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1. Introduction

Fusion welding produces a nonlinear thermal
loading due to localized heating which results in
a nonuniform temperature distribution in weld-
ments. After welding, residual stresses are crea-
ted in the structure due to plastic strains caused
by localized heating of the structure. Two major
effects of welding residual stresses are distortion
and fracture of welded structures.

Residual stress increases crack driving force
and largely affects the strength and resistance to
brittle fracture of the structure. Tensile residual
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stress around the weld area is major factor cont-
ributing to cracking and fracture problems in
heavy structures with welded thick plates. When
there is no data for residual stress distribution,
yield stress is often used as a residual stress ma-
gnitude for as-welded structures in fracture asse-
ssment guidelines. The yield stress value is con-
servative and sometimes results in unnecessary
repair of discontinuities. Therefore it is necessary
to accurately assess the magnitude and distribu-
tion of residual stresses throughout the thickness
of the plate.

Linear elastic fracture mechanics can be used

for weldment fracture analysis. Stress intensity



factors for a residual stress field and external
loading can be linearly superimposed for combi-
ned loading. However, the use of linear elastic
fracture mechanics is limited to small scale yiel-
ding only. Another approach to fracture assess-
ment of weldments is the concept of crack tip
opening displacement. CTOD design curves can
be used for determination of acceptable sizes of
defects in welded plates, which sometimes result
in a very conservative analysis.

With the development of finite element techni-
ques, the J-integral can be very effectively used
for fracture analysis of structures. The J-integral
was developed by Rice(Ref. 1) as a fracture para-
meter in elastic-plastic fracture mechanics. Many
investigators suggested other energy integral ex-
pressions to expand the J-integral to include inc-
remental plasticity or the effect of thermal loa-
ding. Wilson and Yu(Ref. 2) developed a modified
expression of the J-integral for combined thermal
and external loading in an elastic body. Blackburn
et al.(Ref. 3) and Aoki et al.(Refs. 4 and 5) have
proposed new path-independent integrals, J* and
j, respectively, for elastic-plastic problems. Shin
(Ref. 6) developed a domain integral expression
of the J-integral for a three dimensional crack
front under thermal stresses.

Another approach to elastic-plastic fracture me-
chanics was developed by the General Electric
Company. They developed an engineering proce-
dure for the calculation of the J-integral for strain
hardening materials(Ref. 7), which was further
developed for combined secondary stress and ex-
ternal loading(Ref. 8). Another approximation
procedure was developed by Chell{Ref. 9) to in-
corporate secondary stresses in the J-integral
evaluation.

The objective of this research is to develop a
guideline procedure for two dimensional or three

dimensional finite element modeling of the J-inte-
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gral analysis for combined residual stress and ex-
ternal loading for a welded plate.

2. Finite element modeling

Finite element models were developed for the-
rmal and residual stress analysis. They were used
to evaluate temperature and thermal stress his-
tory of a welded plate. The heat transfer and st-
ress analysis of weldments are nonlinear, time
dependent, and require large amounts of compu-
ter time. Though computer technologies are grea-
tly advanced, reducing the computational time re-
quired, it remains a major user task to reduce the
computational time for finite element analysis of
welding problems.

An uncoupled thermo-mechanical analysis was
performed. The thermal analysis was performed
and the temperature history was stored, for later
use as a thermal loading input in the subsequent
stress analysis.

The finite element method can be efficiently
used to evaluate the J-integral with a good accu-
racy. The virtual crack extension method(Refs. 10
—12) is generally used in finite element calcula-
tion, where the decrease in potential energy is
calculated with respect to virtual crack advance.
The J-integral loses its path-independency when
there is an inelastic strain or a crack surface tra-
ction. Shih et al.(Ref. 6) developed an alternative
J-integral expression for a thermally stressed
body. A commercial finite element package ABA-
QUES, which was used in this research, incorpo-
rated Shih’s procedure for the calculation of J-in-
tegral values for combined external and thermal
loading(Refs. 13—14).

However, the procedure can not be directly ap-

plied to welded plates with a residual stress field,
where initial stresses and plastic strains create
path-dependency of the J-integral values for diffe-

rent contours. To evaluate the J-integral values at
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the crack tip in combined residual stress and ex-
ternal loading, very small elements are needed
around the crack tip. The ] value at those small
elements around the crack tip was used as the J-
integral value for combined residual stress and
external loading.

2.1 Thermal analysis

Time increments used in the analysis were de-
pendent on the magnitude of the temperature
gradient. Time increments were small enough to
describe the thermal history of the model accura-
tely. The maximum allowable temperature change
between time increments was limited to 110T.
The temperature data for each time increment
was saved for thermal loading to use in the me-
chanical analysis. An arc efficiency of 85 percent
was used for the net heat input to the plate for
the GMAW process. Heat losses or gains from
phase transformation were neglected. A free con-
vection boundary condition was assumed for both
top and bottom surfaces of the plate.

A ramp heat input function was developed to
apply heat flux to the model gradually with varia-
ble ramp times. The ramp heat input model was
used to avoid numerical convergence problems
caused by an instantaneous increase in tempera-
ture near the fusion zone.

Eight-node rectangular elements were used for
the two dimensional thermal and mechanical ana-
lysis. Twenth-node elements were used for three
dimensional analysis of a bead on welded plate.
Temperature dependent material properties were

used.

2.2 Mechanical analysis

Residual stresses are the final state of internal
stress caused by permanent plastic strains accu-
mulated during multiple heating and cooling cyc-
les of a welding process. Therefore, a complete

history of the temperature distribution throughout
the plate is required for the calculation of resi-
dual stresses.

Free boundary conditions were assumed for all
the free surfaces except at the center line of the
cross section, where symmetry conditions existed.
Volume changes due to phase transformations
were neglected. Initial stresses and strains were
assumed as zero.

The same finite element meshes and time steps
were used for both the thermal and residual st-
ress analysis. The temperature history obtained
in the thermal analysis was used as a thermal
loading in the residual stress analysis. The resu-
lts of the residual stress analysis was used for
the J-integral estimation of combined residual st-
ress and external loading.

2. 3 J-integral analysis

The procedure for J-integral analysis with com-
bined thermal and external loads cannot be dire-
ctly applied to welded plates with a residual st-
ress field. Initial stresses and plastic strains cau-
sed by welding create path-dependency of the J-
integral value at different contours. To evaluate
the J-integral value at the crack tip for combined
residual stress and external loads, very small ele-
ments are needed around the crack tip. The J-va-
lue at the nearest contour to the crack tip can be
used as an approximate solution for the J-integral
with combined residual stress and external loads.
Quarter point singular elements were used to
model the singularities at the crack tip with focu-
sed mesh around the crack tip.

The J-intergral estimation of a welded plate,
subjected to the combined loads of a residual st-
ress field and an external force, was performed
in three steps as follows .

1) Thermal analysis . Temperature history of
the plate was calculated from heat input to the



model.

2) Residual stress analysis . Residual stress
was evaluated using the temperature history ob-
tained from the previous step.

3) The J-integral analysis : A crack was intro-
duced in the residual stress field and an external
load was applied to calculate a J-integral value for
the combined loads.

An overall procedure for this analysis is shown

in Figure 1.

ANALYSIS PROCEDURE

FEM Modeling

Thermal Analysis

llemperature F i@——-{ Thermocouple

Stress Analysis

Residual Stress

U-integral Analysg‘

Blind Hole Drilling Method

J-integral Value for

———-‘E’RI Engineering SolutviT_n)

Fig. 1 Analysis procedure of the J-integral for co-

Combined Loading

mbined residual stress and external loads

3. Results and discussion

3.1 Welded thin plate with a center crack

A J-integral analysis was conducted for a center
cracked plate of A515 grade 70 steel subjected to
combined residual stress and external loads. Te-
mperature dependent thermal and mechanical
properties were used shown in Figure 2 and Fi-
gure 3. The Ramberg-Osgood stress-strain rela-
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Fig. 3 Temperature dependent mechanical prope-
rties of A515 steel

tionship was used for the analysis, which was se-
lected to closely represent the stress-strain curve
of A515 steel(see Figure 4). Figure 5 shows the
geometry of the specimen with a center crack. A
line heat source was used to generate the wel-
ding thermal load at the centerline of the plate.
Welding current, voltage, and speed were assu-
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Fig. 4 Engineering stress-strain curve and Ram-
berg-Osgood relationship of A515 steel
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Fig. 5 Specimen geometry of a welded thin plate
with a center crack

med as 2004, 25V, and 5.1mm/sec, respectively.
The arc efficiency was 0.85 for the GMAW pro-
cess. Due to symmetry, one quarter of the plate
was modeled. The finite element mesh contained
ninety eight elements as shown in Figure 6. The
plane stress assumption was used for residual st-

ress and the J-integral analysis.
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N
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Fig. 6 Finite element mesh for a quarter of a we-
lded thin plate with a center crack

Temperature histories and residual stress dist-
ributions were obtained from thermal loads along
the centerline of the plate. Figure 7 shows the
redistribution of longitudinal({welding direction)
residual stresses at the centerline of the plate
(crack plane) due to crack initiation and growth.
The maximum tensile stress of 316 Mpa, without
a crack, increased slightly around the crack tip,
at the crack initiation stage. This tensile stress
gradually decreased as the crack propagated, from
the effects of compressive residual stresses out-
side the weld area.

Figure 8 shows somparisons of J-integral values
computed using FEM, EPRI solution and Chell’s
approximation solution. Because the J-integral lo-
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ses its path-independency in the residual stress
field, the ] value at the nearest contour to the
crack tip was used as a finite element solution.
The engineering solution from the EPRI proce-
dure was also calculated and plotted for compari-

son. The two results show good agreement.
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Fig. 8 Comparison of the J-integral vs. external
loading for a welded thin plate by finite
element method, EPRI solution, and Chell’
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Chell’s approximation solution(Ref. 9) was cal-
culated and compared with FEM and EPRI solu-
tion. For the calculation of the J-intergral, follo-

wing assumptions were used :

€
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€y g,  (Ramberg-Osgood relation)

F(Li*) =alow/c)" !
where, a=4.0 and n=5

mla, t)=2[1—(a/t)1/3
F=125
o,=283Mpa

Bacause the sum of stresses from external

loads and the peak value of residual stress ex-
ceed the yield stress of the material, redistributed
stresses for an uncracked plate were calculated
using the finite element method. Those redistri-
buted stresses were used to calculate the displace-
ment field with an elastic stress-strain relationship.
Subsequently, stress intensity factors for combi-
ned primary and secondary loads(K™) were cal-
culated by the displacement method. Elastic solu-
tions of the J-integral were calculated from those
stress intensity factors. Additionally, J-integral va-
lues calculated from linearly superimposed pri-
mary and secondary stress intensity factors(K°+
K*) were also plotted, which overestimated the J-
integral based on K*(K*+K*) K*). Chell's solu-
tion showed lower J-integral values at large exte-
rnal loads above 207 Mpa when compared to the
FEM or EPRI solutions.

3.2 Three dimensional analysis of a bead on
plate weld

A J-integral analysis was conducted for a three
dimensional model of a bead on plate weld with
a single edge notch. The geometry and dimen-

sions of the specimen are shown in Figure 9. The
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Fig. 9 Three dimensional finite element mesh for

a bead on plate

thickness of the plate is 64mm with a 2.3mm
deep single edge crack throughout the width of
the plate. Due to symmetry, half of the plate was
used for a finite element mesh as shown in the
figure. Seven hundred thirty five(735) twenty-
node three dimensional elements were used for
both thermal and mechanical analysis. Quarter
point singular elements were used, with a focused
mesh around the crack tip. Material properties for
A515 grade 70 were used in the analysis. The
engineering stress-strain curve of A515 was used
for the analysis(Ref. 15), shown in Figure 4.
The gas tungsten arc process was used for de-
position of the bead on the plate. Welding cur-
rent, voltage, and speed were assumed as 2004,
10V, and 2.2mm/sec, respectively. An arc efficie-
ncy of 0.35 was selected for the GTAW process.
A heat flux was applied to the centerline eleme-
nts of the top surface at the same time.
Uncoupled thermal-mechanical analysis was
used. Thermal analysis was performed first, and
then the residual stress was analyzed using the
temperature history from the thermal analysis.
Free boundary conditions were assumed for the
analysis, except at the centerline of the plate,

where a symmetry condition was applied. Figure

Distance(inch)

10 shows the through thickness distribution of lo-
ngitudinal (welding direction) stress at different
distances from the weldline. The maximum ten-
sile stress was 554 Mpa at the centerline and
gradually decreased along the transverse direc-
tion. The size of the tensile stress zone was 10.2

mm, as shown in the figure.
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Fig. 10 Through thickness distribution of trans-
verse(perpendicular to welding direction)
residual stresses for a bead on plate at
different distance from the weldline

The J-integral value was evaluated as a func-
tion of the crack tip location. The change of J-in-
tegral values along the Z-direction for external
loads of 138, 207, and 241 Mpa(without residual
stress) were shown in Figure 11. The J-integral
showed almost the same value along the length,
but sharply decreased at the end of the plate due
to the effect of the free surface.

A J-integral analysis was also performed for co-
A
crack was introduced to the residual stress field

mbined residual stress and external loads.
by changing the boundary conditions, and then
external loads were applied to calculate the J-in-
tegral for the combined loads. The ] value at the
nearest contour to the crack tip was assumed as

a finite element solution for the J-integral. The



J(psi-in)

J{psi-in)

10 Yong-Lae Shim

300

~——o——— S =20.0ks!
700 F
00 — a—  S=300ksi

——a— S =35.0ks
600 +

500 ¥

400 F

200 &
100 F AN

Distance(inch)

Fig. 11 The change of the J-integral value along
crack location of a bead on plate for dif-
ferent loads(external loads only)(S : ex-
ternal load)
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Fig. 12 The change of the J-integral value along
crack location of a bead on plate for dif-
ferent loads(combined residual stress and

external loads)(S : external load)

results of these J values are plotted in Figure 12
as a function of the crack tip location along the
Z-direction(perpendicular to the weldline) for va-
rious external loads up to 207 Mpa. The J-integral
had a maximum value at the centerline of the

plate and then gradually decreased along the Z-

direction, due to the decrease of tensile residual
stresses. Without an external load(residual stress
only), the J-integral showed a maximum value of
0.011 Mpa-m at the centerline, which was equiva-
lent to an external load of 170 Mpa without resi-
dual stress.

EPRI solutions, with a plane strain assumption,
were calculated and compared with the numerical
results in Figure 13. The Ramberg-Osgood rela-
tion used for the EPRI solution was selected to
closely represent the engineering stress-strain
curve of A515 steel(see Figure 4). EPRI solutions
showed a lower value than the finite element so-
lution for the external load above 103 Mpa. The
difference between the two solutions gradually
increased as the external load increased up to 28
% for an external load of 241 Mpa. The plane st-
ress EPRI solution was plotted for reference pur-
poses and showed higher J-integral values com-
pared with the finite element or plane strain
EPRI solution for the external loads above 138
Mpa.

e M
—a—— EPRI (P-E)
——e— EPRAI(P-S)

§

J{psi-in)
g

Stress(ksi)

Fig. 13 Comparison of the J-integral for combined
residual stress and external loads bet-
ween finite element analysis and EPRI

solution.
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4. Conclusions

Finite element models were developed for two
dimensional and three dimensional residual stress
analysis and the J-integral evaluation for combi-
ned residual stress and external loading. The J-
integral analysis of a welded plate was carried out
in three steps .

1) Thermal analysis : Calculation of tempera-
ture history

2) Residual stress analysis | Evaluation of resi-
dual stress field from calculated thermal history

3) The J-integral analysis . Estimation of the J-
integral value for combined loading including ex-
ternal loading and a residual stress field obtained
from the previous step

A ramp heat input function was used in the
thermal analysis. Twenty percent of actual heat
input time was used as a ramp time, which was
determined by the comparison of previous expe-
rimental results and finite element solutions(Refs.
16—17).

The J-integral of combined residual stress and
external loads was calculated for a welded thin
plate with a center crack. The J value at the nea-
rest contour to the crack tip was assumed as a
finite element solution for the J-integral. The
EPRI solution and Chell’s solution were compared
with finite element results. The EPRI solution
agreed well with finite element solution, but
Chell’'s approximation solution showed lower ]
values than other solutions for external loads
above 207 Mpa.

Three dimensional analysis was carried out for
the J-integral analysis of a bead on plate. The ]
values were determined as a function of the loca-
tion at the crack front. The EPRI plane strain so-
lution showed lower value than the finite element

solution for external loads above 103 Mpa.
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