
Fundamental Studies on the Effect of 
Distortion Control Plans on Angular 
Distortion in Fillet Welded T-Joints 

The effect of distortion control plans on the relationship between cumulative plastic 
strains and angular distortion in fillet welded T-joints was investigated 

BY G. H. JUNG AND C. L. TSAI 

ABSTRACT. The effect of external re- 
straints and thermal management tech- 
niques (heat sinking and gas tungsten arc 
[GTA] preheating) on the relationship be- 
tween cumulative plastic strains and angu- 
lar distortion in fillet welded T-joints was 
investigated using plasticity-based distor- 
tion analysis (PDA). External restraints 
reduced the bend-up angular distortion by 
increasing the bend-down angular distor- 
tion induced by the transverse cumulative 
plastic strain. The higher restraint pro- 
duces the less angular distortion. Heat 
sinking increases the bend-up angular dis- 
tortion. This technique mainly controls 
the nominal cumulative plastic strains. 
The bend-down angular distortions in- 
duced by the transverse and vertical com- 
ponents are decreased. Those changes re- 
sulted in an increase of the total bend-up 
angular distortion. 

Gas tungten arc preheating reduced 
the angular distortion by decreasing the 
bend-up angular distortion induced by the 
xy-plane shear cumulative plastic strain. 
The characteristic relationship between 
cumulative plastic strains and angular dis- 
tortion in fillet welded T-joints was not af- 
fected by the external restraints and ther- 
mal management techniques. 

Introduction 

Distortions induced by welding have 
been regarded as a critical issue in terms 
of performance, quality, and productivity. 
Many techniques have been developed to 
minimize the distortions induced by weld- 
ing, such as external restraining, preheat- 
ing, auxiliary side heating, heat sinking, 
and others. In general, most of the distor- 
tion mitigation techniques have been de- 
veloped according to conventional under- 
standing to explain their effectiveness in 
distortion controls, and then evaluated by 
comparing with test results. These con- 
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ventional understandings may include not 
only theoretical and mathematical knowl- 
edge, but also generally accepted knowl- 
edge from experience or analogy. For ex- 
ample, the concept of predeformation is 
based on direct intuition after observing 
the distortion patterns; welding-induced 
deformation is compensated for by the 
counterdeformation formed in joints prior 
to welding. The other example can be heat 
control techniques applying preheating or 
side heating in order to reduce the tem- 
perature gradient. Once the basic idea is 
tested and evaluated, a number of para- 
metric studies may follow to find the opti- 
mum condition and explain the effect of 
mitigation parameters. 

Masubuchi (Ref. 1) summarized meth- 
ods for reducing distortions in welded 
joints based on the research. He reviewed 
the general distortion-reduction methods 
in terms of weld dimensions, joint designs, 
welding processes, multipass welding, 
constraints, welding sequences, intermit- 
tent welding, and peening. More detailed 
discussions on the effects of external re- 
straints and thermal-pattern alterations 
were presented. Pavlovsky and Masubuchi 
(Ref. 2) reviewed the various distortion 
control methods studied by U.S.S.R. re- 
searchers. Conrardy and Dull (Ref. 3) re- 
viewed the distortion control techniques 
applicable in thin ship panel structures, rib 
reduce buckling, modifying panel design, 
applying intermittent welding, reducing 
heat input, and applying thermal tension- 
ing were recommended. Restraining, 

KEYWORDS 

Angular Distortion 
Cumulative Plastic Strains 
Gas Metal Arc Welding 
Heat Sinking 
Gas Tungsten Arc Preheating 
T-Joints 
Fillet Welds 
Thermal Management Techniques 

back-bending and backside line heating 
were recommended as techniques for re- 
ducing angular distortion. 

Recently, the finite element method 
has been used to investigate the perfor- 
mance of various distortion control tech- 
niques, and has provided the fundamen- 
tal understanding of the distortion 
mechanism and the effects of distortion 
control techniques on distortion patterns. 
Park (Ref. 4) developed a model to pre- 
dict the thin plate panel distortion, and 
simulated the effect of welding sequences 
on the reduction of the distortions. Ohata 
et al. (Ref. 5) introduced the GTA pre- 
heating method to reduce the angular dis- 
tortion in fillet welded aluminum thin 
plates, and performed weld tests and fi- 
nite element analyses to evaluate its ef- 
fectiveness. Michaleris and his coworkers 
(Refs. 6, 7) studied the effect of thermal 
tensioning buckling in panel structures 
using tests and finite element analysis. Ma 
et al. (Ref. 8) simulated the effects of weld 
sequences, a working table, and external 
restraints on the angular distortion of fil- 
let welded T-joints, using 2-D finite ele- 
ment analysis. Han (Ref. 9) simulated the 
effects of side heating, heat sinking, and 
their combination on the distribution pat- 
tern of the longitudinal plastic strain as- 
sociated with the longitudinal compres- 
sive stress causing buckling, using 2-D 
finite element analysis. 

However, no rigorous studies have 
been carried out to investigate how these 
techniques affect the relationship be- 
tween cumulative plastic strains and dis- 
tortion. Recently, Han (Ref. 9) investi- 
gated how heat sinking and side heating 
affect the longitudinal cumulative plastic 
strain, and explained the effectiveness of 
the methods based on the relationship be- 
tween the longitudinal cumulative plastic 
strain and the longitudinal residual stress 
associated with buckling in butt joint 
welded plates. 

Jung (Ref. 10) developed the proce- 
dure, the so-called plasticity-based distor- 
tion analysis (PDA), which enables the in- 
vestigation of the relationship between 
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Fig. 1 - -  Symmetric hal f  finite element model for  the T-joint. 
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Fig. 3 - -  Temperature-dependent natural convection (film) coefficients. 
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Fig. 2 - -  Temperature-dependent thermal material properties o f  magne- 
sium Alloy AZ91 C. 
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Fig. 4 - -  Temperature-dependent nonlinear kinematic strain-hardening 
model o f  magnesium alloy. 

cumulative plastic strains and angular dis- 
tortion in fillet welded T-joints. The PDA 
successfully explained each cumulative 
plastic strain's contribution to angular dis- 
tortion in fillet welded T-joints. 

This study investigated the effect of ex- 
ternal restraints and two specific thermal 
management techniques (heat sinking and 
GTA preheating) on the relationship be- 
tween ctlmulative plastic strains and angu- 
lar distortion for fillet welded thin plate 
T-joints using PDA. 

Plasticity-based Distortion 
Analysis (PDA) for Fillet 
Welded T-Joints 

During welding, materials experience 
plastic deformation due to the thermal 
stresses induced by the temperature gradi- 
ent, the external restraints, and the mater- 
ial softening. Plastic strains are cumulated 
during the plastic deformation, and then 

remained permanently after temperature 
reaches room temperature and some tem- 
porary restraints are removed. These cu- 
mulative plastic strains result in residual 
stresses and distortions in the welded 
joints. The inherent shrinkage model is 
one of the methods to incorporate these 
cumulative plastic strains in the welded 
joints using the equivalent forces and mo- 
ments, and to predict the welding-induced 
distortions without performing the ther- 
mal-elastic-plastic analysis (Refs. 11, 12). 
However, when the joint configuration is 
complex, such as T-joints, it is difficult to 
calculate the equivalent forces and mo- 
ments because of the lack of knowledge 
about the relationship between cumulative 
plastic strains and distortions. 

On the other hand, PDA enables us to 
predict distortions by mapping all cumula- 
tive plastic strains into elastic models 
using the equivalent thermal strains in- 
stead of the equivalent forces and mo- 

ments, and provides the quantitative rela- 
tionship between cumulative plastic 
strains and distortions. 

The PDA includes the following three 
parts: 
• Part 1: Thermal-elastic-plastic analyses 

(EPA) to obtain cumulative plastic 
components and distortions 

• Part 2: Elastic analyses with thermal 
strains, which are equivalent to the cu- 
mulative plastic strains obtained from 
the EPA to predict the individual distor- 
tions that are associated with only one 
cumulative plastic strain component 

• Part 3: Postprocessing to check the ac- 
curacy of the predicted distortion. If the 
accuracy does not satisfy the required 
accuracy, update a finite element 
model and repeat Parts 1, 2, and 3. 

Thermal-Elastic-Plastic Analysis 

The 3-D uncoupled thermal-elastic- 
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magnesium alloy. 

Fig,. 6 - -  Temperature-dependent CTE and corresponding thermal strain or 
magnesium allqv. 

plastic analysis for fillet welded T-joints 
without any external restraints and ther- 
mal management techniques was per- 
formed to obtain the baseline informa- 
tion, such as the characteristic distribution 
patterns of cumulative plastic strains and 
the corresponding angular distortion, 
u s i n g A B A Q U S  5.8-14. 

The material is magnesium Alloy 
AZ91 C, which application has been ex- 
panded because of its relatively lower den- 
sity. In this study, weld tests were not per- 
formed; only numerical simulations were 
performed. It is assumed that the present 
analysis procedure provides the reason- 
able distribution patterns of the cumula- 
tive plastic strains and the corresponding 
angular distortion in fillet welded T-joints. 
The validity of the present EPA procedure 
was evaluated by comparing the angular 
distortions obtained from the EPA and ex- 
periments for aluminum fillet welded T- 
joints (Ref. 10). 

Two fillet welds running simultane- 
ously at two sides constructed the T-joint. 
The given gas metal arc welding parame- 
ters were voltage = 13 V, current = 110 A, 
weld speed = 10 mm/s for 3.2-mm- thick 
plates (Ref. 13). 

Figure 1 shows a symmetric half finite 
element model used in the EPA for a fillet 
welded T-joint, with a flange, 100 x 200 x 
3.2 mm, and a web erected on the flange 
plate, 10/) x 100 x 3.2 mm. Quadratic brick 
elements with 20 nodes, DC3D20 (ther- 
mal analysis), and C3D20R(elastic-plastic 
analysis) i n A B A Q U S  (Ref. 14)were used. 
The total number of elements and nodes 
used were 6100 and 30,068, respectively. 

Figure 2 shows the temperature- 
dependent thermal properties (Ref. 15). 
The latent heat, solidus, and liquidus tem- 
perature are 3.73E5 J/(kg°C), 47l)°C, and 
595°C, respectively. Natural convection 
boundaries shown in Fig. 3 were described 

Table 1 - -  Comparison of the Averaged Displacements Obtained from EPA, PDA, and Simultane- 
ous Mapping Analysis for a T-Joint 

Type of Analysis Displacement (ram) 
Ux Uv Uz 

EPA -2.090Eq) 1 1.042E + 00 1.328E-01 
Ze/~ 1.694E~)1 -1.143E+00 1 .(128E~)1 
Zo'~>~, 1.202E-02 -7.656E-01 5.590E-04 
Y.2J~== -2.263E-04 8.392E-02 5.364E-03 

PDA ZeJ%. ~.991E-02 2.805E+00 1.088E-03 
Ze;',,= -3.316Eq}4 9.435 E-(}3 1.627E-0 I 
ZePvz ~.742E-04 ] .995 E-(}2 - 1.399E-(1 I 
SUM -2.084E-01 1.009E+00 1.327E 01 

Simultaneous Mapping -2.084E-01 1.009E +0t) 1.327E-01 

on the entire free surfaces of the joint ex- 
cept for a symmetric plane. Figures 4-6 
show mechanical properties depending on 
temperature. Nonlinear kinematic strain 
hardening proposed by Chabochi (Ref. 14, 
17) was used. 

The effect of a moving heat source was 
incorporated by the user-subroutine in 
A B A Q U S ,  D F L U X  (Ref. 14). Body flux 
had a double ellipsoidal distribution pro- 
posed by Goldak (Ref. 16). Heat input cal- 
ibration was carried out by matching the 
boundary of the molten pool with the pre- 
designed fillet size. UVARM (Ref. 14) was 
developed to calculate the maximum peak 
temperature overall nodes. Figure 7 shows 
a map of the maximum peak temperature 
with a calibration factor of 0.6 including 
the arc efficiency. During the elastic- 
plastic analysis, symmetric boundary con- 
ditions were described on the YZ plane in 
Fig. 1, and the top free edge of the web 
plate was fixed. The effects of the filler 
metal deposition, the stress and strain re- 
laxation at melting temperature, and met- 
allurgical transformation were not consid- 
ered in the present EPA. 

The characteristic cumulative plastic 
strain distribution patterns and the associ- 

ated angular distortion for fillet welded 
thin plate T-joints were obtained from the 
EPA. The angular distortion was defined by 
the displacement in the Y-direction (Fig. 
1) at the free edge of the flange plate (at 
X= 100 mm). The obtained averaged angu- 
lar distortion from the EPA was 1.04 mm. 

Elastic Analysis 

The finite element model and mechan- 
ical boundary conditions used in the elas- 
tic analysis arc tile same as those of the 
EPA. The cumuhitive plastic strains ob- 
tained from the EPA were mapped into 
elastic models with the same nodes and el- 
ements, elastic modulus (4.3E4 [MPa]) 
and Poisson's ratio (0.35) at loom tem- 
perature using the equivalent thermal 
strains. 

Each cumuhitive plastic strain compo- 
nent can be mapped independently into 
six elastic models. Anisotropic thermal ex- 
pansion coefficients and corresponding 
temperature fields replace the cumulative 
plastic strains. For example, the transverse 
cumulative phistic strain, 2eJ~,(x,y,z) can 
be mapped by using the temperature field 
calculated by Equation 1 (Ref.14): 
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Fig. 8 - -  Averaged angular distortions calculated by EPA and PDA. 
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Ox~(X,y,z) ZeP(x 'Y 'Z )  (1) 
O~ycr 

tZx~ = constant, ay e = azz = axy = t~xz = ayz = 

where ZeP = averaged cumulative plastic 
strain at nodes, 0 = temperature ,  a = 
anisotropic thermal expansion coeffi- 
cients. Other temperature fields associ- 
ated with other cumulative plastic strain 
components can be obtained using Equa- 
tion I as well. 

Six cumulative plastic strains can also 
be simultaneously mapped into an elastic 
model  using the equivalent thermal  
strains depending upon six field variables 
defined by Equation 2 (Ref.14): 

th 
eij = a i j F # ( x , y , z )  

where Fij(x,  y ,  z )  = 

Z, eP (x,  y ,  z ) .. Field Variables (2) 

aij 

This simultaneous mapping method was 
used to demonstrate the validity of the ad- 
dition procedure to obtain the total dis- 
tortion and the unique relationship be- 
tween cumulative plastic strains and 
distortions. 

Figure 8 also clearly shows the quanti- 
tative relat ionship between cumulative 
plastic strains and angular distortion. The 
transverse, ZeP~x,and the vertical, ZePyy, cu- 
mulative plastic strain components result 
in the bend-down angular distortion, and 
the longitudinal, XePzz, and the xy-plane 

shear, ~ZPxy, cumulative plastic strain com- 
ponents generate the bend-up angular dis- 
tortion. Most bend-up angular distortion 
is induced by the xy-plane shear cumula- 
tive plastic strain, and the angular distor- 
tion induced by other  shear, EePxzand 
XePyz,CUmulative plastic strains is small 
enough to be negligible. 

Postprocessing 

The total  distort ion induced by all 
cumulative plastic strains is obtained by 
adding the individual distortions calcu- 
lated from six independent  elastic 
analyses: 

6 
t ~ t o t a l  _ ~ .~ 

P D A  - -  Z _ ,  t ' i  

i=1 

(3) 
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(b) C~se A (a) Without external restraint 

(c) Case B (d) Case C 

Magnification factor: x 10 

Fig,. 11 - -  Deformed shapes after removing external restraints. 

where ~t° ta lpD A = the total distortion, 8i= 
the individual distortion with only i th com- 
ponent of cumulative plastic strains. The 
accuracy of the PDA procedure can be de- 
termined by comparing the distortions 
from the EPA with the total distortions ob- 
tained from the PDA using Equation 3. 

X .~total 
Error= uEPA-- t 'PDA-xl00(v/b]  

& E t'A 
\ !  (4) 

This accuracy of the PDA procedure may 
be affected by some factors such as the 
nonlinearity of material and the mapping 
accuracy. 

One factor is material  nonlinearity, 
which does not allow the linear supposi- 
tions if the effect of nonlinearity is domi- 
nant. Material nonlinearity comes from 
the plastic deformation and the tempera- 
ture dependency of material properties in 

the welding situation. In the PDA, mater- 
ial nonlinearity due to temperature depen- 
dency does not exist anymore because tem- 
perature is constant (room temperature) 
after completing welding. Nonlinearity 
due to the plastic deformation can also be 
negligible because the PDA is somewhat 
elastic, reloading analysis up to the final 
plastic deformation after welding. 

The mapping accuracy may also affect 
the accuracy of the PDA procedure. The 
mapping accuracy is strongly dependent 
upon the number of elements/nodes and 
the order of shape function of element. 
Figure 9 shows the applied cumulative 
plastic strain using temperature and the 
calculated thermal strain within two sec- 
ond-order elements in which the thermal 
strain is linear. Unless the cumulative 
plastic strains are distributed uniformly or 
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linearly within an ele- 
ment, the mapping 
error  is unavoidable 
even though second- 
order  elements are 
used. The averaged 
cumulative plastic 
strains at nodes may 
also result in the error 
when significant dis- 
continuity of the cu- 
mulative plastic 
strains at the integra- 
tion points between 
the adjacent elements 
is present. In order to 
reduce the error  in- 
duced by mapping, a finer-meshed model 
with second-order  elements is recom- 
mended. 

In this study, it was assumed that the 
acceptable error range of the PDA proce- 
dure was 0 to 10% in view of the engi- 
neering application. Since most error  
comes from the mapping, the finite ele- 
ment model should be updated until the 
required accuracy is achieved. The aver- 
aged total angular distortion obtained 
from the PDA was 1.01 mm, which had 3% 
error compared with 1.04 mm obtained 
from the EPA. This accuracy is acceptable. 

In order to evaluate the PDA applica- 
tion to fillet welded T-joints and demon- 
strate the unique relationship between cu- 
mulative plastics and distortion, the 
simultaneous mapping analysis was per- 
formed under the combined cumulative 
plastic strains. Table I shows that the dis- 
placements obtained from the simultane- 
ous mapping analysis are equal to those 
calculated by the PDA, which satisfies the 
linear superposit ion requirement  de- 
scribed in Equation 5. Therefore, the PDA 
procedure is valid and each individual dis- 

Higher restraining 

0.4 o.e 0.8 1 No Restraint 

X 

d 

go : Angular  distortion wi thout  external  restraint  

x ~1 5 

d 

Fig. 12 - -  Comparison o f  averaged angular distortion for the cases with dif- 
fering degrees o f  external restraint. 

tortion can be uniquely determined by the 
associated cumulative plastic strain. 

LIZG,Ze~y,ZC~,ZG,ZE~,ZE;y~, I 

(5) 

Effect of External Restraints on 
Angular Distortion in T-Joints 

The external restraining techniques 
have been widely known as useful tech- 
niques for reducing the angular distortion 
in welded structures. For pressure vessels 
or large-scale pipes, pre-expanding has 
been adopted to reduce the radial shrink- 
age. In the case of T-joints, it has been re- 
ported that restraining and back-bending 
of the flange plates are effective means for 
reducing angular distortion (Ref. 3). 

In this study, the PDA investigates the 
effect of external restraints on the charac- 
teristic relationship between cumulative 
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Fig. 13 - -  Comparison of averaged angular distortions calculated by EPA 
and PDA for the cases with differing degrees of external restraint. 
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differing degrees of external restraint. 
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fering degrees of external restraint. 
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Fig. 16 - -  Scheme of heat sinking applied to the T-joint. 

plastic strains and angular distortion in fil- 
let welded T-joints. 

Thermal Analysis (Part 1) 

Some amount of heat loss through the 
contact surfaces between the fixtures and 
the flange may occur, but it was assumed 
that heat loss through the contact surfaces 
would be negligible. Therefore, the same 
temperature evolution obtained from the 
previous thermal analysis was used in the 
following elastic-plastic analyses for the 
three cases with differing degrees of ex- 
ternal restraining. 

Elastic-Plastic Analysis (Part 1) 

It has been reported that the angular 

distortion is affected by the degree of ex- 
ternal restraining (Refs. 1, 18); the higher 
degree of restraining, the less angular dis- 
tortion. In this study, external restraints 
were applied along the flange plate with 
fixed boundary conditions. The degree of 
restraining is inversely proportional to the 
distance between the weld interface and 
the line of the fixed boundaries. 

Figure 10 shows the locations of exter- 
nal restraints. Three cases designated as 
Case A, Case B, and Case C have differing 
degrees of external restraining. The loca- 
tions applying the fixed boundary condi- 
tions for Case A, Case B, and Case C were 
x = 100 mm, 50 mm, and 24.7 mm, re- 
spectively. Case C has the highest re- 
straining of the three cases. These fixed 
boundary conditions were applied during 

heating and cooling, and then removed 
after cooling was completed. The final an- 
gular distortion was obtained after remov- 
ing external restraints. From these simula- 
tions, we can obtain the characteristic 
cumulative plastic strain distribution pat- 
terns and the angular distortion associated 
with differing degrees of external restrain- 
ing, both of which can be used in the PDA 
to investigate the effect of the external re- 
straints on the angular distortion in 
T-joints. 

Figure 11 shows the deformed shapes 
after removing the external restraints with 
the same scaling factor. The averaged an- 
gular distortions for Cases A, B, and C are 
0.65, 0.30, and 0.05 mm, respectively. They 
are plotted in Fig. 12 with dimensionless 
parameters. Figures 11 and 12 show that 
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less angular distortion is expected at a 
higher degree of restraining. A minute an- 
gular distortion is produced in Case C with 
external restraints at x = 24.7 mm where 
it is close to the boundary of the plastic 
zone (x = 21.58 mm) produced in the case 
without external restraints. 

These differences among the three 
cases may result from the change in the cu- 
mulative plastic strain distributions due to 
the external restraints. The effects of the 
external restraints on the distribution pat- 
terns of the cumulative plastic strains can 
be observed by plotting the cumulative 
plastic strains. However, this observation 
may not give the right and quantitative in- 
terpretation of the relationship because the 
cumulative plastic strains have complicated 
distribution on the welded region. There- 
fore, the PDA was carried out to study the 
effect of the external restraints on the char- 
acteristic relationship between cumulative 
plastic strains and angular distortion. 

Elastic Analysis and Postprocessing 
(Parts 2, 3) 

The cumulative plastic strains obtained 
from the three cases with differing degrees 
of external restraining were mapped into 
elastic models using the equivalent ther- 
mal strains. 

In order to investigate the effect of ex- 
ternal restraints on the relationship be- 
tween cumulative plastic strains and angu- 
lar distortion, the individual and the total 
angular distortions for the three cases and 
a case without external restraints are plot- 
ted together in Fig. 13. Reasonable accu- 
racy of the PDA is shown for all cases. 

No change of the basic relationship 
between cumulative plastic strains and 

angular distortion is observed: bend- 
down angular distortion is due to trans- 
verse/vertical cumulative plastic strains, 
bend-up angular distortion is due to lon- 
gitudinal/xy-plane shear cumulative plas- 
tic strains, and no angular distortion is 
caused by other shear cumulative plastic 
strains. 

The major change due to the external 
restraints is observed in the individual an- 
gular distortion induced by the transverse 
cumulative plastic, ZV_Pxx. A higher degree 
of restraining produces a more bend-down 
angular distortion induced by the trans- 
verse cumulative plastic strain. Figure 14 
shows the change in the transverse cumu- 
lative plastic strain distributed on the 
flange plate. There is no change in the dis- 
tribution on the web plate, but the area 
with the positive plastic strain on the top 
surface of the flange expands with an in- 
crease in the degree of restraining. The 
positive transverse plastic strain presents 
within the plastic zone where the com- 
pressive longitudinal plastic strain exists. 

Q~ M A W  

Q,4,,,,,-~ "~d= 5omm 

Qrx~ = ~- [ GTA (Pre-heating) 

Fig. 17 - -  Scheme of GTA preheating applied to 
the T-joint. 

Some parts of the positive transverse plas- 
tic strain may originate to satisfy the in- 
compressibility under the plastic deforma- 
tion. However, the applied external 
restraints (transverse and bending re- 
straining) may not significantly affect the 
distribution of the longitudinal cumulative 
plastic strain because the longitudinal 
stress is mostly governed by the longitudi- 
nal restraint or the rigidity in the longitu- 
dinal direction. Therefore, considering 
the distribution pattern of the positive 
transverse plastic strain, yielding may 
occur due to the high tensile transverse 
stress, which is generated by the external 
restraints that are present from the bend- 
up bending and the transverse shrinkage 
during cooling. In general, higher re- 
straining produces more cumulative plas- 
tic strains because higher stress resulting 
from higher restraining causes an earlier 
yielding. As higher external restraining is 
applied, higher and wider positive trans- 
verse cumulative plastic strain is produced 
and more bend-down angular distortion 
occurs because the role of the positive 
transverse cumulative plastic strain on the 
top surface of the flange bends down the 
flange plate. 

For the vertical cumulative plastic 
strains, EePyy, only a slight change in the 
angular distortion is shown. In general, 
less bend-down angular distortion is in- 
duced by higher external restraining. No 
change in the angular distortion induced 
by the longitudinal cumulative plastic 
strain occurs. This may imply that the ex- 
ternal restraints applied on the flange 
would not affect the distribution patterns 
of the longitudinal cumulative plastic 
strain. 

For the angular distortion induced by 
the xy-plane shear cumulative plastic 
strain, ZePxy, no change in the individual 
angular distortion is shown except Case C 
with the external restraint close to the 

(a) Without thermal managements 

(b) With heat sinking 

(c) With GTA pre-heating 

Fig. 18 - -  Comparison of nugget shapes ob- 
tained from thermal analyses with different ther- 
mal management techniques. 

boundary of the plastic zone. Figure 15 
clearly shows how the external restraints 
affect the distribution of the xy-plane 
shear cumulative plastic strain. There is no 
change in the distribution pattern for Case 
A, Case B, and the case without external 
restraints. For Case C, the external re- 
straint close to the boundary of the plastic 
zone disturbs the distribution of the xy- 
plane shear cumulative plastic strain. The 
change in the individual angular distor- 
tions induced by other shear components 
is negligible. 

Based on results of the PDA, it can be 
concluded that the reduction of the angu- 
lar distortion by the external restraints ap- 
plied on the flange results from an in- 
crease of the bend-down angular 
distortion induced by the transverse cu- 
mulative plastic strain. The region where 
the positive transverse cumulative plastic 
strain exists is expanded by increasing the 
degree of external restraining. 
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Fig. 1 9 -  Comparison of temperature evolutions for the cases 
with different thermal management techniques. 

Effect of Thermal Management 
Techniques on Angular 
Distortion in T-Joints 

Two thermal management techniques 
were selected: heat sinking and GTA pre- 
heating. They are inherently different in 
terms of heat control. Heat sinking re- 
duces the heat-affected zone by applying a 
cooling chamber beneath the bottom of 
the flange. On the other hand, GTA pre- 
heating increases the heat-affected zone 
by preheating, which is carried out by run- 
ning a gas tungsten arc ahead of gas metal 
arc welding (GMAW) on the bottom sur- 
face of the flange. 

It has been reported that heat sinking 
is an effective way to reduce buckling 
(Ref. 7), and GTA preheating reduces the 
angular distort ion in T-joints (Ref. 5). 
Most research has been focused on show- 
ing their  effectiveness using weld tests 
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Time(sic) 

(b) With  hea t  s inking 

and numerical simulations. Re- 
cently, Han (Ref. 9) investigated 
the relationship between cumu- 
lative plastic strains and buck- 
ling for butt joints. However, it 
is still unknown how thermal 
management techniques affect 
the relationship between cumu- 
lative plastic strains and angular 
distort ion in T-joints. There-  
fore, the effect of thermal man- 
agement techniques on the rela- 
t ionship between cumulative 
plastic strains and angular dis- 
tortion was investigated using 
the PDA. 

Thermal Analysis (Part 1) 

The effect of heat sinking was 
simulated by applying the rela- 
tively low film coefficient, 1.0E- 
2 W/(mm 2 °C) with temperature 
21°C, on the bottom surface of 
the flange within x = 0 -24 .8  

mm as shown in Fig. 16. Gas tungsten arc 
preheating was modeled by running a gas 
tungsten arc 50 mm ahead of GMAW at 
the same speed as GMAW on the bottom 
surface of the flange as shown in Fig. 17. 
The GTA heat was one-third of that of 
GMAW, 477 W( = 110 V × 13 A × ~) with 
a heat input calibration factor of 0.6. 

A nugget with heat sinking will be 
smaller than that with GTA preheating be- 
cause preheating raises the temperature 
in and around the weld region. Figure 18 
shows the maximum peak temperature  
maps calculated by the user-subroutine, 
UVARM. Compared to the nugget with- 
out thermal management,  heat sinking 
generates a smaller nugget and GTA pre- 
heating gives a larger nugget. 

Heat  management techniques affect 
not only the size of the heat-affected zone, 
but also the rate of heating and cooling, 
which can be related to the instantaneous 

gradient of temperature in the plates. In 
general, heat sinking results in a higher 
temperature gradient due to a higher cool- 
ing rate, and facilitates achieving a uni- 
form temperature in the plates compared 
to the case without thermal management. 
Contrarily, GTA preheating increases the 
maximum peak temperature and reduces 
the temperature gradient. 

Figure 19 compares temperature evo- 
lutions on three points located on the top 
surface of the flange, x = 4.8, 9.8, and 24.8 
mm. The distance between the curves rep- 
resents the temperature gradient and their 
slopes show the heating and cooling rate. 
For heat sinking, a significant change of 
the magnitude of the maximum peak tem- 
perature, the temperature gradient, and 
the rate of cooling are observed. Gas tung- 
sten arc preheating does not give signifi- 
cant changes in the temperature gradient 
and the cooling rate compared with the 
case without thermal management. Dur- 
ing heating, two spikes on each curve show 
the effect of GTA preheating. Preheating 
also increases the maximum peak temper- 
atures of each curve, which results in a 
wider nugget and heat-affected zone. 

Based on the results of the thermal 
analysis, the two thermal management  
techniques, heat sinking and GTA pre- 
heating, may give the opposite impact on 
not only the temperature evolution and 
profile, but also the angular distortion. 

Elastic-Plastic Analysis (Part 1) 

All boundary conditions for the two 
cases were the same as those of the case 
without the external restraints described 
in the previous section. The temperature 
evolutions for the two cases calculated by 
the thermal analyses were retrieved and 
applied to the elastic-plastic analysis. 

Figure 20 shows the deformed shapes 
for the three cases with the same magnifi- 
cation scale factor: Case 1 = without ther- 
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Fig. 21 - -  Comparison of averaged angular distortions for the cases with different 
distortion control plans. 

(c) Wi th  GTA p re -hea t ing  

Fig. 2 0 -  Comparison of deformed shapes for the cases with differ- 
ent thermal management techniques. 

mal management, Case 2 = heat sinking, 
Case 3 = GTA preheating. The average 
angular distortions calculated for Cases 1, 
2, and 3 are 1.04, 2.75, and 0.5 mm, re- 
spectively, and are plotted with dimen- 
sionless parameters in Fig. 21. It shows 
that heat sinking increases angular distor- 
tion, but GTA preheating reduces angular 
distortion. This opposite effect between 
the two thermal management techniques 
on the angular distortion was expected 
after observing the results of the thermal 
analysis. Figure 21 shows that external re- 

straining and GTA preheat- 
ing effectively reduces the 
angular distortion. The ef- 
fect of the combination of 
GTA preheating and exter- 
nal restraining (Case A, re- 
strained at X = 100 mm) was 
also tested, but a slight in- 
crease in the angular distor- 
tion was obtained compared 
to the case with only GTA 
preheating. 

To investigate the 
causes of these differences, 
cumulative plastic strain 
maps for the three cases are 
plotted in Fig. 22. For Cases 
1 and 3, a similar distribution 
pat tern of the cumulative 

plastic strains is shown. On the other 
hand, a significant reduction of the size of 
the plastic zone is obtained by heat sink- 
ing. The distribution pattern of the trans- 
verse cumulative plastic strain for Case 2 
is different from those of Cases 1 and 3. 
For Case 2, the transverse cumulative 
plastic strain on the top surface of the 
flange is wider than on the bottom of the 
flange, which may cause the bend-up an- 
gular distortion and eventually reduce the 
amount of the bend-down angular distor- 
tion. For the vertical cumulative plastic 

strain, the reduced size of the plastic strain 
zone in the flange may affect the angular 
distortion as well. Even though there is 
significant change in the distribution pat- 
tern of the longitudinal cumulative plastic 
strain, the resultant effect may be small 
because the longitudinal component is not 
as sensitive as other components on the 
angular distortion. For the xy-plane shear 
cumulative plastic strain, no significant 
change is shown. For Case 3, it is not clear 
what causes the reduction of the angular 
distortion because there is no significant 
difference of cumulative plastic strain dis- 
tributions between Cases 1 and 3. Com- 
pared to other components, it is observed 
that the distribution of the xy-plane shear 
cumulative plastic strain is slightly af- 
fected by GTA preheating. Gas tungsten 
arc preheating increases the area of the 
positive shear strain region on the bottom 
(or corner) of the flange and the area of 
the negative shear strain region on the top 
of the flange. However, it is not clear if this 
observation and interpretation is right at 
this point. 

Elastic Analysis and Postprocessing 
(Parts 2 and 3) 

As discussed previously, it is not easy to 
figure out the relationship between cumu- 
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Fig. 22 - -  Comparison o f  typical cumulative plastic strain distribution pat- Fig. 23 - -  Comparison o f  averaged angular distortions calculated by EPA and 
terns in the cases with different thermal management techniques. PDA for the cases with different thermal management techniques. 

lative plastic strains and angular distor- 
tion using only the results from the EPA. 
The PDA was performed to investigate 
the effect of the thermal management 
techniques on the relationship between 
cumulative plastic strains and angular dis- 
tortion. 

The individual and the total angular 
distortions are plotted and compared for 
Cases 1, 2, and 3 in Fig. 23. No matter what 
types of thermal management techniques 
are applied, the basic characteristic rela- 
tionship between cumulative plastic 
strains and angular distortion is not 
changed: transverse and vertical cumula- 
tive plastic strains result in bend-down an- 
gular distortion, and longitudinal and xy- 
plane shear cumulative plastic strains 
generate bend-up angular distortion. 

Figure 23 shows that heat sinking in- 
creases the bend-up individual angular 
distortion, reducing the bend-down angu- 
lar distortion, and ultimately causing an 
increase in the total angular distortion. 
The main cause of the increase of the total 
angular distortion comes from the reduc- 
tion of the bend-down angular distortion 
induced by the transverse and the vertical 
components. A relatively small increase of 
the angular distortion due to the longitu- 
dinal and the xy-plane shear components 
is shown. These results obtained from the 
PDA are similar to the ones discussed in 
the EPA based on the maps of the cumu- 

lative plastic strains, but provide more 
quantitative information. 

On the other hand, GTA preheating 
does not significantly change the individ- 
ual angular distortions except the one in- 
duced by the xy-plane shear cumulative 
plastic strain. The reduction of the total 
angular distortion by GTA preheating is 
mainly related to the reduced bend-up an- 
gular distortion induced by the xy-plane 
shear cumulative plastic strain only. In 
order to reduce the bend-up angular dis- 
tortion, the negative xy-plane shear strain 
resulting in the bend-down angular dis- 
tortion must act more dominantly to re- 
duce the bend-up angular distortion than 
the positive one. Therefore, the wider re- 
gion of the negative xy-plane shear cumu- 
lative plastic strain on the top surface of 
the flange as shown in Fig. 22, the smaller 
bend-up angular distortion. 

Based on results from the PDA, it can 
be concluded that heat sinking increases 
the total bend-up angular distortion by re- 
ducing the bend-down angular distortions 
induced by the transverse and the vertical 
cumulative plastic strains, and GTA pre- 
heating reduces the total bend-up angular 
distortion by reducing the bend-up angu- 
lar distortion induced by the xy-plane 
shear cumulative plastic strain. 

In addition, in terms of optimizing the 
welding-induced distortion, the selection 
of thermal management techniques 

should be carefully performed. Based on 
this study, heat sinking can help to reduce 
buckling, but may result in more angular 
distortion. On the other hand, GTA pre- 
heating can reduce the angular distortion, 
but it may possibly result in buckling or a 
more transverse shrinkage because GTA 
preheating generates a wider plastic zone 
(Ref. 9). 

Conclusions 

The effect of external restraints and 
thermal management techniques on the 
relationship between cumulative plastic 
strains and angular distortion in fillet 
welded thin plate T-joints was discussed 
using results from the PDA. The major 
findings are summarized as follows. 

1) The PDA successfully investigated 
the effect of the external restraints and the 
thermal management techniques on the 
relationship between cumulative plastic 
strains and angular distortion. 

2) Angular distortion was reduced by 
increasing the degree of external restrain- 
ing applied on the flange of T-joints. The 
PDA showed that the reduction of the an- 
gular distortion by external restraints re- 
suited from the increase of the bend-down 
angular distortion induced by the trans- 
verse cumulative plastic strain. The effect 
of the external restraints on other cumu- 
lative plastic strains was small enough to 
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be negligible. 

3) Heat  sinking increased the angular 
dis tor t ion.  The  P D A  showed that  hea t  
sinking mainly controlled nominal cumu- 
lative plastic strains, such as transverse, 
vertical,  and longi tudinal  components .  
The  bend-down angular  d is tor t ion in- 
duced by the transverse and the vertical 
components  was reduced by heat sinking, 
which resulted in the increase in angular 
dis tor t ion.  For  o ther  componen t s ,  the 
change in angular distortion was relatively 
small, thus negligible. 

4) Preheating with a gas tungsten arc 
reduced the angular distortion. The PDA 
showed that GTA preheating mainly con- 
trolled the contr ibut ion of  the xy-plane 
shear cumulative plastic strain existing in 
and around the welded region. The reduc- 
tion in angular distort ion resulted from 
the reduction of the bend-up angular dis- 
tortion induced by the xy-plane shear cu- 
mulative plastic strain. 
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