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Experimental and Numerical Simulation of 
Restraining Forces in Gas Metal Arc 

Welded Joints 

The restraining force due to gas metal arc welding has been investigated both 
numerically and experimentally 

BY M. A. WAHAB, M. S. ALAM, M. J. PAINTER, AND P. E. STAFFORD 

ABSTRACT. The gas metal arc welding 
process (a method of joining two metals by 
diffusion) is used to join metal in many in
dustrial applications. Restraining forces 
arise from the nonuniform thermal field 
generated by welding. In this study, re
straining force exerted during the welding 
process is calculated both numerically and 
experimentally. In numerical analysis, fi
nite element software (ANSYS) has been 
used. In experimental analysis, a jig was 
designed and built that uses load cells to 
measure the force required to restrain two 
mild steel plates (base plate) while they 
are being welded by an automatically con
trolled welding robot. After checking for 
reliability, tests were carried out to deter
mine the effects of various welding speeds 
and heat inputs on the restraining forces. 
The results showed that welding speed has 
little effect on the restraining force but by 
increasing heat input, restraining forces 
increase significantly. The most relevant 
and useful information on the effects of 
the welding conditions is derived from the 
slope of the graph of the force vs. the dis
tance traveled in time. The finite element 
predictions of restraining force due to var
ious welding conditions produce similar 
trends and the slopes as the experimental 
results. 

Introduction 

The development of welding technology 
to its present state is one of the most signif
icant manufacturing achievements in this 
century. Power plants, super tankers, 
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pipelines, and ground vehicles are just a 
few examples of structures that are criti
cally dependent on welding operations. 
Postweld distortion, residual stresses, and 
altered microstructures are all undesir
able effects of welding operations that cost 
industry millions of dollars each year to 
prevent or to correct (Refs. 1, 2). There 
has been an international effort to find 
suitable solutions to this postweld distor
tion, which is the change in shape experi
enced by a structure as a result of the fu
sion welding process. In fusion welding 
processes, local expansion, contraction, 
and volume change from phase transfor
mations lead to nonhomogeneous plastic 
deformation and the generation of resid
ual stress fields (Refs. 3-5). There has 
been a significant amount of research on 
the measurement of residual stress and 
distortion. 

A significant contribution has been re
ported on the topics of residual stress and 
distortion by Masubuchi, who compiled 
recent findings in book form in the inter
national series on material science and 
technology (Ref. 6). These methods either 
measure free-distortion of an unre
strained plate or residual stress of a re
strained plate after postweld cooling. 
Hideyuki and Akitakc (Ref. 7) developed 
a method of modeling the draw bead ef
fect as well as a method of estimating the 
restraining force as a function of the di
rection of drawbead line and geometry. 
They developed a specific apparatus to 
measure the drawbead force under a dif
ferent clearance and different sheet slid
ing directions against the draw bead line. 

KEYWORDS 

Gas Metal Arc Welding 
Restraining Force 
Finite Element Method 
Butt Joint 

They also simulated the draw bead form
ing process to obtain a general under
standing of the draw bead effect. 

Jang and Lee (Ref. 8) proposed a 
method for predicting the welding defor
mation of large structures. The method 
uses both inherent strain theory and ex
perimental results combined with the fi
nite element method for accurate and ef
ficient analysis. In the inherent strain 
theory, residual plastic strain due to weld
ing is defined as the inherent strain. As
suming the inherent strain is the initial 
strain, welding deformation can be easily 
calculated by elastic finite element analy
sis, omitting the complicated thermal elas
tic-plastic finite element analysis. Ueda 
and Ma (Ref. 9) described inherent strain 
for a fillet joint using a series function. 
Based on the series function, a simplified 
distribution pattern for inherent strains 
was derived. Jang and Seo (Ref. 10) esti
mated the inherent strain region and rep
resented the inherent strain as a function 
of the mechanical melting temperature 
and the degree of restraint. The degree of 
restraint represents the level of resistance 
against the thermal deformation of the 
welding region. The degree of restraint of 
a stiffened panel was determined from the 
analogy of the bar-spring model in the 
case of the simplified analysis model. 

Murakawa et al. (Ref. 11) used a simpli
fied analysis model to obtain the inherent 
strain. They represented the inherent strain 
as a function of the highest temperature and 
degree of restraint. However, this method 
has limitations when applied to complicated 
structures. Seo and Jang (Ref. 12) calcu
lated the deformation of a large structure 
using the unit loading method to obtain the 
degree of restraint. Tsai et al. (Ref. 13) stud
ied the distortion mechanisms and the ef
fect of welding sequence on panel distor
tion. In their study, distortion behaviors, 
including local plate bending and buckling 
as well as global girder bending, were inves
tigated using the finite element method. It 
was found that buckling doesn't occur in 
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Fig. I —A simple clastic-plastic model of welding. Fig. 2 — Thermal history of plastic strain during welding. 
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Fig. 3 — Equivalent loads of inherent strain. Fig. 4 — CAD drawing of the jig. 

structures with a skin-plate thickness of 
more than 1.6 mm unless the stiffening 
girder bends excessively. Warping is pri
marily caused by angular bending of the 
plate itself. The joint rigidity method (JRM) 
was found to be effective in determining the 
optimum welding sequence for minimum 
panel warping. 

For experimental weldability studies, 
taking into account predominantly the 
real structural effects on shrinkage re
straint, the instrumented restraint crack
ing (IRC) test has been developed by 
Hoffmeister et al. (Refs. 14, 15). The IRC 
test has the capability of continuous regis
tration of the reaction forces and mo
ments during welding and subsequent 
cooling. The test has been extensively ap
plied to avoid cold cracking of linear welds 
and to investigate the effects of heat input 
as well as pre- and postheating on the re
action force, and stress buildup during 

cooling after welding of specifically re
strained joints. 

Bretz and Hoffmeister (Rcf. 16) inves
tigated the effects of heat input and hy
drogen partial pressure of the gas tungsten 
arc welding (GTAW) process without 
welding wire and of restrained conditions 
in the instrumented restraint cracking 
(IRC) test on hydrogen-induced cracking 
for weld metals (StE 380, 15 NiCrMo, 10 
6 (HY 80), and 12 Ni 19). In their study, 
the weld metals were fused exclusively 
from the roots of the plate materials. They 
found that the continuously measured 
combined nominal stresses transverse to 
the welds are strongly dependent on the 
transformation stress-release prior to cold 
cracking of the respective weld metals, 
and they also found that the higher re
straint increases the nominal stresses. 
They found that the critical heat inputs for 
prevention of hydrogen weld metal crack

ing are increased with the given restraint 
conditions, hydrogen potentials, and car
bon contents of the weld metal (12 Ni 19), 
revealing no fracture conditions. Potentc 
et al. (Ref. 17) investigated the develop
ment of inherent stresses arising during 
welding by the drilled-hole technique and 
finite element method. A rectangular 
plate and an actual rear car-light geome
try were investigated. In both cases, there 
was a clear correlation between the inher
ent stresses induced and the welding para
meters. In addition, by heating the parts 
prior to welding, it was possible to reduce 
the level of inherent stresses in the com
ponent and this way it was possible to 
make a contribution toward the avoidance 
of stress cracking. Bocllinghaus and Kan-
nengicsser (Ref. 18) studied the effect of 
filler material selection and shrinkage re
straint on strain buildup in component 
welds. They considered two cases, sub-
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Fig. 5 — Original picture of the jig. Fig. 6 — Position of load cell and restraint for side and top of plate. 
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Fig. 7 — Variation of restraining forces with weld speed at constant heat 
input of 1 kJImm (I kN = 224.81 lbf 1 kj = 0.95 Btu). 

Fig. <S— Variation of restraining forces with distance for varied speeds. 

merged arc welded butt joints of structural 
steel plates and orbital GTAW of supcr-
martensitic stainless steel tubular joints. 
They found that in both cases, the forces 
and residual stresses transverse to the 
weld could be significantly reduced by se
lecting overmatching filler materials. Kan-
nengieber et al. (Rcf. 19) investigated the 
effect of weld metal strength and welding 
conditions on reaction forces and stress 
distribution of restrained components. In 
order to achieve a closer insight into the 
structural effects, component weldability 
tests were performed by on-line monitor
ing of the reaction forces and moments. In 
particular, the effects of different values of 
the base material and weld metal strength 
on the reaction force and stress buildup 
transverse to the welding direction were 
studied at a specific structural restraint. 
They found that the final reaction force 

and also the reaction stress level in the mul
tilayer butt-joint welds decreases with over
match of the weld metal. Reaction forces 
and moments built up during welding and 
subsequent cooling were measured in a 
specifically designed large-scale testing fa
cility. Residual stresses were measured by 
the hole-drilling technique after cooling of 
the specimens in the restrained as well as in 
the relieved (unrestrained) condition. 

To the best of the authors' knowledge, 
there are few works (as mentioned earlier) 
found in the literature that have indicated 
measurement of restraining forces, and 
further investigation may enhance this field 
of study. The major objective of this current 
research is to simulate the retraining force 
of gas metal arc welded plate both experi
mentally and numerically. Interesting new 
results have been observed from this 
investigation. 

Mathematical Relation of 
Restraint Forces 

In the welding process, the heat input 
around a weld joint causes a nonuniform 
temperature distribution and thermal 
stress. As a result, the plastic strain re
mains around the weld bead and perma
nent deformation occurs after welding. 
The plastic strain that causes the welding 
deformation is defined as the inherent 
strain (Ref. 8). In general, the inherent 
strain caused by welding has six compo
nents according to their directions. How
ever, in the case where a plate has a large 
length/thickness ratio, only two compo
nents e*px and e*py are dominant, where 
e*px and e*py are inherent plastic strain in 
x and y directions, respectively. 

The inherent strain distribution and 
the restraining force can be formulated 
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Fig. 9 — Variation of restraining forces with heat input at constant speed (300 Fig. 10 — Detail of restraint force rise while welding (side, end, and varied heat, 
mm/min) (1 kN = 224.81 lbf„ 1 kJ = 0.95 Btu). first portion of Fig. 9). 
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Time Irom Finish of Weld (seel 
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Fig. 11 — Force relaxation over time (second portion of Fig. 9) when arcs are Fig. 12 — Heat input and slope of force vs. time graph, 
removed. 

using a simplified thermal elastic-plastic 
analysis model as shown in Fig. 1. The 
welding region, where the inherent strain 
occurs, can be modeled as a bar and a 
spring. The bar element has stiffness KB, 
modulus of elasticity E, cross-sectional 
area A, and length L. The spring element 
has stiffness Ks. 

The thermal history of the inherent 
strain according to the temperature 
change of the bar can be divided into four 
steps, as shown in Fig. 2. After all the ther
mal history, the compressive plastic strain 
remains as an amount £*.,. The magnitude 
of residual plastic strain can be calculated 
from the total strain, the stress-strain rela
tion, and the equilibrium equation of a 
bar-spring system. 

Total strain £ - £,1,,,,- + £ , , + £ n (I) ^thev ' *-e ' ^p 

Stress-strain relations a - EEC (2) 

Equilibrium equation FB = F s (3) 

The restraining force Fs Kse*pL (4) 

where £ is total strain, £thcr thermal strain, 
£e elastic strain, £_ plastic strain, a stress, 
E modulus of elasticity, FB internal force 
of the bar clement, and F s internal force 
of the spring. 

In the finite element model, the equiv
alent restraint forces can be obtained by 
using the inherent strain. All types of 
equivalent loads are shown in Fig. 3. The 
restraining force fvj and fxi can be found 

using Equations 5 and 6 

. 2-iz pyj i 
I M 

AE 
Nt 

;=i 

(5) 

(6) 

where L is the finite element length. The 
total equivalent transverse and longitudi
nal forces can be calculated using Equa
tions 7 and 8, respectively. 

/v=I/v, (7) 
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Experimental Procedure 

Design 

To generate the experimental data, a jig 
was designed and built — Figs. 4,5. The aim 
of the jig was to hold two steel plates in po
sition while the butt joints were welded and 
to measure the restraining forces in posi
tion. The jig has a flat bed that the plates sit 
on and restraints mounted to load cells that 
measure the restraining force on the top 
and side. The jig was designed to comply 
with the following constraints: 

• To hold two hot-rolled mild steel plates, 
10 x 100 x 500 mm (0.4 x 4 x 20 in.); 

• To allow measurement of restraining 
forces typically in the vertical and hori
zontal directions during simple butt-
joint welding; 

• To allow access to the gas metal arc 
welding robot; 

• To allow flexible placement of the re
straint positions (restraint can be 
placed in many positions). 

To measure the restraining forces (trans
verse (y) and vertical directions (z)), it is 
necessary to use some suitable force-
measuring device. The two types of force 
measuring devices available are strain 
gauge and load cell. For ease of interpre
tation of output and simplicity of design, 
load cells were selected. 

As a result of thermal expansion and 
the application of restraints, the welded 

steel plates will shrink in the direction per
pendicular to the direction of the weld. 
The jig was designed to measure only in 
compression force (when two plates are 
welded along the centerline and edges are 
kept restrained, due to expansion of the 
weld plate compression force exerted on 
the restraint), which includes the restrain
ing forces for expansion of the plate and 
contraction up to zero load (0.0 kN) 
condition. 

Configuration 

The aim of the design of the jig (Figs. 
4 and 5) is to hold the load cells against the 
plates so that they can prevent the plates 
from distorting and measure the restrain
ing forces. The load cells are attached to 
studs, which tighten against slotted beams 
above and to the side of the plates. An im-
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Table 1 — Welding Conditions for Constant Speed but Varied Heat Input 

Current (A) Voltage (V) Heat Input (KJ/mm) Speed (mm/min) 

L24 
232 
278 

20 
23 
27 

0.5 (12 Btu/in.) 
1.0 (24 Btu/in.) 
1.5 (36 Btu/in.) 

300 (12 in./min) 
300 (12 in./min) 
300 (12 in./min) 

Table 2 — Welding Conditions for Constant Heat Input. Varied Speed 

Current (A) Voltage (V) Heat Input (KJ/mm) 

228 
278 
334 

23 
27 
31 

1.5 (36 Btu/in.) 
1.5 (36 Btu/in.) 
1.5 (36 Btu/in.) 

Speed (mm/min) 

200 (8 in./min) 
300 (12 in./min) 
400 (16 in./min) 

Table 3 — Welding Parameters 

Base Plate 
Welding Wire 

Gas 
Air Temperature 
Electrode Extension 

Mild steel plate (ASTM A-36), yield strength 280 
Auto craft LW1 (yield strength 390 MPa) type welding wire 
of 1.2 mm (0.05 in.) diameter 
Argon with 1.5% Oxygen 
18-25 degrees Celsius 
16 mm (0.63 in.) (except 0.5 kj/mm: 11 mm [0.45 in.]) 

portant consideration for the design of the 
jig is to make sure that the bed and re
straint supports (both vertical and trans
verse directions) are stiff enough to resist 
buckling, and uncontrolled or excessive 
deflections are minimized. If either the 
bed or restraint supports deflected signif
icantly, the results would become inaccu
rate. The layout of the jig consists of two 
end plates with the bed and restraint-sup
ports (both horizontal and vertical) lying 
in between them — Fig. 4. Because the 
two plates being welded were identical, 
the restraining forces experienced by both 
plate edges are the same. For this reason, 
the jig is designed only to restrain one 
plate with load cell. The plate restrained 
with load cells will be referred to as the 
measured plate. An important part of the 
design of the restraint supports was to 
make them versatile enough to restrain 
the plates with any number of restraints in 
any position. This was achieved by the 
slots in the mild steel beams, which allow 
the studs to slide to any position. A flat bed 
is needed to keep the two pieces of steel 
plate absolutely flat while being welded. 
As well as being flat, the bed must be stiff 
enough to prevent any noticeable deflec
tion. To accommodate this design consid
eration, the backbone of the bed is four 20 
x 50 mm steel bars that join to each end-
plate. Two of these bars lie under each of 
the test plates, one directly under the line 

of top restraint, another 10 mm to the side 
of the weld bead. This leaves a 20-mm-
widc gap under the weld. A piece of wood 
is placed in the bottom of the gap to pro
tect the jig in the event of the weld pool 
falling through the plates. Underneath the 
bars and the end plates, there is a 640 x 535 
x 10-mm steel base plate to support the 
whole structure. 

Instrumentation and Testing 

The data was collected with two load 
cells connected to a load cell amplifier with 
the output to a data logger. A 20-kN (4496-
lbf) load cell was used in low force position 
on the jig. The 10-kN (2248-lbf) load cells 
(Tokyo Sokki CLP 10B) were calibrated by 
compressing them in an MTS testing ma
chine and charting the output voltage from 
the amplifier against the measured load on 
the MTS. The restraints could be tightened 
against the plate with a compressive force, 
called preloading. The effects of preloading 
had to be determined to find the best ex
perimental procedure and ensure that the 
experiments could be reliably repeated. A 
large preload greatly decreased the re
straining force before and after the peak 
force value. This can be explained by the re
strained expansion and free contraction 
model described by Cornu (Ref. 20). When 
the stress of the base metal exceeds the yield 
strength of the material in the high-temper

ature region near the weld, the restraining 
force is relieved by plastic deformation. In 
the case of a large preload, the preload (ini
tial load) is also relieved by plastic defor
mation. This results in greater shrinkage 
and the restraining force drops. For the 
force values taken from the side positions to 
be true, there must be no sideway force re
sisted by the top restraints. Increasing the 
force on the top of the plates did not reduce 
the force measured by a load cell on the side 
of the plate. 

Test Procedure 

The aim of the experiments is to gain 
an understanding of what factors influ
ence distortion by undertaking two main 
sets of experiments, varying one parame
ter at a time. As this research aim was to 
look at the overall trends for each para
meter rather than calculation of the ef
fects of a small change, only three samples 
were taken, from the upper, central, and 
lower bounds of what may be used in 
commercial practice. 

Two restraints on each of the tops and 
edges of each plate were used. This helps 
to understand the results better than those 
of three restraints tried earlier. This gives 
a total of four positions from which data 
will be collected: top start, top end, side 
start, and side end — Fig. 6. 

To conduct an experiment with the jig, 
the following steps were taken: 

1. Two steel plates are placed on the 
bed and pushed against the end stops. 

2. The load cells and other supports are 
placed in their positions and tightened to 
about lkN (224.81 Ibf). 

3. The load cells are connected to the 
amplifier and the amplifier is set to the ap
propriate gain setting. 

4. The amplifier is connected to the 
data logger and the appropriate data is en
tered into the data logger. 

5. The robot is programmed according 
to the desired welding conditions. 

6. Data from the data logger can be 
loaded directly into MS® Excel and 
analyzed. 

Welding Conditions 

The first sets of experiments were car
ried out keeping the welding speed con
stant and changing the heat input. The 
range in heat inputs covered spans from 
the minimum to maximum, which could be 
used on the 10 x 100-mm (0.4 x4-in.) mild 
steel. 

The next set of experiments examined 
the effect of applying the same heat input 
at various speeds. The values for various 
parameters (variables) for different weld
ing conditions (constant speed, variable 
speed) arc given in Tables 1-3. 
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Edge Preparation 

A square butt joint was selected for the 
experiments described previously because 
it allows greater flexibility in welding con
ditions. The jig was designed to be used for 
a single pass, and the influence of the weld 
bead shape on the restraining forces is 
more visible in a square butt joint because 
depth of penetration and width of weld 
bead depend directly on the welding 
conditions. 

Experimental Results and Discussions 

Side. End of Weld 

The variation of restraining force over 
weld speed is shown in Fig. 7. It is seen that 
as the speed increases, the peak occurs 
earlier and at a higher force. The reason 
for the peak occurring earlier is because as 
the speed increases, the weld finishes ear

lier. The peaks occur at the finish of the 
weld in all cases and this is shown by the 
black line, which is drawn where the weld
ing current drops to 0.0 ampere for each 
weld. Further, the linear rise in force starts 
at the same position for all of the welding 
speeds. The delayed start is because the 
weld metal is initially (when drop on bead) 
liquid and, after solidification, it takes 
time to cool and expand (to attain the sur
rounding temperature, the base plate 
expands). 

An easier, graphical way to understand 
this behavior uses a distance scale rather 
than a time scale — Fig. 8. This has all of 
the welds starting and ending at the same 
position on the x-axis and only shows the 
force while welding is happening. This 
plot shows that the restraint force is inde
pendent of speed for most of the graphs 
and only gains a dependence on speed in 
the region close to the restraint. As the 
weld gets closer to the restraint, the graphs 

loose linearity with the slowest weld losing 
linearity first and the fastest last. This in
dicates that at any welding speed, the 
graph will be linear and any further in
crease in speed will not affect the re
straining force. The linear rise in restrain
ing force with distance indicates that the 
maximum force reached is a linear func
tion of the length of the welded plates. So 
as a means of comparing two alternative 
welding processes, the slope of the linear 
part of the graph would be more useful. 

Figure 9 shows the restraining forces 
for varied heat input but constant speed. 
As a means of comparing Fig. 9 with Fig. 
7, the graph for 1.5 kJ/mm (36.2 Btu/in.) 
and 300 mm/min (12 in./min) is the same 
on both graphs. Figure 9 has four distinct 
sections that will be considered separately. 
These are a flat heating time, a linear rise, 
a nonlinear rise, and force relaxation. To 
make the first three sections easier, Fig. 10 
is plotted for the time from the start to the 
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end of the weld and Fig. 11 is plotted for 
force relaxation. On this graph (Fig. 10), 
the flat heating time is clearly visible. The 
heating time is the same for all three heat 
inputs, which indicates that it is indepen
dent of heat input. The linear rise starts at 
the end of the heating zone and extends to 
the nonlinear zone near the end restraint. 
This is the most important part of the 
graph because the slope of the linear sec
tion gives a direct means of comparison of 
the effect of different heat inputs. After 
the arc cut-out, the force against the re
straint relaxes with time — Fig. 11. The re
sult shows that the force relaxation is a 
function of time that is affected neither by 
welding speed nor the restraining force at 
the end of the weld. It may be said that the 
relaxation of the restraining force during 
cooling is controlled by the deformations 
at stress level above the yield stress. The 
stress relaxation is simply the contraction 
of the welded plates with no plastic defor
mation. The fact that the contractions for 
all three welding speeds are the same in
dicates that all three welds must have un
dergone the same deformations in the ex
pansion stage, and therefore have the 
same internal structure. This indicates 
that the departure from linearity of the 
force-distance curve resulting in a lower 
peak force has little effect on the defor
mation of the plate, which reinforces the 
idea that the slope of the curve is more im
portant than the peak force. 

For a clear comparison of the effects of 
heat input on restraining force, Fig. 12 
shows the slope of the force-time curve 
plotted against heat input. This graph 
shows that the relationship is certainly 
nonlinear, but only has three data points 
so it cannot be conclusive at this stage. 
This graph can be used as a rough guide as 
to what the slope of the linear part of the 
force-time graph will be. It should be men
tioned once again that the slope of the 
force-time graph is dependent on the 
shape and size of the two plates being 
welded and therefore the numbers pre
sented in this paper cannot be applied di
rectly to other sized plates without inves
tigating further. 

Side. Start 

The load cell position at the start of the 
weld (Fig. 13) shows the restraining force 
required to restrain against thermal ex
pansion only. Because the weld starts at 
this restraint, there is no initial force 
against the restraint. The first noticeable 
feature of this graph is that the restraining 
force rises from the instant the arc is 
struck, unlike the restraining force at the 
end of the plate. While the graphs are ris
ing, they have approximately the same 
shape and peak at nearly the same place. 
This is because the heat input is the same 

mmmmiw-
and the weld is deposited nearly the same 
amount. Regardless of speed, the rate of 
increase of force in the first few seconds is 
independent of time. 

The variation of restraining force over 
varied heat is shown in Fig. 14. When the 
heat input is increased, the restraining 
force at the start of the weld is increased. 
Because of the poor resolution of the data 
logger for this set of data, an earlier set is 
shown on the graph, which was recorded 
with the x-y plotter. The weld for this graph 
was about 50 mm (2 in.) shorter than the 
welds discussed previously, but this should 
have no affect on the restraining force near 
the start of the weld. The graph shows 
clearly the rise in restraining force with in
creased heat. For all heat inputs, the peak 
occurs in about the same place, and by the 
end of the weld, the restraining force has 
decreased to about 0.0 kN. 

Top. Start of Weld 

There was little variation of the maxi
mum force measured at the start and end 
of the weld for the same welding condi
tions, and therefore the discussion will 
concentrate at the start of the weld. This 
differs from the side of the plate where the 
restraining force is about three times 
larger at the end than the start. The varia
tion of restraining force for the top of the 
plate, at the start of welding, and for vari
able speeds is shown in Fig. 15. There are 
two effects on the restraining force from 
welding speed. First, the force increases at 
a greater rate with increased welding 
speed, and second, the maximum restrain
ing force increases with increasing welding 
speed. The steeper slope of the graph with 
increased force is because the faster weld 
finishes earlier. The first few seconds of 
the weld show instability because the re
straining force varies between positive and 
negative with no clear pattern. This is es
pecially evident on the graph for 200 
mm/min (8 in./min). An interesting result 
is that the force for the 400 mm/min (16 
in./min) graph starts to decrease before 
the weld is finished (63 s) while the 300 (12 
in./min) and 200 mm/min (8 in./min) welds 
increase slowly until the weld finishes (90 
and 135 s, respectively). 

The variation of restraining force for 
the top of plate, start of weld at varied heat 
is shown in Fig. 16. The graph shows that 
increasing the heat input increases the re
straining force. Both the slope of the 
graph and the maximum force reached in
crease as heat input increases. The rela
tionship between heat input and restrain
ing force is approximately linear, which 
means doubling the heat will double the 
peak restraining force. Because the fusion 
area increases with an increase of heat 
input, the restraining force increases. The 
instability of the first few seconds of the 

weld increases with the decreasing 
welding speed. 

Finite Element Model (FEM) 
and Analysis 

A 3-D FEM model (Fig. 17) of a square 
butt-joint weld in a steel specimen of di
mensions (500 x 100 x 10 mm [20 x 4 x 0.4 
in.]) has been created using the authors' 
written Ansys code. For symmetry only half 
of the specimen has been considered for 
modeling and analysis. It is assumed that 
only convection occurs on the surface of the 
specimen and conduction occurs within the 
specimen. Convection describes the effect 
of temperature gradients between the post-
weld plate surfaces and the room tempera
ture of the surrounding air (assumed to be 
30°C from the literature (Ref. 21)). In this 
case, it has been assumed that the plate sur
face-temperature changes due to the com
bined effects of two conditions, namely, 1) 
conduction within the specimen, and 2) 
convection from the specimen surface-tem
perature to the surrounding-air tempera
ture. The temperature within the specimen 
changes from weld pool to the location away 
from the weld pool due to conduction. 

The temperature-dependent material 
properties (i.e., modulus of elasticity, ther
mal conductivity, coefficient of specific 
heat, modulus of thermal expansion, Pois-
son's ratio, yield stress, tangent modulus, 
etc.) of base and weld materials were col
lected from the work of Henrik (Ref. 21) for 
various temperature conditions and have 
been applied to the model. A moving heat 
flux method is used in the transient heat 
transfer analysis —Fig. 18. The magnitude 
of the heat flux is determined from the heat 
input, welding speed, and thickness of the 
plate. For a set of welding parameters (i.e., 
voltage 23 V, current 232 A, welding speed 
5 mm/s, arc efficiency 93.7%, and plate 
thickness of 10 mm), the magnitude of heat 
flux is calculated as 100E6 J/m2 (voltage x 
current x arc efficiency/(wcld speed x thick
ness)). This heat flux is applied as a surface 
elemental load from one end of the plate to 
the other, using a "do-loop" command. 
After finishing one increment of the "do-
loop," the previous heat flux is deleted and 
another heat flux (the same amount) is ap
plied to the next element. The temperature 
constraints from the elements of the base 
material and weld materials are removed, 
which will allow the base metal to contract 
or expand freely. In the FE model, "Solid
s'' elements are used that have the capabil
ity of treating both conduction and convec
tion conditions. The convection heat 
transfer coefficient for all external surfaces 
was assumed to be 100 W/m2/°C (2.152 
Btu/min/in.2/°F) and the temperature of the 
surrounding air was 30°C (86°F) and these 
values are assumed from the work of Hen-
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rick (Ref. 21). In transient analysis, the con-
vective heat transfer is applied as a surface 
load using the authors' written Ansys code. 
The Ansys command "SF" is used for ap
plying surface load and "CONV" is used to 
represent type of surface load. The convec-
tive heat transfer coefficient and the ambi
ent temperature are also mentioned in the 
same command line. 

The restraining force is found from fix
ing the edge nodes at the start and end po
sitions and the reaction forces of the fixed 
nodes give the restraining forces. 

FEM Results and Discussions 

The restraining force for the side and 
start positions found in the Ansys analysis is 
shown in Fig. 19. The restraining forces in
crease with increase of time. Due to ther
mal expansion the volume of weld metal 
increases. Hence the restraining forces 
due to the expansion of weld metal in
creases with time, but when welding has 
been completed, the metal contracted due 
to the conduction and convection, and 
consequently, the restraining force de
creases. For validation, the prediction has 
been compared with the experimental re
sults shown in Fig. 20 for the side and at 
the start of the plate condition. The loca
tion and the magnitude of the maximum 
force for both experimentally obtained 
values and numerical results occur very 
close to each other and only slight varia
tion occurs in the magnitudes. This slight 
variation (7%) in the magnitude of the 
peak force may be due to the change in ac
tual material properties for both cases (ex
perimental and prediction). Furthermore, 
the convective heat transfer coefficient 
that has been used in the numerical mod-
cling may be slightly different from the ac
tual experimental case and, accordingly, it 
can be concluded that the predicted re
sults are within the acceptable ranges. 

Conclusions 

1. For a given heat input, the restraining 
force will be the same as a function of dis
tance except close to the end of the plate 
while it is being welded, regardless of weld
ing speed. 

2. For a given heat input, the force re
laxation (up to 0.0-N forces) after welding 
will have the same shape regardless of weld
ing speed and maximum restraining forced 
reached. 

3. Decreasing welding speed makes the 
force vs. distance graph depart from linear
ity earlier. 

4. Increasing the heat input increases the 
slope of the force vs. time graph and the 
maximum restraining (reaction) force. 

5. The slope of the force vs. time graph 
gives a better indication of the effects of the 

welding conditions than maximum restrain
ing force. 

6. The restraining (reaction) force for 
the top of the plate increases with in
creased welding speed. 

7. The restraining force for the top of the 
plate increases with increased heat input. 
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