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1. Introduction

  Generally, the welded panel structures constructed by 
a flow-line construction method (FLCM) are fabricated 
by a series of welding procedures; butt-welding of in-
dividual plate to form a blanket, fillet welding of stiff-
eners and welding between longitudinal and transverse 
stiffeners. However, the aluminum weldment is more 
sensitive to the excessive welding distortion in compar-
ison with the steel weldment. It was mainly due to the 
higher thermal expansion coefficient, higher thermal 
diffusivity and lower stiffness of aluminum1). So, alumi-
num welded structures such SPB type LNG cargo tank 
has been constructed by the egg crate construction 
method (ECCM) to prevent the excessive welding dis-
tortion during the manufacturing process. Actually, 
ECCM is one of the effective control methods for the 
buckling distortion of the welded panel structure. 
However, the application of ECCM to the construction 
of welded structure might introduce the problems re-
lated to the productivity in comparison with FLCM. It 

is mainly due to lower application rate of the mecha-
nized welding processes in ECCM. In this view point, 
for shipbuilders, one of the critical issues for the con-
struction of the aluminum welded structures is to devel-
op the effective control method of the buckling dis-
tortion for FLCM. 
  The purpose of this study is to establish the trail roll-
ing method for the control of the buckling distortion in 
the aluminum GMA butt weldment. For it, at first, the 
variations of longitudinal welding shrinkage force at the 
weldment with heat input and plate thickness was eval-
uated by using the comprehensive 2 dimensional ther-
mo-mechanical FE analyses. With the results, the pre-
dictive equation for the longitudinal shrinkage force of 
the butt weldment was established. Critical values of 
the longitudinal shrinkage for the weldment with the di-
mension of plate were identified by a linear buckling 
analysis. Finally, the effect of the working conditions of 
TRM including the rolling depth and the rolling dis-
tance, which are specified in Fig. 9, on the amount of 
longitudinal welding shrinkage force at the weldment 
was evaluated by comprehensive 3 dimensional thermo- 
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mechanical analyses. Based on the results, the proper 
working conditions of TRM were established.

2. LONGITUDINAL SHRINKAGE FORCE

2.1 FEA and Experiment Procedure

  FEA and experiment for both the bead-on plate and 
groove weldment have been performed in order to es-
tablish the predictive method of the longitudinal shrink-
age force in the aluminum GMA butt weldment. The 
uncoupled thermo-mechanical FE model using com-
mercial FE code was adopted. Heat transfer analysis 
was performed to evaluate temperature distribution us-
ing 2-D heat transfer model with a quasi-stationary con-
dition2-3). A heat input model for GMA welding has 
been defined as the volume heat source distributed 
uniformly. Heat loss at all surfaces of the solution do-
main was assumed to be governed by natural convection. 
Thermal properties of the material used depend on the 
temperature and an effective conductivity was used to 
consider the stirring effect of molten pool4). The latent 
heat for the phase change in the molten pool has been 
considered by modifying the specific heat in the solid-
ification range5). Mesh design used for thermo- mechan-
ical stress analysis consists of 4-nodes plane elements 
with generalized plane strain condition. For thermo-me-
chanical analysis, material properties of weldment were 
postulated to behave as an isotropic, elasto- plastic and 
strain-hardening continuum. A von-Mises criterion was 
used for yielding criterion of the weldment and base 
metal. The material used for FEA and experiment was 
AA5083-O alloy and its material properties are given in 
Fig. 1. Fig. 2 shows the analysis model and mesh design 
used for FEA. For the multi pass welding, the element 
birth and death option was used to simulate the multi 
pass effect.
  Fig. 3 and Table 1 show the temperature measurement 
and welding conditions for test specimen, respectively. 
As shown in Fig.3, temperature-time histories were 
measured with K type thermo-couples, which were at-
tached to the bottom of plate. 

2.2 Heat Input Model

  In order to develop a heat input model for the alumi-
num GMA butt weldment, the arc efficiency was de-
termined by comparing the FEA with experiment results 
including the temperature distribution and the molten 
pool shape at the bead on plate weldment. Fig. 4 shows 
comparison result of transitional temperature behavior 
at the GMA bead-on plate weldment obtained by FEA 
and experiment when the arc efficiency is 78%. Fig. 5 
shows comparison result of molten pool shape by both 
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Fig. 1 Material properties of the AA-5083 O alloy used 
for FEA6)
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Fig. 3 Temperature measurement at the aluminum GMA 
butt weldment



DONG-JU LEE and SANG-BEOM SHIN 

532 Journal of Welding and Joining, Vol. 34, No. 6, 2016

22

FEA (arc efficiency =0.78) and experiment for bead-on 
plate weldment. As shown in Fig. 4 and Fig. 5, the pre-
dicted results for temperature distribution and molten 
pool size by FEA are in a good agreement with the ex-
periment results. From the results, the arc efficiency for 

aluminum GMA welding was determined as 78%. 

2.3 Longitudinal Shrinkage Force

  Longitudinal shrinkage force of the aluminum GMA 
butt weldment was evaluated by thermo-mechanical 
analysis using the developed heat input model. As refer-
ence, in this study, the longitudinal shrinkage force at 
the weldment was calculated the size of tensile residual 
stress zone in the welding direction of butt weldment. 
That is, the total sum of tensile element stress divided 
by each element area was defined as the total longi-
tudinal shrinkage force caused by the welding. Fig. 6 
shows the variation of the longitudinal shrinkage force 
at the GMA butt weldment with the heat intensity (Q). 
As shown in Fig. 6, the longitudinal shrinkage force in-
creases in a linear manner with an increase in the heat 
intensity. With the result, the longitudinal shrinkage 
force at the GMA butt weldment of AL 5083-O was de-
fined as the function of the heat intensity as following 
equation. 

     (1)

Where, SF is the shrinkage force and Q is the heat in-
tensity

3. BUCKLING DISTORTION ANALSYSIS OF 
AL GMA BUTT WELDMENT

3.1 Analysis Procedure

  According to the previous study7), the occurrence of 
buckling distortion at the weldment could be predicted 
by the buckling strength of welded structure and longi-
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Fig. 5 Comparison result of molten pool shape in the 
aluminum bead on plate weldment obtained by 
FEA and experiment
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Fig. 6 Variation of the longitudinal shrinkage force in 
aluminum GMA butt weldment with the welding 
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Weldment
type

Dimension
[L × W × t, mm]

Pass  
No.

Heat input
[cal/mm]

Welding 
process

Bead on 800×600×20 1 342

GMAW
Groove 800×400×20

1 199
2 318
3 368
4 352
5 161

Table 1 Weldment type and welding condition used for 
FEA and experiment 
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tudinal welding shrinkage force. That is, the buckling 
distortion occurs when the longitudinal welding shrink-
age force exceeds the critical buckling strength of the 
weldment. So, in this study, the critical value of longi-
tudinal welding shrinkage force inducing the buckling 
distortion of aluminum GMA butt weldment was de-
termined by using the linear buckling FE analyses and 
longitudinal welding shrinkage force defined by Eq. 1. 
Table 2 gives the dimension of the butt weldment and 
the configuration of FE model used for the linear buck-
ling FE analyses. As shown in Table 2, in the buckling 
analyses, the simple support and X-symmetric boundary 
conditions were imposed to nodes corresponding to the 
edge of weldment. The clamping boundary conditions 
were used to nodes applied the unit compressive load. 

3.2 Analysis Results

  Fig. 7 shows the 1st buckling mode of the aluminum 
GMA butt weldment obtained by the linear buckling 
analysis. As shown in Fig. 7, the buckling distortion 
having 1.5 waves was occurred due to the aspect ratio 
(W/L) of analysis model. Fig. 8 shows variation of the 
buckling strength at the weldment with plate width and 
thickness. Here, the hidden line and the continuous line 
represent the critical buckling strength and the nominal 
compressive stress corresponding to longitudinal weld-
ing shrinkage force with plate thickness, respectively. 
As shown in Fig. 8, while the buckling strength of butt 

weldment increases with the increases of plate thick-
ness, the compressive stress due to the longitudinal 
welding shrinkage force slightly decreases with an in-
crease in the plate thickness. That is, the occurrence 
possibility of buckling distortion at the weldment in-
creases according to a decrease of the plate thickness. 
From the results, in case of GMA butt weldment with 
the welding heat input given in Table 1, it was found 
that the buckling distortion at the aluminum GMA butt 
weldment might occur in case of less than 13mm thick 
plate.   

4. CONTROL OF BUCKLING DISTORTION

  As stated above, in order to control the buckling dis-
tortion of the weldment, the longitudinal shrinkage 
force induced by welding process should be controlled 
down to the value less than the critical value corre-
sponding to buckling strength of welded structure. 
According to the previous researches, various alter-
natives including tensioning method by using thermal 
and mechanical load have been already proposed even 
if their effects are questionable and controvertible8). So, 
in this study, TRM was selected as an alternative for the 
buckling distortion control method for the aluminum 
GMA butt weldment and its validity and proper work-
ing conditions were investigated by using 3 dimensional 
thermo- mechanical FE analyses.   

4.1 Analysis Model and Procedure

  According to the previous study9), the longitudinal 
welding shrinkage force at the butt weldment with 
TRM is reduced by the compressive load applied to the 

Plate dimension [mm] Analysis model
and Boundary ConditionsThick. L W

12 ~ 25 8,100 2,700
3,200

W L

weld

Analysis zone

Clamping cond.

Symmetric & S.S. cond.

X

Y

Table 2 Linear buckling analysis condition and model

Fig. 7 The 1st buckling mode of the aluminum butt weld-
ment obtained linear buckling analysis
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Fig. 8 Variation of critical buckling strength and the 
compressive stress with the thickness of the alu-
minum butt weldment 
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weldment. That is, the longitudinal compressive strain 
inducing the longitudinal shrinkage force is mitigated 
by the longitudinal tensile stain caused by compressive 
load of the thickness direction of weldment. Fig. 9 
shows the schematic diagram of TRM. As shown in 
Fig. 9, the compressive load in the plate thickness direc-
tion is applied to the surface of the weld bead by roller. 
So, in TRM, there are two parameters controlling the 
longitudinal welding shrinkage force at the weldment, 
which are the rolling depth (TRoll) and the rolling dis-
tance between the welding torch and the roller (DRoll). 
Table 3 gives the analysis conditions and variables used 
for FEA. As shown in Table 3, the butt weldment of 8.0 
mm plate thickness having 238 cal/mm of heat input 
was selected as an analysis model and its length was set 
to be 500mm in consideration of effect of the weldment 
length on the amount of longitudinal shrinkage force1). 
  Fig. 10 shows the 3-D analysis model used for FEA. 
As shown in Fig. 10, the half model was simulated con-
sidering the symmetric conditions of analysis model 
and the mesh design used for analysis consisted of the 
8-nodes brick element. A moving heat source having 

the double ellipsoidal distribution10,11) was adopted for 
the transient heat transfer analysis. Other conditions for 
heat transfer FE analysis are the same as those of 2 di-
mensional heat transfer analysis used for evaluating the 
shrinkage force of aluminum GMA butt weldment. In 
FE model, a roller having the radius of 50mm and the 
width of 16mm was formed using rigid elements. The 
surface contact element having the friction coefficient 
of 0.3 was used to model the behavior between the roll-
er and the weldment and between the aluminum plate 
and the welding die modeled with rigid elements as 
shown in Fig. 10. And the angular velocity correspond-
ing to the welding speed was applied to the roller in 
consideration of the non-slip condition between the roll-
er and the weldment. 
  Fig. 11 shows the transitional temperature distribution 
of GMA butt weldment in the half-way of welding process. 
As shown in Fig. 11, the maximum temperature of 
weldment is about 670 ℃ which is above melting tem-
perature of aluminum and the weldment has a general 
appearance of temperature distribution by moving heat 
source. 
  Fig. 12 shows the distortion distribution in the weld-

DRoll  

TRoll  

Fig. 9 Schematic diagram of the trail rolling method

Plate dimension
[mm]

Welding heat 
input [cal/mm]

Rolling parameter [mm]

Droll Troll

500x300x8t 238 20 ~ 100 0.2 ~ 1.0

Table 3 Analysis condition and variables used for roll-
ing analysis

Roller 
Welding die

Fig. 10 3-dimensional FEA model used for the analysis 
of the trail rolling method analysis results

20.0 92.1 164.3 236.4 308.6 308.7 452.9 525.0 597.2 669.3

Fig. 11 Contour of the temperature distribution at the 
GMA butt weldment in the half-way of welding 
process (heat input: 238 cal/mm)

-.6248 -.4128-.2008 .0112 .2232 .4352 .6472 .8592 1.071 1.283

Fig. 12 Contour of distortion in the thickness direction 
of the weldment by rolling (Droll: 60mm, Troll: 
0.6mm)
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ment thickness direction of the weldment with TRM. 
Where, the distance (DRoll) between the welding torch 
and the roller and the rolling depth (TRoll) are 60mm and 
0.6mm, respectively. As shown in Fig. 12, the contact 
region between weld bead and the roller sinks about 
-0.62mm and the weldment in front of roller is lifted 
about 1.2mm. It was due to the constant volume law of 
plastic deformation at the weldment. That is, the higher 
temperature region in front of roller deforms to the up-
ward direction by the compression of roller. From FEA 
results regarding the deformed shape of weldment with 
TRM, the validity of the simulation results for TRM 
can be easily figured out. 
  Fig. 13 shows comparison result of the longitudinal re-
sidual stress distribution at the aluminum GMA butt 
weldment before and after the application of TRM. As 
shown in Fig. 13, the longitudinal tensile residual stress 
in way of weldment sharply decreases by TRM. 
  Fig. 14 shows comparison result of the longitudinal re-
sidual stress distribution on the top and bottom surface 
at the center of analysis model in the welding direction 
before and after the application of TRM, DRoll and TRoll 
are 100mm and 1.0mm, respectively. As shown in Fig. 
14, the amount of tensile and compressive residual 

stress in the longitudinal direction of weldment consid-
erably decreases after the application of TRM. Especially, 
the compressive residual stress was developed in the 
top surface of butt weldment directly contacted with 
roller. From the FEA results, it was found that TRM 
would be a countermeasure of the buckling distortion at 
the aluminum GMA butt weldment. So, in this study, 
the comprehensive FEA with the same procedures were 
employed to establish the proper working conditions of 
TRM to control the buckling distortion of the aluminum 
GMA weldment. 

4.2 Proper Conditions for Trail Rolling Method

  Fig. 15 shows reduction rate of the longitudinal shrink-
age force at the aluminum GMA butt weldment with the 
working conditions of TRM including rolling distance 
and the rolling depth. Longitudinal shrinkage force is 
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(a) Without the application of TRM
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(b) With the application of TRM

Fig. 13 Contours of the longitudinal residual stress dis-
tribution of the weldment before and after the 
application of the trail rolling method (DRoll: 
60mm, TRoll: 0.6mm)
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calculated by the integration of the tensile residual 
stress of the weldment. As shown in Fig. 15, the reduc-
tion rate of longitudinal shrinkage force of aluminum 
GMA butt weldment increases with an increase in the 
rolling distance (TRoll) and the rolling depth (DRoll). 
  Fig. 16 shows the variation of rolling force obtained 
by FEA with the distance between the welding torch 
and the roller and the rolling depth. Rolling force was 
calculated from the contact force calculated at the con-
tact surfaces between the roller and the weldment. As 
shown in Fig. 16, the rolling force increases with an in-
crease in the rolling distance (TRoll) and the rolling 
depth (DRoll). 
  Fig. 17 shows the relation between the reduction rate 
of longitudinal shrinkage force and the rolling force ob-

tained from the results of in Fig. 15 and Fig. 16. As 
shown in Fig. 17, the reduction rate of longitudinal 
shrinkage force in the aluminum GMA butt weldment 
by TRM increases in a linear manner with an increase 
of the rolling force. This result indicates that the reduc-
tion rate of longitudinal welding shrinkage force can be 
defined as a linear function of rolling force. With the re-
sults, the proper working conditions for TRM for the 
aluminum GMA butt weldment were established.

5. CONCLUSION

  The comprehensive FEA were performed in order to 
establish the proper working conditions of the trail roll-
ing method for controlling the buckling distortion of the 
aluminum GMA butt weldment. Based on this study, 
following conclusions can be made.
  1) The predictive equation for the longitudinal welding 
shrinkage force was defined as a linear function of the 
heat intensity of GMA welding process.
  2) In order to prevent the buckling distortion of the 
aluminum GMA butt weldment, the longitudinal shrink-
age force should be controlled below the buckling strength 
of the weldment.
  3) The reduction rate of the longitudinal welding 
shrinkage force at the aluminum GMA weldment with 
TRM linearly increases with an increase in the rolling 
force defined as a linear function of rolling depth and 
rolling distance. Based on the results, it can be con-
cluded that the reduction rate of the longitudinal shrink-
age force at the aluminum GMA weldment with TRM 
has a linear relationship with rolling force. 
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Fig. 15 Variation of reduction rate of the longitudinal 
shrinkage force at the aluminum GMA butt 
weldment with the rolling distance and depth
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  4) In order to apply TRM to the actual GMA weld-
ment, a further study should be performed to identify 
the effect of rolling force of TRM on the reduction rate 
of longitudinal welding shrinkage force at the alumi-
num GMA butt weldment with plate thickness.
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