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Analysis of Residual Stresses in AI-Li Repair 
Welds and Mitigation Techniques 

Thermal stretching, a novel repair technique, is proposed as a way to reduce 
residual stresses in repair welds 

BY P. DONG,  J. K. H O N G  AND P. ROGERS 

ABSTRACT. In this paper, the recent re- 
sults based on a comprehensive study on 
repair weld residual stresses are pre- 
sented. Advanced finite element tech- 
niques were used to characterize the 
residual stress evolution in AI-Li alloy 
weldments, particularly under repair 
welding conditions. The present analysis 
procedures considered three-dimen- 
sional residual stress characteristics in 
the repair welds using a shell element 
model. Local residual stress details were 
analyzed by a generalized plane-strain 
model with prescribed translation and 
rotation conditions established from the 
global shell element model. Experimen- 
tal residual stress measurements were 
conducted using X-ray diffraction meth- 
ods. A good agreement between the fi- 
nite element results and experimental 
measurements was obtained. Finally, a 
novel welding repair procedure (termed 
as a "thermal stretching" technique) was 
proposed to mitigate the weld residual 
stresses in repair. 

Introduction 

It is well established that residual 
stresses result from localized heating and 
cooling and mechanical restraint condi- 
tions during and after welding. During re- 
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pair welding, material near and within 
the weld fusion zone undergoes severely 
restrained thermomechanical deforma- 
tion. Consequently, residual stresses near 
a repair weld can be significantly higher 
than those in an original weld before re- 
pair. In addition, there has been a great 
deal of evidence that residual stresses 
due to weld repair can significantly im- 
pact the structural integrity of the welded 
structures (Ref. 1). 

There have been numerous studies on 
weld residual stresses. Some compre- 
hensive discussions on this subject can 
be found in Masubuchi (Ref. 1) where a 
large amount of experimental data was 
documented and analyzed. As finite ele- 
ment methods gain popularity in solving 
complex thermoplasticity problems, 
such as those involved in welding-in- 
duced residual stresses, a better under- 
standing of the residual stress develop- 
ment can be achieved through a proper 
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application of these powerful methods. 
Representative work along this line is that 
by Ueda, et al. (Ref. 2), and Kim, et al. 
(Ref. 3), for multipass welds and by Ry- 
bicki, etal. (Ref. 4) and Brust, etal. (Refs. 
5, 6), for pipe girth welds. In addition, 
various modeling techniques have been 
proposed to address some specific con- 
cerns over thermal and mechanical as- 
pects of the finite element procedures as- 
sociated with residual stress analysis 
(Refs. 7-11). In addition, some of the 
more recent publications considered so- 
lidification effects, for example, by Choi 
and Mazumder (Ref. 12) on residual 
stresses in 304 stainless steel weldments 
and by Oddy, etal. (Ref. 13), on transfor- 
mation plasticity effects in pressure-ves- 
sel steel. Some of the additional model- 
ing issues were discussed in light of 
numerical predictions for gas tungsten 
arc (GTA) welds, and neutron diffraction 
measurements (based on residual elastic 
strains) were discussed by Mahin, et al. 
(Ref. 14). 

As commercial finite element codes 
become increasingly available, the use of 
such general-purpose codes for residual 
stress analysis has become highly desir- 
able. This is because not only can resid- 
ual stress analysis procedures based on 
commercial codes be readily adapted to 
practical applications, but also the de- 
velopment effort can be focused only on 
welding-specific issues by taking advan- 
tage of the existing computational archi- 
tecture already available in commercial 
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Fig. 1 - -  Aluminum-lithium panel specimen with a repair weld. Fig. 2 - -  Half-panel shell~plate element model. 
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codes. Along this line, some insightful re- 
sults on weld residual stresses have been 
obtained (Refs. 11-18) where the effects 
of multipass welds were simulated di- 
rectly using a commercial code, 
ABAQUS (Ref. 19), with a user-devel- 
oped welding heat source model. How- 
ever, it should be noted that very few 
commercial finite element codes are de- 
signed for modeling important phenom- 
ena peculiar to welding, such as melt- 
ing/remelting and metal deposition 
effects (Ref. 17). An effective remedy for 
this has been implemented by the devel- 
opment of a proper material model in the 
form of user subroutines (Ref. 20), with 
which additional capabilities can also be 
obtained in modeling multipass welds 
and 3-D effects using special shell or 
plate element models (Ref. 21 ). The avail- 
ability of such facilities makes it possible 
to analyze the detailed development of 
the residual stresses in repair welds in 
complex engineering components, 
which typically requires the incorpora- 
tion of 3-D effects that have been tradi- 
tionally assumed negligible in 2-D and 

perimental residual 
stress data are also 

compared with finite element predic- 
tions. The implications on structural in- 
tegrity are discussed in Refs. 22 and 23. 
A potential residual stress mitigation 
technique is also presented based on the 
detailed evolution of residual stresses in 
repair welds from this investigation. 

Residual Stress Analysis 

Problem Definition 

As shown in Fig. 1, the AI-Li panel 
specimen with a repair weld was pre- 
pared for X-ray diffraction residual stress 
measurements after both the initial weld 
and the repair weld. For the initial weld, 
six C clamps were used with three on 
each side of the weld at positions as in- 
dicated, while four clamps were used for 
the repair. The initial weld was per- 
formed using an automatic two-pass vari- 
able polarity plasma arc (VPPA) process 
(with welding wire). 

The repair weld was performed with 
the manual GTAW process (with welding 
wire). The details about the welding 

process parameters are given in Rogers, 
et al. (Ref. 23). The welding repair pro- 
cedure involved grinding out approxi- 
mately half the weld thickness to remove 
defects and fil l ing the resulting groove 
with two passes using a manual GTAW 
process (with welding wire). The welding 
arc was assumed to travel from the right 
to the left, as indicated. 

Computational Procedures 

Finite element simulation of the resid- 
ual stress development in repair welds typ- 
ically requires the consideration of 3-D ef- 
fects in a component. This can be 
accomplished with a combined approach 
using shell/plate and 2-D models (Refs. 
17, 20, 21). Such a simplified approach 
was necessary for the application of con- 
cern since analysis using 3-D solid-ele- 
ment models would have been extremely 
time consuming and cumbersome for sim- 
ulating multipass repair welding. This 
analysis procedure can be briefly de- 
scribed as follows: I ) A special composite 
shell element model (Ref. 21 ) is used to es- 
tablish global residual stress distributions 
in an actual weldment considering mov- 
ing arc metal deposition effects; 2) a 2-D 
cross-section model of generalized plane- 
strain elements is then used to compute 
local residual stress details at a specified 
cross section along the weld simulated in 
the shell model. In the 2-D cross-section 
model, a set of averaged nodal displace- 
ments from the shell model is specified in 
terms of both cross-section rotations and 
translations. In this study, the averaged 
final nodal displacements from the shell 
model were used as out-of-plane bound- 
ary conditions for the 2-D cross-section 
model. 

Computational Models 

As such, two types of finite element 
models were used in the present study. A 
shell/plate element model is shown in 
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Fig. 2, representing the upper half of the 
panel specimen shown in Fig. 1. Sym- 
metry conditions with respect to the y-z 
plane were imposed along the weld cen- 
terline. In addition, clamping actions 
were simulated using fixed displacement 
(u z) boundary conditions. The first row of 
elements from the bottom represents the 
weld material. Four-node shell elements 
with six degrees of freedom were used. 
Five through-thickness integration points 
were used in both thermal and mechan- 
ical analyses (Ref. 19). The moving arc ef- 
fects were simulated using a distributed 
heat flux model coded as a user subrou- 
tine in A B A Q U S  (Ref. 19). With this 
shell/plate element model, only the sec- 
ond pass of the two-pass initial weld was 
modeled to simplify the analysis proce- 
dure (for discussion on using shell/plate 
element to model multipass weld effects, 
see Ref. 21). Previous results (Refs. 2, 3, 
18) have demonstrated that the last pass 
typically dominates the residual stress 
distribution in multipass welds, at least 
for a region close to the last pass. The 3.5- 
in. (0.14-mm) repair weld was simulated 
after the initial weld residual stresses 
were obtained. The displacement char- 
acteristics obtained at the mid-length of 
the initial weld was used to describe the 
generalized plane-strain conditions for a 
2-D model with which local residual 
stress details were investigated further. 

A cross-section model is shown in Fig. 
3. Transient heat flow solutions were car- 
ried out for both initial and repair weld 
passes by using combined body and sur- 
face fluxes so that the predicted fusion 
zone for each pass was approximately 
the same as the experimentally observed 
o n e -  Fig. 3B. "Element rebirth" tech- 
niques (Ref. 16) were used to simulate the 
effects of the two-pass initial weld. (A 
more robust technique for modeling mul- 
tipass welds in complex structures is dis- 
cussed in detail in Ref. 20, and the results 
for the present applications were essen- 
tially the same.) The repair weld was sim- 
ulated in a similar manner: 1) The ele- 
ments representing grind-out material 
(two enclosed areas at the top in Fig. 3B) 
were removed; 2) these elements were 
then reintroduced as one repair pass with 
a specified heat input consistent with the 
GTA welding parameters. 

Material Model 

The thermal-physical properties at 
room temperature are given in Table 1. 
Since high-temperature properties were 
not available for the AI-Li alloy of con- 
cern, they were assumed to be of typical 
2000-series aluminum alloys. 

Weld,, 

(a) 

(b) 

I I  IIIII m 

' Unit:  in Ksi 

Fig. 4 - -  Residual stress distributions for the initial weld. A - -  Transverse residual stress ; B - -  
longitudinal residual stress. 

Table 1 - -  Room Temperature Material Properties 

k C, p o~ E o-y 
(Btu/in.PF) (Btu/I~PF) ( lb/ in?)  (in./in.) (ksi) v (ksi) 

Base metal 0.003156 0.214 0.976 14.1 × 10 6 11,600 0.3153 63 
Filler metal 0.003156 0.214 0.976 14.1 x 10 -6 10,500 0.3153 40 

The room-temperature tensile proper- 
ties for both base metal and filler material 
combinations are also given in Table 1. 
Von Mises yield criterion with associated 
flow rule was used. Elastic perfectly plas- 
tic behavior was assumed in the analysis. 
Since there were no data available for 
yield stress vs. plastic strain at elevated 
temperatures for both the base material 
and weld metal of concern, a linear rela- 
tionship was assumed for both yield stress 
and Young's Modulus, linearly decreasing 
from the room-temperature values to the 
melting temperature. It was assumed that 
at the melting temperature, the yield 
strengths and Young's Modulus were re- 
duced by two orders of magnitude from 
their room temperature values. Past expe- 
rience has shown that this is adequate as 
far as residual stresses are concerned, 
since the residual stress state tends to be 
controlled primarily by the room temper- 
ature material properties. 

With both shell/plate and 2-D cross- 
section models, a sequentially coupled 
thermal-mechanical procedure was 
used. With such a procedure, thermal 
analysis was first performed to obtain the 
temperature history during and after 
welding, and then thermo-mechanical 
analysis was conducted with respect to 
the entire temperature history to obtain 
the corresponding residual stress state. 

Results and  Discussion 

Initial Welds 

The shell/plate element model in Fig. 
2 was first used to analyze the residual 
stress development for the initial weld. 
The predicted residual stress distributions 
are shown in Fig. 4. Note that the start 
and stop positions are located on outer 
ends of the transition tabs. It is interesting 
to note that the transverse residual 
stresses show a strong variation along the 
entire weld length while the longitudinal 
residual stresses remain essentially con- 
stant along the weld length except near 
the start/stop positions. The transverse 
residual stresses along a line at 0.3 in. 
(7.6 mm) from the weld centerline are 
shown in Fig. 5. Residual stress measure- 
ments (in symbols) were also obtained 
with the X-ray diffraction technique at 
four equally spaced positions along this 
line for the last half of the 24-in. (610- 
mm) initial weld. It should be noted that 
the shell/plate element model was only 
intended to capture some of the global 
residual stress characteristics. Neverthe- 
less, the agreement between the mea- 
sured and predicted results is reasonable. 

Such residual stress distribution char- 
acteristics are not completely unex- 
pected. It is well established that the Ion- 

WELDING RESEARCH SUPPLEMENT I 4 4 1 - s  



5C 
"~ Star/ v 4(3 Sto~ 

~ "I 12" 3(3 / 
0 ~ 0.3" _I_ 2(3 ..3[ 

"~ I(3 ~ 
~ c 
n-- 

® -2£ ~-~ 
' -  -4C ~" ~ FE Predictions 

-50 I . . . .  
0 2 4 6 8 10 12 

Distance from Stop Position (Inch) 

Fig. 5 - -  Transverse residual stress distribution along weld 
length. 

A . . . . . . . . . .  

't_, 
/ Weld 

£> Z 

Fig. 6 - -  Transverse residual stresses due to longitudinal re- 
straint. 

gitudinal residual stresses are primarily 
dominated by the workpiece's restraint in 
the longitudinal direction, and their typ- 
ical distributions along an initial weld are 
illustrated in Fig. 6. The transverse resid- 

ual stress distribution, how- 
ever, can be attributed to 
both longitudinal and trans- 
verse restraints. A simple 
free-body diagram with an 
imaginary cut along the 
weld centerline is used in 
Fig. 6 to demonstrate the 
contribution of weld longi- 
tudinal shrinkage to the vari- 
ation of the transverse resid- 
ual stress along the weld as 
shown in Figs. 4 and 5. 
Without quantifying this im- 
portant residual stress fea- 
ture for the transverse resid- 
ual stress component (Fig. 
4A), analysis results from a 
2-D model may not be cor- 
rectly interpreted. 

To investigate the detailed 
local residual stress distribu- 
tions, the 2-D generalized 
plane-strain element model 
(Fig. 3) was used along with 
prescribed displacement 
conditions obtained from 
the shell/plate element 
model, as discussed above. 
The residual stress results on 
the top surface are plotted as 
a function of distance from 
the weld centerline in Fig. 7, 
in which experimental X-ray 
diffraction measurements 
are plotted in symbols. The 
predicted longitudinal 
stresses in the weld area (Fig. 

7A) clearly indicates the weld metal un- 
dermatch effects (i.e., its yield strength 
was lower than the base material's by 
about 45%). The maximum tensile stress 
occurs within the HAZ region due to the 

high yield strength of the base material. 
The agreement between the predictions 
and measurements was considered rea- 
sonable, particularly away from the 
weld. 

The transverse residual stress results 
on the top surface are shown in Fig. 7B. 
Within the fusion zone, the transverse 
component is small. The transverse resid- 
ual stress reaches its maximum at the 
weld interface and is followed with a 
rapid decrease. Some oscillations can be 
seen for some distance farther away from 
the weld before the transverse component 
gradually approaches zero. It should be 
noted that clamp positions were located 
at about 2.5 in. (63.5 ram) away from the 
weld centerline and that its effects can be 
clearly seen in the predicted results, al- 
though both the finite element and X-ray 
measurement results were obtained 
under conditions with clamps being re- 
leased. The X-ray diffraction measure- 
ment results followed the same trend. 

Repair Welds 

Once the initial weld residual stress 
field was established, as discussed in the 
previous section, the repair welding was 
simulated using the procedures de- 
scribed previously. The results are also 
summarized in Fig. 7. The change in lon- 
gitudinal residual stresses due to repair is 
not noticeable. However, the transverse 
residual stress component shows an 
overall increase, particularly away from 
the fusion zone. This trend was further 
confirmed by the X-ray measurements, 
shown in symbols (triangles) in Fig. 7B. 
To illustrate the detailed transverse resid- 
ual stress development over the repair 
welding process, the residual stress dis- 
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tributions after the initial weld, groove 
preparation (grind out) and repair are 
summarized in Fig. 8. The solid line rep- 
resents the residual stress distribution 
after the initial weld. After grinding out 
the material within the initial weld as in- 
dicated in Fig. 3, free surface effects were 
introduced within the original weld. As a 
result, the initial transverse residual stress 
(solid lines) was gradually reduced to 
zero as the newly created surface is ap- 
proached, as indicated by the long- 
dashed lines. Furthermore, the residual 
stress peak was shifted to about 0.5 in. 
(12.7 mm) away from the weld interface. 
After repair, a significant increase in 
residual stress in the nearby area imme- 
diately outside of the repair weld can be 
seen, as shown by the short-dashed lines. 

The shell/plate element model was 
also used to investigate the global fea- 
tures of the repair weld residual stresses 
for the entire panel specimen. Figure 9 
shows the residual stress distributions 
after weld repair. Within the repair length 
(in the middle of the panel specimen), the 
transverse stresses become highly tensile 
(more than 40 ksi), in contrast to Fig. 4A. 
Immediately outside the repair weld 
length, the transverse stresses become 
compressive. Again, the longitudinal 
residual stress remains relatively uniform 
along the repair weld length. 

Mitigation Technique 

The presence of high tensile trans- 
verse residual stresses within the repair 
weld can have a significant impact on the 
structural integrity of the component 
(Ref. 22). It is important that potential 
mitigation techniques be investigated so 
that repair weld residual stress effects on 
structural integrity can be minimized. For 
the present applications, this can be 
achieved by a certain arrangement of lo- 
calized in-plane heating and/or cooling 
with a detailed consideration of the resid- 
ual stress evolution process in the repair 
welds. It should be noted that some early 
efforts by means of localized 
heating/cooling were primarily used for 
mitigating buckling-type distortions - -  
for example, low-stress nondistortion 
(LSND) welding techniques proposed by 
Guan, et al. (Ref. 24), for butt joints and 
"thermal tensioning" techniques by 
Michaleris and Sun (Ref. 25). In both 
cases, the longitudinal compressive 
residual stresses along the weld, which 
act as internal buckling load, must be re- 
duced in order to mitigate buckling dis- 
tortions. As far as residual stress mitiga- 
tion techniques are concerned, one of 
the well-known methods is the heat sink 
welding technique for multipass girth 
welds developed by Brust, et al. (Refs. 5, 

6). The heat-sink 
welding techniques 
utilized intensified 
temperature gradi- 
ents generated by 
cooling the pipe 
inner surface after 
the first pass to miti- 
gate the final tensile 
residual stresses near 
the pipe inner sur- 
face. The method has 
been successfully 
implemented in pre- 
venting residual- 
stress-induced stress 
corrosion cracking 
on the inner surface 
of a pipe weld in the 
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utility industry. 
In the following, a residual stress miti- 

gation technique is presented based on 
the detailed knowledge of the weld resid- 
ual stress development in the repair welds 
of concern. With a proper combination of 
stationary heating and cooling as shown 
in Fig. 10, the heat flow mechanisms dur- 
ing and after repair can be altered to an ex- 
tent that the plastic compression on heat- 
ing becomes significantly reduced. As a 
result, the residual stresses can then be 
minimized, particularly for the transverse 
component. The underlying principle is to 
achieve transverse "stretching" effects on 
the repair weld by means of the prescribed 
temperature field. It seems, therefore, ap- 
propriate to term such a technique as a 
"thermal stretching" technique. 

Again, the shell element repair model 
(Fig. 2) was used to demonstrate the ef- 
fectiveness of this proposed technique. 
Figure 11 shows the simulated tempera- 
ture distributions resulting from repair 
welding with the thermal stretching tech- 
nique. During repair welding, some 
slight heating on the initial weld to both 
the left and right hand sides of the repair 
weld were noticeable - -  Figs. 11A and 
11B. As soon as the welding arc was ter- 
minated, the intense cooling on the re- 
gion above the repair weld generated a 
strong depression on the isotherms to- 
ward the repair weld (Fig. 11C), exerting 
stretching effects on the repair weld. The 
resulting predicted transverse residual 
stress distributions are given in Fig. 12, 
where the results for conventional repair 
welding is shown on the top. Figures 12B 
and 12C show the results of repair weld- 
ing with the thermal stretching technique 
with moderate and intense cooling con- 
ditions, respectively. The predicted re- 
duction of the repair weld residual 
stresses is significant, about 40-50% for 
an intense cooling sou rce -  Fig. 12C. It 
should be noted that the present arrange- 
ment for localized heating and cooling 
was intended to maximize the stretching 
effects in the transverse direction so that 
the transverse residual stresses can be 
minimized, since the transverse residual 
stress component was identified as the 
critical component in subsequent struc- 
tural integrity assessments (Ref. 22). As a 
result, the reduction in the longitudinal 
residual stresses after applying the ther- 
mal stretching technique was insignifi- 
cant. 

Conclusions 
In this investigation, an advanced fi- 

nite element procedure involving the use 
of both a shell/plate element and a 2-D 
cross-sectional model was used to study 
3-D weld residual stress characteristics. 
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The shell/plate element model was used 
to capture some of the global residual 
stress features in both initial welds and 
repair welds. In the meantime, a 2-D 
cross-sectional model, with generalized 
plane-strain conditions that were consis- 
tent with the deformation mode at a spec- 
ified cross section, was used to resolve 
the local residual stress details. The fol- 
lowing observations can be made: 

1) Transverse residual stresses in ini- 
tial welds, although of a relatively low 
magnitude, exhibit a significant variation 
along the weld direction. Such variations 
must be taken into account in order to 
correctly interpret numerical results from 
a 2-D model. 

2) Highly tensile longitudinal residual 
stresses are present in a region spanning 
a few weld widths. Under the present un- 
dermatched yield strength condit ions, 
the maximum longitudinal stresses can 
reach beyond their respective yield 
strengths. 

3) Both longitudinal and transverse 
residual stresses are highly tensile near 
and within the repair weld due to severe 
restraint conditions during repair. 

4) To reduce the transverse residual 
stresses, proper welding procedures can 
be developed. For present applications, it 
appears that the thermal stretching tech- 
nique proposed offers a potentially sim- 
ple and effective way to reduce the trans- 
verse residual stresses for a weld repair. 
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