mode shape corresponding to the 1st
mode. Thus, the first mode was chosen to include in the post-
buckling analysis to establish both buckling shape and
magnitude.

The major steps in the buckling analysis procedure can be
summarized as follows: (1) perform conventional residual
stress analysis, (2) identify the most likely buckling mode, and
(3) conduct post buckling analysis. Using this procedure, the
buckling distortion corresponding to the full-field residual
stress distribution (Fig. Sc) was predicted, as shown in Fig. 7.
The predicted buckling distortion is rather consistent with the
experimental results (Fig. 5a) in both buckling shape and
magnitude.

4. Buckling Distortion Mitigation Techniques

The discussions in the previous sections suggest that any
effective buckling mitigation techniques must consider either
(1) reducing buckling driving force (weld residual stress
distribution and it magnitude in compression) or (2) increasing
buckling resistance (thickness or aspect ratio, a/b), or both. In
what follows, for the given butt-welded thin plate, some of the

1000

800 9 |3 Without including residual stress

gon 4 |@ With including residual stress Reduced

25%

700 -

[=2]
Qo o
o o
L L

Reduced
35%

Eigenvalue
[4,]

I

=

=}
L

300 A
200 A

10074 Reduced

Mode 1 Mode 2 Mode 3

Fig. 6 Eigenvalues with and without including residual stress

Magnification = 4

Fig. 7 Distortion predictions with considering buckling

Journal of Materials Engineering and Performance

effective techniques in reducing buckling driving force will
be demonstrated by considering two in-process mitigation
techniques:

4.1 Trailing Heat Sink Technique

The trailing heat sink technique is illustrated in Fig. 8. The
test specimen shown in Fig. 2 was used for this study. Liquid
nitrogen was selected as a cooling media. Cooling jet connected
with a pressurized liquid nitrogen supply system (Ref 20)
introduces a localized heat sink at a given distance behind the
arc. The distance between the welding torch and the cooling
nozzle remain constant during welding. The distance was
selected by experiment and modeling for optimal performance.
Experiments show that three technological parameters, the
cooling distance, flowing rate of liquid nitrogen, and cooling
width (diameter of cooling jet) determine the specific charac-
teristics and the intensity of the heat sinking system. For a
specified joint geometry, materials and welding heat input, the
trailing heat sink parameters were investigated first using
detailed finite element simulations to identify some of the
important parameters and their approximate ranges. Then, the
experimental studies were performed to validate and refine
some of the process parameters.

The trailing heat sink technique was investigated with the
finite element methods described in the previous sections.
The same finite element model shown in Fig. 3 was used here.
The trailing heat sink was modeled by introducing a user
subroutine in ABAQUS (*FILM) to simulate the intense
cooling effects due to the presence of a heat sink. After some
preliminary analyses, the resulting energy density within the
heat sink area was assumed to be uniform. Heat sink media was
liquid nitrogen with heat of vaporization 160 J/em® and boiling
temperature —196 °C (Ref 24) and the applying radius of
cooling source was assumed to be 5 mm in the thermal
analysis.

Figure 9 shows an instantaneous temperature distribution
when welding arc is moving to the middle of the plate with the
trailing heat sink technique. Comparing with Fig. 4 (without
trailing heat sink), a zone of temperature depression (low
temperature zone) is clearly seen behind the arc in Fig. 9. This
low temperature zone provides a stretching effect on the weld
metal undergoing a rapid cooling so that the weld metal
shrinkage can be reduced, resulting in not only significantly
reduced final residual stresses, but also altered overall distri-
bution (see Fig. 10b) compared with that without trailing heat
sink in Fig. 5(c). For instance, the compressive longitudinal
residual stresses are distributed over a long range with respect
to the plate size in Fig. 5(c), while they become confined to a

F
l Welding torch

-
Cooling jet Welding direction
D - Trailing cooling
5 Clamping
f e ——— — 1 Work piece

g/ /( Backing bar

Fig. 8 Welding setup of trailing heat sink
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Fig. 9 Temperature distribution op top surface of welding with
trailing heat sink

Small compression

(b)

Fig. 10 Distortion and residual stress of welding with trailing heat
sink. (a) Final distortion, (b) longitudinal residual stress

small area in Fig. 10(b). As a result, the buckling driving force
can be reduced or eliminated. The predicted final distortion by
using the 1st mode with nonlinear large deformation procedure
is shown in Fig. 10(a). The final distortion was very small
which proves the effectiveness of the trailing heat sink
technique. Figure 11 shows the experimental validation of the
trailing heat sink technique proposed. By welding with the
trailing heat sink, welding buckling distortion was significantly
reduced when compared to the conventional-welding-induced
distortion shown in Fig. 5(a).
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Welding with trling heat sink

Fig. 11 Experimental validation of trailing heat sink technique

Welding torch

Roller

l Coupon
1
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{Length 300mm and width 200mm)

Fig. 12 In-process rolling welding setup. F, Rolling force, ,, roll-
er width (profiles), D, rolling distance

1=16mm
Test Plate

(a) Global view

(b) Local view

Fig. 13 Finite element model for in-process rolling. (a) Global
view, (b) local view

4.2 In-Process Rolling Technique

The in-process rolling technique is illustrated in Fig. 12.
During welding, both rollers can be placed opposite to each
other against the specimen at a distance behind the traveling
torch. By rolling the weld which is subjected to compressive
plastic deformation in the through-thickness direction, the weld
metal elongates in the welding directions, resulting in reduced
residual stresses. Some of the major rolling parameters are
rolling force, roller width, and the distance between the welding
torch and the roller. It should be pointed out that it is not
necessary to have both top roller and bottom roller. For
instance, if a solid support can be used at the plate bottom, only
the upper roller is needed.

A 3-D solid model with the contact considerations between
the roller and the weldment was used to simulate this
complicated process, as shown in Fig. 13. One half of the
plate was modeled by considering the structural symmetry with
respect to the weld centerline, as shown in Fig. 13, in which the
two rollers were simulated as rigid bodies. The specimens to be
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Fig. 14 Welding distortion with conventional welding

welded were made of high strength Al-Li alloy with 200 mm
width and 300 mm length. The thermal-physical and mechan-
ical properties at room temperature can be found in Ref 4.

The transient 3D welding heat flow analysis procedure with
a moving arc follows the same procedure as discussed earlier.
The thermomechanical analysis following the temperature
history requires modeling the contact interactions between the
weldment and the rollers, as shown in Fig. 13. As a result, the
solution process is often slow. With this model, various rolling
parameters such as, the roller force (F), the roller width (W),
and the rolling distance (D) can be investigated to establish
their effects on residual stress reductions.

For comparison purposes, conventional welding without
in-process rolling was simulated and the predicted buckling
distortion is shown in Fig. 14 using the analysis procedures
discussed in the earlier sections. A deflection of 5.6 mm in Z
direction in the middle of the plate length was predicted. The
results corresponding to two levels of roller force are summa-
rized in Fig. 15. Figure 15(a) shows the temperature distribu-
tion at one moment in time and the corresponding process
parameters. Note that one half roller width (/) is used in the
model due to symmetry. Both the roller width and the rolling
distance (D) were kept constant in Fig. 15. When F = 4.2 kN
was applied during welding, the predicted buckling distortion
was reduced, as shown in Fig. 15(b), comparing with that
without in-process rolling shown in Fig. 14. By conducting
several numerical experiments, it was found that ' = 5.5 kN is
the minimum rolling force to completely eliminate the buckling
distortion, as shown in Fig. 15(c). This is because the rolling
action produces sufficient in-plane stretching effect on the
material away from the weld. This stretching effect reduces the
tensile stresses in the weld area and almost eliminated
the compressive residual stresses next to the weld, as shown
in Fig. 16. Consequently, buckling driving force is reduced.

The roller width also has a strong effect on the weld
buckling distortion. In addition to its obvious effects on the
average contact pressure, a proper roller width should be
measured with respect to the width of the weld due to the fact
that nonlinear contact interactions are confined within the weld
metal experiencing a relative high temperature. For instance, it
was found that if the roller width was increased 1.5 to 2.3 W4,
and the rolling force needs to be increased from 5.5 to 6.8 kN
to be effective.

The roller to torch distance is another critical parameter for
the in-process rolling technique. With the rolling distance
increasing, the weld metal temperature becomes lower, and
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Fig. 15 Effect of rolling force () on welding distortion. (a) Tem-
perature distribution, (b) in-process rolling (F = 4.2 kN), and (c)
in-process rolling (F' = 5.5 kN)

hence a higher rolling force is needed to achieving the same
stretching effects. If the rolling distance is increased to 45 mm,
the rolling force has to be increased to 7.8 kN to eliminate the
buckling distortion. These results suggest that the three rolling
parameters can be related to each other for optimum effective-
ness for a particular application.

5. Summary

In this article, the buckling distortion mechanisms in thin
section structures have been discussed in detail by means of
both the classical buckling theory and the finite element
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Fig. 16 Effect of rolling pressure () on longitudinal residual
stress. (a) Conventional welding, (b) in-process rolling (F = 5.5 kN)

procedures. With the classical buckling theory, some of the
important parameters controlling buckling resistance of a given
structure are discussed. With the detailed finite element
procedures presented, the buckling driving force in terms of
both residual stress magnitude and its distribution are quanti-
fied. It has been demonstrated that to effectively mitigate
buckling distortions, one can either maximize the buckling
resistance (such as plate aspect ratio a/b) and/or minimize the
buckling driving force, which can be altered by reducing
welding-induced residual stress magnitude and/or distributions.
Along this line, two effective buckling distortion mitigation
techniques have been demonstrated by both reducing residual
stress magnitude and achieving a favorable distribution:
(1) trailing heat sink technique; and (2) in-process rolling
technique, both of which were validated by experimental
results. Their underlying principles are also illustrated with
detailed finite element results.
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