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Abstract

Finite element models were developed for thermal and residual stress analysis for the specific welding
problems. They were used to evaluate the effectiveness of the various welding heat input models,
such as ramp heat input function and lumped pass models. Through the parametric studies, thermal-
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mechanical modeling sensitivity to the ramp function and lumping techniques was determined by compa-
ring the predicted results with experimental data. The kinetics for residual stress formation during
welding can be developed by iteration of various proposed mechanisms in the parametric study.

A ramp heat input function was develped to gradually apply the heat flux with variable amplitude
to the model. This model was used to avoid numerical convergence problems due to an instantaneous
increase in temperature near the fusion zone. Additionally, it enables the model to include the effect
of a moving arc in a two-dimensional plane. The ramp function takes into account the variation in
the out of plane energy flow in a 2-D model as the arc approaches, travels across, and departs from
each plane under investigation.

A lumped pass model was developed to reduce the computation cost in the analysis of multipass
welds. Several weld passes were assumed as one lumped pass in this model. Recommendations were
provided about ramp lumping techniques and the optimum number of weld passes that can be combined

into a single thermal input.

1. INTRODUCTION

Fusion welding processes are commonly used to
join structural members. These welding processes
generally employ a moving heat source that attains
a high enough temperature to melt the material at
the joint. The resulting temperature distributions are
highly nonlinear. Nonuniform expansion on heating
and contraction on cooling in weld area give rise
to large local stresses which usually lead to plastic
deformation. As a result, residual stresses are retai-
ned in the weldments after welding.

Analysis of welding heat flow problems includes
heat generation by the welding arc, heat loss by con-
vection and radiation, and heat conduction with bou-
ndary conditions and initial conditions. A weldment
responds to the welding heat source by undergoing
physical changes of melting and solidification, solid
phase transformation, creation of transient stresses
and strains. Investigations of these metallurgical and
mechanical responses require thermal modeling and
procedural analysis of the arc heat input of the wel-
ding process . Modeling heat input from the arc is
the most critical task, for it directly influences tem-
perature profile, cooling rates, size of the fusion zone
(FZ) and heat affected zone (HAZ), and consequen-
tly the microstructure and strength of the weldment.
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In this study, several different heat input models
were investigated and the sensitivity and efficiency
of each model were compared and experimentally
verified.

There have been many publications on weld mo-
deling using finite element(FE) methods. The majo-
rity of the efforts, however, are focussed on develop-
ment of elaborate numerical techniques for the study
of the weld pool physics rather than for the predic-
tion of residual stresses in realistic structures. In
this study, efforts have been made to develop simpli-
fied FE procedures so that realistic temperature/st-
ress histories in a weldment can be simulated with
commonly available FE analysis package”. Represen-
tative works along this line are 2-D model with a
ramp heat input function and lumped model.

Since the critical residual stresses and metallurgi-
cal zones are formed around the arc during welding,
precise thermal conditions such as nonlinear ramp
heat input functions are needed to accurately predict
the residual stress distribution. However, to date
the influence of ramp heat input function on tempe-
rature predictions for near weld regions has not been
studied. Parametric ramp function studies need to
be conducted to develop a FE analysis procedures
for predicting various metallurgical zones and resul-
tant residual stress in the weldment.

Lumped pass models were developed for thermal
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and stress analysis to reduce computation time. A
lumped pass model is especially cost effective for
simulation of multipass welds. Several different
techniques for lumping the ramp functions were in-
vestigated and experimentally verified in this study.
Modeling sensitivity to weld lumping was determi-
ned through parametric studies. Change in joint rigi-
dity and neutral axis in the weld cross-section after
completion of each weld pass was studied to deter-
mine the kinetics of lumping effect.

The two-dimensional modeling procedure for wel-
dment residual stress predictions was developed ba-
sed on observations of the thermal-mechanical beha-
vior of weldments during welding. A cross section
of weldment with unit width can be modeled with
a ramp heat input function to determine both tempe-
rature and stress histories in a three-dimensional
weldment. In addition, stresses caused by interme-
diate weld passes laid between root passes and cap
passes are cumulative. Multiple weld passes can the-
refore be appropriately lumped together in the mo-
deling procedure to reduce the computational time.
Residual stresses can be numerically determined
with a reasonable computational effort.

The base material used in this study was ASTM
A36 mild steel. The GMAW process was selected
for modeling. The development of a finite element
model requires three steps > thermal model using
the ramp heat input function, mechanical model, and
lumped pass model. As previously discussed, the 2
—D model was used for both the thermal and stress
analyses. Identical finite element meshes and time
steps were employed. The commercial finite element
code, ABAQUS, was used for temperature and resi-
dual stress calculations. Eight-node elements were
used for the thermal models and ten-node generali-
zed plane strain elements were used for the mecha-
nical models.
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2. RAMP HEAT INPUT MODEL

2.1 Heat Input Energy of an Arc
Welding

Modeling heat input from the arc is critical task.
It directly influences the temperature profile, cooling
rate, size of the fusion zone and heat affected zone,
and consequently the microstructure and weld metal
strength. The loss of energy that occurs from arc
to plate is extremely complex in nature and to avoid
this complexity a term called arc effeciency is used
to quantify the energy made available to the welding
plates by the arc. Net heat input from the arc to
the weldment is expressed by the following equa-

tion -
Q=nEl D

where Q is net heat input from the arc(thermal po-
wer), m is arc efficiency, E is arc voltage and 1 is
current.

Careful consideration must be exercised in choo-
sing a value of arc efficiency because predicted tem-
peratures are sensitive to change in arc efficiency.
Peak temperatures at locations in and around the
weld pool change approximately the same as the cha-
nge in arc efficiency.

Arc efficiency, 7, is dependent upon the welding
process, metal transfer mode, shielding gas, and
other factors, making it very difficult to predict. Chri-

>4 extensively measured

stenen et al? and Rykalin
the arc efficiency of various welding processes using
the calorimetry method. In this study, an arc efficie-
ncy of 85 percent was adopted for the GMA welding
of mild steel.

A two-dimensional FE model using ramp heat in-
put functions and lumped weld passes has been used
to predict the thermal and mechanical responses of
the weldments. The 2-D modeling of the weld pro-
cess is illustrated in Fig. 1 and is based on the assu-
mption of a quasi-stationary state.
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2-D FEM MODEL
(Half Model)

|
ol

CENTERUNE
Fig. 1 Two dimensional finite element model of the
weldment

2.2 Ramp Heat Input Model

The general amplitude versus time curve for the
ramp heat input function is shown in Fig. 2. The
actual welding time for the arc to travel across the
unit thickness of the model is t,+t,. The magnitude
of 1/V represents this heat scanning time. The tem-
perature profiles are affected by the ramp time per-
centage, which is defined to be

Heat Flux
(Btu/in? /sec)

nax

Time (sec)

t, ta

t, : Initial Ramp Time

tz - Maximum Ramp Time

ts - Decaying Ramp Time

ti+t; - Actual Heat Scanning Time during Welding
Ramp Time Percentage=100t,/(t, +1t5)

Fig. 2 Shape of the ramp heat input function
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ti

Ramp time percentage= X100 )

titt,

Heat input energy per unit length and heat flux
were calculated by the following equations :

nEI 60
Heat Input Energy : H=—— X— 3
1055 V
nEI
Heat flux  —Body flux :q= @
1055V,
nEl
—Surface flux . g=—— 5)
1055bL

where H=heat input energy per unit length, Btu/

inch

n =arc efficiency

E =arc voltage, volts

I =arc current, amps

V =welding speed, inches per minute

60~ conversion factor, minute to seconds

1055=conversion factor, Joule to Btu

q = heat flux, Btu/in*sec(for surface heat flux)
Btu/in®-sec(for body heat flux)

V=volume of bead elements in which heat
flux is in, in®

b =total width of deposited bead elements,
inch

L =length of heat input area in welding direc-
tion(unit length in two-dimensional model),
inch.

The heat transfer and stress analysis of thick plate
weldments require a large amount of computing time.
Therefore, a very simple model was utilized for the
parametric study of heat input modeling techniques.
Single pass bead-on-plate GMA welds on 1/2 inch thick
plate was used for the ramp effect study.

Fig. 3 shows the weld bead configuration, welding
parameters, and heat input data used for the finite
element model. As shown in Fig. 3(b), surface heat
flux covers the weld bead area at the top surface of
the plate. The magnitude of net heat input energy
and heat flux was calculated using Equations 4 and
5.
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Half Model (Symmetry)

(a) Model dimensions and bead configuration

WELDING PROCESS: GMAW Surface Heat Flux

WELDING PARAMETERS:
245 Amps
27.8 Voits r Y Y vy
10 in/sec

ARC EFFICIENCY: 0.85

NET HEAT INPUT ENERGY:
32,93 Bu/in -

SURFACE HEAT FLUX : i/4
10.98 Stu/ind sec

(b) Welding parameters and heat input data

Fig. 3 Single pass bead-on-plate weld on the 1/2” thick
plate

) z

Weid Ceternne
(a) Finite element mesh and model dimensions

Inftial condition : 70°F

2

Heat Flux
Y vv¢l + f + + * * f .
A e ]
h y I 14 ~
vy oy v ¥ v

Free convection heat loss (h=1.E-5 Btu/in® &)
(b) Thermal model with boundary conditions

N
Traction free at free surfaces

(¢) Mechanical model with boundary conditions
Fig. 4 2-D finite element and boundary
conditions(single pass bead-on-plate weld on
the 1/2” thick plate)

models
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Fig. 4 shows the 2-D finite element mesh and boun-
dary conditions in thermal and mechanical models.
Only half the plate was modeled with symmetry boun-
dary conditions at the weld centerline. ABAQUS eight-
node rectangular elements were used for the thermal
ananysis and ten-node generalized plane strain eleme-
nts were adopted for the stress analysis. Both models
use 160 elements and 545 nodes and identical mesh
layouts.

2.3 Effect of Ramp Time on Thermal
and Mechanical Analysis

Various ramp times from 0 to 100 percent of the
actual welding time over a unit weld length were used
to monitor the sensitivity of the ramp heat input model.
Fig. 5 shows the ramp functions with different ramp
time percentages for a weld speed of 10 inches per
minute. The same magnitude of the heat flux, 10.98
Btu/in®sec, and actual welding time(t,+t; in Fig. 2),
6 seconds, were used in all cases. The area under
the ramp function curve was kept constant to maintain
the same net heat input energy and study the effect
on thermal and stress responses.

(a) Ramp time=0% (b) Ramp time=20%

HEAT FLUX
(Btw/irP-sec)
10.98 10.98
7 l
0 g MEse) 0 5 7.2

(c) Ramp time=50% (d) Ramp time=100%

10.98 10.98

|
|
0 3 6 9 9 6 12

Fig. 5 Ramp functions for different ramp times

Fig. 6 shows the temperature profiles at points which
are 1/4 inch and 1/2 inch from the weld centerline
on the top surface. The trend shows that large ramp
times causes a decrease in peak temperature and coo-
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ling rate in the near weld region. Moving away from
the weld, the effects tend to be less at the peak tempe-
rature. The temperature profiles of large ramp times
were shifted to the right, which indicates that more
time was required to reach peak temperature. The
time to reach the peak temperature is related to the
total heat scanning time(t,+t,+t, in Fig. 2).

3000

g

1000 4

Temperature (F)

0¥ T Y
[ 5 10 15 20

Time (sec)
(a) Temperature profiles at 1/4” from the weld center
(top surface of the plate)

1000
800
—~
(&
L 600 A
2
E
W Ramp Time %
&« ——
& — 0%
200 T X%
o 100%

0 T T =T T
0 10 20 30 40 S0

Time (sec)
(b) Temperature profiles at 1/2” from the weld center
(top surface of the plate)
Fig. 6 Temperature profiles at 1/4 inch and 1/2 inch
from the centerline(single pass bead-on-plate
welding of the 1/2 inch thick plate)

Fig. 7 shows the distribution of longitudinal and tra-
nsverse residual stresses on the top surface. It was
observed that in contrast to the thermal results, ramp
time does not significantly affect the residual stresses
for a given welding condition. Maximum values of lo-
ngitudinal stress and transverse stress are constant,
regradless of the ramp time percentages. The tensile
stress zone for small ramp time was slightly larger,
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but it is negligible.

The concept of a sensitivity area was adopted to
describe this phenomenon. As shown in Fig. 6, different
ramp times result in peak temperature variations only
at the near weld region which has the highest tempera-
tures. The formation of residual stress is strongly de-

pendent upon the mechanical properties of the speci-
men,

60

(a) LONGITUDINAL RESIDUAL STRESS ($x) .
Ramp Time %
40 < o
—_— 0%
- — 50%
3 20 o= 100%
B /
2
2 .
& [
-20
40 T r T
0.0 0.5 1.0 1.5 2.0

Distance from centerline, y (inch)
(a) Longitudinal residual stress(Sx)

60

Ramp Time %
40 0%

o= 100%

Stress (Ksi)

(®) TRANSVERSE RESIDUAL STRESS (Sy)

Y

0.0 D:.‘ 1.0 1jS 2.0
Distance from centetline, y (inch)

(b) Transverse residual stress(Sy)
Fig. 7 Residual stress at the top surface of the plate
for different ramp times

Fig. 8 shows temperature-dependent mechanical and
physical properties of ASTM A36 steel. Both the elastic
modulus and yield stress decrease with increasing te-
mperature. There is a division point in these values
versus temperature curve. Above this point they dec-
rease at an accelerated rate with increasing tempera-
ture. As shown in Figure 8, mild steel looses strength
at an accelerated rate above 1000°F and therefore cont-
ribution to residual stress due to temperatures above
1000°F is expected to be small.

115



40

Young's Modulus (psl)
Yleld Stress {psi}

Fig.

Distance from the bottom, z (inch)

y (inch)
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3
Yield Stress (X10)

i

5
Young's Modulus (X10)

20 F

Thermal Expanslon (/F)

° : L A I It i 5
0 200 400 800 200 1000 1200 1400

Temp (F)

As described above, the high temperature region
is not a major contributor to the residual stress due
to lower yield stress and elastic modulus at elevated
temperatures. Therefore, the final stress is not sensi-
tive to ramp times as shown in Figure 7. The isotherm
plots of 20% and 50% ramp time in the transverse
cross section(y-z plane) are in Fig. 9(a) and 9(b) with
different time steps. The isotherms at near arc regions
in the top surface of the plate(x-y plane) are in Fig.
9(¢). These clearly show that low temperature regions
under 1000°F, which are dominant in determining resi-
dual stress are insensitive to ramp time.

8 Temperature-dependent mechanical properties .
of ASTM A36 steel These results show that the model with smaller
05 T [ 05 — ; - E :
§ o T 509 RAMP
£ . 1’ if
g) J 02 - I } :
- s -
0.1 N S , -1 0.1 * ; ‘
é % o’ cL g >5 I °r L
3 g 23 § 2 g 3
IS SR U OO O S U N O
0 0.1 02 03 04 05 0 0.1 02 03 0.4 05

Distance from the ceater, y (inch)
(a) 12 seconds after arc passes(y-z plane)

Distance from the center, y (inch)
(b) 24 seconds after arc passes(y-z plane)

0.5

—20% RAMP
0417... 50% RAMP

0.3

02

0.1

0 .
-1.8 -1

Q.5

w (inch), x-Vt

(¢) temperature fields at near arc region(x-y plane)

Fig. 9 Temperature fileds for ramp times of 20% and 50%
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ramp time required slightly more computational time
and numerical cycles than other models with larger
ramp time. It is primarily due to the faster thermal
response and sharper temperature gradient that exists
in the small ramp time model near the weld. From
a comparison with the experimental results” (Fig. 10),
it was determined that a ramp time of 20% provides
the most accurate results in thermal analysis. There-
fore, the ramp time of 20% is used for subsequent
thermal analyses.

800 —r T T
- 400
700 |
800
4 300
500 |- —
= =2
0. 400 |-
= 200 5
E —-— EXPERIMENT B~
300 —e— RAMP1 (20%) <
—a— RAMP2 (50%)
200 -5~ RAMP3 (100%Z) o 100
100 T
0 1 " 1 ] J0
[ 5 10 15 20
TIME (sec)

Fig. 10 Temperature profiles of various ramp time
percentages for the first pass on 1/2-inch thick
plate, located 1/4inch trom the weld centerline
at the top surface.

2.4 Effect of Heat Input Mode

Different types of heat flux and distribution pattern
can also be utilized for finite element analysis. In this
study, the following heat input modes were investiga-
ted :

1. Uniformly distributed heat flux over a given area

(surface flux)
2. Gaussian distribution of surface flux
3. Uniformly distributed heat flux over a given vo-
lume(body flux)
The optimum heat input modeling schemes were
drawn from the results of these parametric analyses.
Finite element models are same as previous models
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used for ramp study.

The temperature field is significantly affected by the
heat flux type and its distribution pattern in the regions
near the weld. Fig 11 compares the size of the FZ
and HAZ determined by heat flux models and experi-
ments. Isotherms of melting point(2800°F) and the A3
phase transformation temperature(1600°F) of mild
steel represent the location of the FZ and HAZ. Surface
flux(uniform or Gaussian distribution) and body flux
(uniform distribution) were each considered.

From a comparison with the experimental results
(see Figure 11), it was noted that when the surface
or body flux was uniformly distributed over the top
layer of the weld bead elements, the model produced
a more accurate temperature field at the near weld
regions than Gaussian distribution of surface flux. The
model produced a wide and shallow FZ and HAZ,
which are very similar to the actual bead configuration
produced by a bead-on-plate GMA welding. Another
advantage of uniformly distributed surface flux model
is the convenience in heat input modeling. Often the
exact shape of the weld bead{penetration depth) may
not be known during the numerical analysis. Heat dist-
ribution over the top layer of the weld bead elements
is considered a more practical approach.

0.5
0.4 A~
[ IF2(2800R)|

—— Surface Flux (Uniform)
——- Body Flux {Uniform)
0.1 —-— Surface Flux (Gaussian)
—— Experiment (GMAW)

Distance from Bottom, z (inch)

0 H el i 1
o] Q.1 0.2 0.3 0.4 05
Distance from the center, y (inch)
Fig. 11 Size of FZ and HAZ determined by different
heat flux models(single pass bead-on-plate
welding of the 1/2 inchthick plate)
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The formation of the fusion zone involves many me-
chanisms such as arc force, fluid dynamics, convection
and radiation heat losses. These items are not conside-
red in this model. However, simple heat conduction
model developed in this study with an appropriate heat
input scheme could simulate the FZ in an acceptable
accuracy as shown in Fig. 11

The surface flux required almost the same computa-
tion time and numerical cycles as the body flux, and
much less time than the concentrated heat flux without
any loss in accuracy. Therefore, the use of surface
flux or body flux is acceptable for thermal analysis
of weldments.

3. LUMPING TECHNIQUES FOR MULTI-
PASS WELDS

In the previous work™®, it was observed that after
mechanical constrains are built up by initial weld pas-
ses, subsequent passes affect residual stress distribu-
tion in a local area only. Based on this phenomena,
a method of grouping weld passes was used to reduce
the computing cost. In the lumped pass models, the
individual beads in a layer were combined, and the
combined total heat flux of the individual beads was
distributed over the weld bead elements of the whole
layer.

Very few investigators have studied lumped pass
modeling techniques. Rybicki and Stonisifer” studied
multipass girth pipe welds by combining all passes
in a layer into a single stress analysis sequence. In
a thirty pass, nine layer weld up to a maximum of
four passes per layer were combined. Their results
partially agreed with the experimental data. They only
used these lumping techniques for the stress analysis,
therefore, no saving of computation time was realized
in the heat transfer analysis and all weld passes must
be simulted. After the temperature distributions for
each pass were obtained, the maximum temperatures
experienced at the grouped elements were determined.
These temperatures, which are an envelope of the tem-
perature distributions of ail passes, were submitted
to the stress analysis model as though they were obtai-
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ned from the temperature distribution of a single layer
of passes. This approach requires additional time for
temperature data processing and, thus, is difficult to
handle in multipass welding analysis.

Leung and Pick® proposed the same approach as
Rybicki’ s work. They studied several simplification te-
chniques including lumping method in a three pass
weld. Their work was limited to the analysis of small
number of weld passes. Ueda ef al® also investigated
the lumping technique. They grouped two weld passes,
therefore, like Leung’s work, their results could not
provide the complete picture of the effect of lumping
techniques which usually group more passes in multi-
pass welds.

A different approach was proposed, in this study,
to improve the efficiency of a lumped pass model. The
following section presents the resuits of the multipass
weld analysis, using refined lumping techniques.

3.1 Ramp Lumping Techniques

The ramp functions shown in Fig. 12(a) represent
three individual passes for a non-lumped model. From
an early study on the modeling varialbes, it was noticed
that two factors, maximum flux magnitude and heat
scanning time, dominantly affect the predicted residual
stress distribution ®. To include the total heat input
energy of each actual weld pass, the area under a
combined ramp function used for a lumped model
should equal the sum of the areas under the individual
ramp functions which represent the actual weld passes.
This may be accomplished by selecting appropriate
values for maximum flux magnitude and heat scanning
time.

Two alternative ramp models used for the lumped
pass models in this study are presented schematically
in Fig. 12(b) and 12(c). The first model is referred
to as a “RAMP 17 technique. In this model, the heat
scanning times for each pass were summed and the
magnitudes of heat flux of the individual passes were
averaged. In the second ramp model, inversely to the
first model, heat flux magnitudes were accumulated
and heat scanning times were averaged, as shown in
Fig. 12(c). This model is referred to as a “RAMP
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Fig. 12 Ramp functions of heat input before and after
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2" technique.

Both ramp models were analyzed to evaluate their
effectiveness for 1 inch and 2 inch thick plate with
double-V groove. Pass sequences, welding parameters,
and finite element meshes for 1 inch and 2 inch thick
plates were shown in Fig. 13 and 14, respectively. 11
weld passes were reduced to 6 lumped passes for 1
inch thick plate, and 38 weld passes were reduced
to 14 lumped passes for 2 inch thick plate. The results
from lumped model were compared to the non-lumped
model and experiment in Fig. 15 and 16".

These figures show residual stress distributions at
the top surface of the 1-inch and 2-inch thick plates.
RAMP 1 model shows a better correlation with the
non-lumped model and the experiment than RAMP
2 model. The stress distribution of the RAMP 1 model
almost coincides with the non-lumped model results
and experimental data as shown on Fig. 16.

RAMP 2 model generally produces a larger tensile
stress zone than other models and shows considerable
change in the magnitude of maximum tensile and com-
pressive stresses. Ramp function of RAMP 2 model
represents a welding process which has higher arc
power and faster welding speed. This heat input pat-
tern increases the temperature gradient and, conse-

lumping
Welding Parameters
Pass Sequence Pass No. Current Voltage Speed
(A) 2 (IPM)
Ty 1 190 25 79
D/ 2-5 215 2 111
X 6 190 25 79
5‘1 7—9 220 26 11.1
LoD 10-11 250 27 111
WELD PASSES
4 s 27. [
2 3 P
|
1 4
\ 1 .°|l
6
7 8 %67
9 10 11 Rped v

Fig. 13 Pass sequence, welding parameter, and finite element mesh for 1 inch thick plate with double-V groove
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Welding Parameters
Pass Sequence Pass No. Current Voltage Speed
(a) 4% (IPM)
1—4 250 26.5 8.0
5—7 250 26.5 13.0
8-9 230 265 10.0
10—14 240 26.5 13.0
2' 1518 230 265 145
19—22 220 270 13.0
2327 230 26.5 12.0
28—30 230 26.5 12.0
31-38 240 26.5 13.0
Pass Numpers ( ): Lumped passes
(34,35,36,37.38)
(31.32.33) R A i t
(28.29.30) >
(567 F Ltibd '
(3.4) i .
@ |
o |
\
(ay * ’
3
(9)
(1010 |- py
(12.13.14) S T
(15163718 T -1 I ,
(19.20.21,22) [ | T ]
(23,24.25.26.27) ! - bt IR 2"

Fig. 14 Pass sequence, welding parameter, and finite element mesh for 2 inch thick plate with double-V groove

60 80
——— MODEL 1 (oot lumped)’ 70 4 ° ODEL 1 (o e
—=—  RAMP 1 (lomped) 50 - ——— RAMP
~—o— RAMP 2 (lamped) A } QLumped)
R _ sod —o—  RAMP 2 (Lumped)
= ®  EXPERIMENT T w04 EXPERIMENT
r3 =
- ~ a0 <4
n
N
& i o
20 e ‘&:g "
.20 =
.40 1 Il £ -30 N T
0 . N 3 . ) 1 2 3 4
Distance from centerline (inch) Distance from centerline (inch)
Fig. 15 Longitudinal residual stress distribution at the Fig. 16 Longitudinal residual stress distribution at the
top surface of the 1-inch thick plate with top surface of the 2-inch thick plate with
double-V groove double-V groove
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quentially, results in a change of the residual stress
distribution. However, from a comparison with the ex-
perimental data and the non-lumped model results,
it is noted that RAMP 2 model over-estimates the heat
input rate. Another deficiency of RAMP 2 model is
the computation time. This model required about 20%
more CPU time and increments than the RAMP 1
model, due to the large temperature gradient existing
at the weld area. From these results, the RAMP 1
model is considered accurate and most efficient.

3.2 Limitations of Lumped Pass Model

Lumped pass models combine the thermal and me-
chanical responses of each weld pass and produce an
envelop of those individual weld pass results. In the
models for 1-inch and 2-inch thick plate with double-
V groove, very good correlations were obtained bet-
ween the lumped models and the measured data.

Fig. 17 shows the analysis results of a l-inch thick
plate with single-V groove'®. 17 weld passes were re-
duced to 7 lumped passes in the lumped model. Unlike
previous models, the lumped pass results show consi-
derable deviations from the non-lumped model results
and experimental data. Fig. 18 shows the longitudinal
residual strain variations at the weld centerline through
the thickness. Longitudinal strains should be linear
through thickness in generalized plain strain assump-
tion, but the figure shows non-linear distribution be-
cause of different strain histories of each weld bead,
for example, second bead starts with zero strain with
deformed geometry. While no significant changes were
observed in a plate with double-V groove, there are
large differences in the strain distributions between
the lumped and non-lumped models for a plate with
single-V groove. These phenomena occur when the
bead depositions are not symmetric about the neutral
axis of a weldment. In single-V groove, the center of
the total shrinkage force does not coincide with the
neutral axis. This results in larger bending stress and
produces different final stress and strain states. The
lumped pass amplifies this effect. Therefore, small size
lumping or individual pass analysis is recommended
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for a weld which has unsymmetrical bead depositions
like a single-V groove weld.

Stress (ksi)

-40 T T T T T T T

Distance from centerline (inch)
Fig. 17 Longitudinal residual stress distribution at the
top surface of the l-inch thick plate with
single-V groove
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Fig. 18 Longitudinal residual strain variations at the
weld centerline through the thickness

4. CONCLUSIONS

The two-dimensional modeling procedure for weld-
ment residual stress predictions was developed based
on observations in the thermal-mechanical behaviors
of weldments during welding. Welding stresses are
primarily governed by the quasi-steady thermo-mecha-
nical state. A cross section of weldments with unit
width can be modeled with a ramp heat input function
to determine both temperature and stress histories
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in a three-dimensional weldment. The insensitivity of
mechanical response to high temperature material vo-
lumes in the weldment makes the ramp function effect
relatively insignificant. In additions, stress caused by
intermediate weld passes laid between root passes and
cap passes are cumulative. Muitiple weld passes can
therefore be appropriately lumped together in the mo-
deling procedure to reduce the computational time.
Residual stresses can be numerically determined with
a reasonable computational effort.

The parametric study using a simple model for a
single or multiple pass bead-on-plate weld is a valuable
tool which may be used to produce basic information
for developing or refining finite element models with
minimized cost and time. From the parametric study
on the heat input mode, it was observed that the ther-
mal responses at the near weld regions are significantly
influenced by the following inputs : ramp time, heat
source size, heat flux type, and distribution pattern.
Therefore, these terms should be carefully selected
to accurately predict temperature profiles, cooling rates,
size of FZ and HAZ, and the resultant microstructure.
The following scheme is recommended for thermal
analysis -

-20 percent ramp time and process dependent ramp
function

-heat input over the actual bead size

-body flux or surface flux uniformly distributed over
the top layer of the weld bead elements

The recommended heat input parameters do not
influence the temperature fields at regions far away
from the weld. Consequently, the residual stresses
which are determined by low temperature regions are
insensitive to those parameters. This characteristic of
inscasitivity to the heat input mode provides an avenue
for further simplification in the stress model. This is
the lumped pass model.

The accuracy of the lumped pass model is dependent
upon the lumping method. A “stepped over” lumping
technique which uses an averaged heat flux magnitude
and an accumulated heat scanning time for the number
of passes lumped was introduced in this study. Lumped
pass models which include this technique produce ac-
curate results in an efficient manner. The lumping of
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one layer of weld beads is considered optimum. The
residual stress distribution is affected primarily by the
first few passes and subsequently by the final capping
passes. Intermediate passes do not significantly affect
the residual stresses. Therefore, no lumping or lumping
a small number of passes is recommended for the
first few passes and final capping passes. For the inter-
mediate passes, a large number of passes may be lum-
ped.

The lumping of the final capping passes results in
a large deviation from the non-lumped model results
for a weld which has unsymmetrical bead depositions
like a single-V groove weld. Therefore, small size lum-
ping or individual pass analysis is recommended for
this weld.
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