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Investigation of the E ect of
Clamping on Residual Stresses and
Distortions in Butt-Welded Plates
M. Seyyedian Choobi1; , M. Haghpanahi1 and M. Sedighi1
Abstract. One major disadvantage of many arc welding processes is welding-induced residual stresses
and distortions. The non-uniform heating and cooling during arc welding result in non-uniform expansion
and contraction of the weld and surrounding base material, which produces undesirable residual stresses
and deformations in the welded joint. A number of methods can be used to control welding-induced
distortions. The methods used for controlling welding distortions a ect residual stresses and vice versa.
One practical method for minimizing welding angular distortions is the use of clamping. In this paper, the
e ect of clamping and clamp releasing time on welding residual stresses and distortions in the single-pass
butt welding of 304 stainless steel plates are investigated. Cases with and without clamping have been
studied, and residual stresses and angular distortions have been predicted by three-dimensional nite
element simulation. Moreover, experiments have been carried out to measure temperature histories,
angular distortions and residual stresses for the unclamped case to verify the numerical model. The results
of this study revealed that clamping and clamp release time have a great in uence on the distribution of
residual stresses and nal angular distortions. Using clamping during welding and releasing after cooling
to ambient temperature can signi cantly reduce the amount of nal angular distortions.
Keywords: Butt-weld; Residual stress; Angular distortion; Clamping; FEM; Experimental measurement.

INTRODUCTION
One major disadvantage of many arc welding processes
is welding-induced residual stresses and distortions.
The non-uniform heating and cooling during arc welding result in non-uniform expansion and contraction
of the weld and surrounding base material, which
produces undesirable residual stresses and deformations in the welded joint. During the past decades,
numerous experimental and numerical studies have
been conducted to predict welding residual stresses and
distortions. For example, Deng and Murakawa [1],
Long et al. [2] and Deng [3] investigated welding
residual stresses and distortions in thin butt-welded
plates using the nite element method. Chang and
Teng [4] investigated the two-dimensional behavior of
residual stresses in butt-welded carbon steel plates by
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nite element simulation and X-ray di raction measurement. Camilleri et al. [5] and Mollicone et al. [6]
predicted welding induced distortions in butt-welded
plates using two-dimensional nite element simulation.
In a similar work, Bachorski et al. [7] investigated
welding distortions in carbon steel plates using the
nite element method.
Today, the issue of controlling and reducing welding distortions is one of the major problems in industry.
A number of di erent methods have been discussed
to control or reduce welding-induced distortions. For
example, Michaleris and Sun [8] and Deo and Michaleris [9] investigated the e ect of thermal tensioning
on welding distortions. Mochizuki and Toyoda [10]
investigated the e ect of reverse-side heating on welding distortions. Seyyedian et al. [11] investigated the
e ect of welding sequence on angular distortions in
butt-welded plates. The methods used for controlling
welding distortions a ect residual stresses and vice
versa.
In this paper, the e ect of clamping and clamp
releasing time on welding angular distortions and residual stresses in single-pass butt-welding of 304 stainless
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steel plates is investigated, using the nite element
method. Welding was performed using Gas Tungsten
Arc Welding (GTAW) method. Three di erent cases
have been studied. In the rst case, the plates are
welded freely without using clamps. In the second
case, the plates are clamped during welding and hot
released immediately after welding. In the third
case, the plates are clamped during welding and are
released after cooling down to ambient temperature.
Three-dimensional nite element simulation has been
performed and residual stresses and distortions are
obtained. To simulate this process, a user-subroutine
is developed by the ANSYS Parametric Design Language (APDL) [12]. Moreover, experiments have been
performed to measure temperature histories, residual
stress and distortions in the unclamped case to verify
the numerical model.

at each node is used. Because of high temperature
gradients in the Fusion Zone (FZ) and Heat A ected
Zone (HAZ), a ne mesh is used within a distance
of 10 mm from the weld center line. Away from the
HAZ region, the element sizes have increased with the
increase of distance from the weld center line.
In the course of the welding process, addition
of ller material is modeled using the element birth
and death technique. During the thermal analysis,
deactivated elements are reactivated sequentially when
they come under the in uence of the welding torch.
For the subsequent structural analysis, birth of an
element takes place at the solidi cation temperature.
Melting and ambient temperatures are set as reference
temperatures (temperature at which thermal strain is
zero) for thermal expansion coecients of ller and
base metals, respectively.

THERMO-MECHANICAL ANALYSIS

Thermal Analysis

In this section, a sequentially coupled thermo-elastic
plastic three-dimensional nite element computational
procedure is developed to calculate temperature eld,
residual stresses and distortions. For this purpose, a
non-linear transient thermal analysis is performed rst.
Subsequently, the temperature histories obtained from
the thermal analysis are applied as thermal body loads
in a non-linear structural analysis to obtain welding
residual stresses and distortions.

3D FE Model
The three-dimensional nite element model used in
this simulation is shown in Figure 1. Considering
the symmetry condition, only one half of the model
is selected as the FE model. The nite element meshes
used for both thermal and structural analyses are
the same, except for the element type. For thermal
analysis, an eight-node, rst order brick element with
temperature degree of freedom at each node is used.
For structural analysis, an eight-node, rst order brick
element with three translational degrees of freedom

Figure 1. Three-dimensional nite element model.

The transient temperature during welding is determined by the three-dimensional nonlinear heat transfer
equation:
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where  is density, C is speci c heat, k is thermal
conductivity, Q is the rate of internal heat generation,
T is temperature, t is time, X , Y and Z are coordinates
in the reference system. Convection heat transfer with
a heat transfer coecient of 15  10 6 W/mm2  C is
applied to all free surfaces, except the symmetry plane.
An adiabatic boundary condition is applied to the
symmetry plane. Radiation heat transfer is ignored.
In order to consider the heat transfer due to convection stirring in the molten weld pool, an arti cially
increased thermal conductivity, several times larger
than its value at room temperature, was assumed for
temperatures above the melting point temperature [13].
Both thermal and mechanical material properties were
considered to be temperature-dependent and are given
in Table 1. Latent heat is considered 260 J/g between
the solidus temperature of 1424 C and the liquidus
temperature of 1454 C. Ambient temperature is set to
20 C.
In this study, the heat input from the welding
arc is considered as an internal volumetric doubleellipsoid heat source model presented by Goldak [14].
According to the double-ellipsoid model (Figure 2), the
power density distribution inside the front and rear
quadrants can be expressed by the following equations,
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Table 1. Thermal and mechanical material properties of 304 stainless steel.

Thermal
Speci c Young's Yield
Temperature Conductivity Density
Poisson's Expansion
Heat
Modulus Stress
( C)
(J/mm Csec) (g/mm3 )
Ratio
Coecient

(J/g C) (GPa) (MPa)
( C 1 )
0
100
200
300
400
600
800
1200
1300
1500

0.0146
0.0151
0.0161
0.0179
0.0180
0.0208
0.0239
0.0322
0.0337
0.120

0.00790
0.00788
0.00783
0.00779
0.00775
0.00766
0.00756
0.00737
0.00732
0.00732

0.462
0.496
0.512
0.525
0.540
0.577
0.604
0.676
0.692
0.935

198.50
193.00
185.00
176.00
167.00
159.00
151.00
60.00
20.00
10.00

265.00
218.00
186.00
170.00
155.00
149.00
91.00
25.00
21.00
10.00

0.294
0.295
0.301
0.310
0.318
0.326
0.333
0.339
0.342
0.388

1.70e-5
1.74e-5
1.80e-5
1.86e-5
1.91e-5
1.96e-5
2.02e-5
2.07e-5
2.11e-5
2.16e-5

Table 2. Heat source parameters.
Parameters
Value
a
b
cf
cr
ff
fr

Figure 2. Double-ellipsoid heat source model [14].
respectively:
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Mechanical Analysis
3x2 =a2 ) e( 3y2 =c2f ) e( 3z2 =b2 ) ;

(2)

3x2 =a2 ) e( 3y2 =c2r ) e( 3z2 =b2 ) ;

(3)

where x, y and z are local coordinates attached to
the welding heat source, a, b, cf and cr are fusion
zone dimensions, and ff and fr are fractions of heat
deposited in the front and rear quadrants, respectively
(ff + fr = 2). The values of heat source parameters
are given in Table 2. The variable, Q, which is the heat
input per unit time, is given by:
Q = UI;

4
3
7
3
1.4
0.6

(4)

where  is welding arc eciency, U is voltage and I
is current. The arc eciency of the GTAW process
is a value between 50%-70% [15]. In this study, arc
eciency is considered 60% to obtain the most correspondence between the numerical and experimental
results.

Mechanical analysis is carried out using the temperature histories obtained from the thermal analysis.
The thermo-elastic-plastic material model based on von
Mises yield criterion and kinematic strain hardening
rule, which can model the Baushinger e ect, is used in
this study [16]. For applying boundary conditions, the
symmetry plane is xed in the direction perpendicular
to the weld line. The other mechanical boundary
conditions are applied at the weld start and stop
locations to avoid the rigid body motions of the plate.
In cases of using clamps, the free edge of the plate is
also xed in the direction perpendicular to the plate
surface. The boundary conditions used for the two
welding cases (with and without clamping) are shown
in Figure 3.

EXPERIMENTAL VALIDATION
In this part, experiments have been conducted to
nd out temperature histories, angular distortions and
residual stresses for the unclamped case. For this
purpose, thin 304 stainless steel plates with dimensions
150  200  2 mm were single-pass butt-welded using
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Figure 4. Locations of thermocouples and de ection
measurement.

Figure 3. Schematic of boundary conditions on FE
model: (a) unclamped case, (b) clamped case.

the GTAW method. The plates had a square-butt
groove with zero gaps between parts. Welding was
performed with welding current 96 Amp, voltage 10
volt and welding speed of 2.5 mm/sec.

Figure 5. Hole-drilling residual stress measurement set
up.

Residual Stress Measurement

Temperatures were measured using thermocouples of
type K and thermo meters of type TMC 101. For this
purpose, two thermocouples were attached to the top
surface at 10 and 20 mm distances from the weld centerline along the mid-section of the plate. During the
experiment, most parts of the top and bottom surfaces
of the plates were exposed to ambient temperature and
the thermocouple joints were protected from heating
due to arc radiation.

Residual stresses have been measured for plates with
dimensions 140  150  2 mm in a previous work of
the present authors, using hole-drilling strain gauge
method [17]. The hole-drilling experimental set up
is shown in Figure 5. Three rosette strain gauges of
type A were mounted at the top surface of the plate at
distances 10, 40 and 100 mm from the weld centerline
along the mid-section of the plate. The released strains
were measured after drilling in the center point of the
gauges using a very high speed drill. The measurements
have been repeated two times for each point. More
details of the hole-drilling method can be found in
ASTM E837 [18].

Angular Distortion Measurement

RESULTS AND DISCUSSION

De ections have been measured using a mechanical dial
gauge. Measurements have been performed at several
points at the surface of the plate before and after
welding. The measurements have been repeated two
times for both left and right sides of the welded plate.
The locations of de ection measurements are shown in
Figure 4.

Figure 6 shows the temperature history results for
two measured points at distances 10 and 20 mm from
the weld centerline. The numerical results agree well
with the experimental measurements. A comparison
of nite element and experimentally measured angular
distortion results is shown in Figure 7. De ection
measurements have been performed for both right

Temperature Measurement
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Figure 6. Finite element and experimentally measured
temperature histories.
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Figure 8. Finite element and experimentally measured
longitudinal residual stress.

Figure 7. Finite element and experimentally measured
angular distortions.

and left sides of the plate. The results show that
maximum de ection occurs at the weld stop location
where minimum de ection occurs at the mid-length of
the weld. The numerical results are in agreement with
experimental measurements. The comparison of nite
element results with experimental measurements for
longitudinal residual stress is shown in Figure 8. The
results show that tensile residual stress near the weld
region changes to compressive stress and approaches to
zero with the distance from the weld centerline.
Figure 9 shows the variation of transverse residual
stresses along the weld centerline at the top and bottom
surfaces of the plate for three welding cases. The results
of transverse residual stresses at the top surface (Figure 9a) show that in the unclamped and clamped hot
released cases, the distributions of transverse residual
stresses are similar, and they are tensile along the weld

Figure 9. Comparison of transverse residual stresses at
(a) top surface and (b) bottom surface.
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line. But in the clamped cold released case, transverse
residual stresses are compressive at weld start and
stop locations, and they are tensile at the middle part
of the weld line. The results of transverse residual
stresses at the bottom surface (Figure 9b) show that
in the unclamped and clamped hot released cases, the
distributions of transverse residual stresses are similar
and they are compressive along the weld line. But, in
clamped cold released case, transverse residual stresses
are compressive at the weld start and stop locations,
and they are tensile at the middle part of the weld line.
The results indicate that in clamped cold released case,
the distributions of transverse residual stresses at the
top and bottom surfaces are similar, and their values
increase in comparison to the unclamped and clamped
hot released cases.
Figure 10 shows the variation of longitudinal
residual stresses at the mid-length of the weld, in the
direction perpendicular to the weld line, at the top and
bottom surfaces of the plate, for three welding cases.
The results of longitudinal residual stresses at the

top surface (Figure 10a) show that in the unclamped
and clamped hot released cases, the distributions of
longitudinal residual stresses are similar. However,
in clamped cold released case, the tensile part of the
longitudinal residual stress increases in comparison
to the unclamped and clamped hot released cases,
but the compressive part of the longitudinal residual
stress decreases in comparison to the unclamped and
clamped hot released cases. The results of longitudinal
residual stresses at the bottom surface (Figure 10b)
show that in unclamped and clamped hot released
cases, the distributions of longitudinal residual stresses
are similar. But, in clamped cold released case,
the tensile and compressive parts of the longitudinal
residual stress increase in comparison to unclamped
and clamped hot released cases. The results indicate
that in the clamped cold released case, the distributions
of longitudinal residual stresses at the top and bottom
surfaces are similar.
Figures 11a and 11b show a comparison of the
de ection of the plate at the weld start location and

Figure 10. Comparison of longitudinal residual stresses

Figure 11. Comparison of de ections at (a) weld start

at (a) top surface and (b) bottom surface.

location and (b) middle of the weld line.
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at the middle of the weld line, respectively. The
results show that clamping reduces angular distortions.
A comparison of de ections in the unclamped and
clamped hot released cases shows that the de ection
of the clamped hot released case is about 0.2 mm less
than the de ection of the unclamped case. But, in
the clamped cold released case, the de ection reduces
signi cantly to zero.

CONCLUSION
In this paper, the e ect of clamping and clamp releasing time on welding residual stresses and angular
distortions are investigated by 3D nite element simulation. Three di erent cases, i.e. unclamped, clamped
during welding and hot released immediately after
welding, and clamped during welding and cold released
after cooling down to ambient temperature, have been
studied. Experiments have also been carried out for
the unclamped case to measure temperature histories,
residual stresses and angular distortions. According to
the results of this study, the following conclusions are
obtained:

 Clamping during welding and cold releasing after




cooling to ambient temperature reduces nal angular distortions, signi cantly.
Clamping during welding and cold releasing after
cooling to ambient temperature increases transverse
residual stresses.
Clamping during welding and cold releasing after
cooling to ambient temperature increases longitudinal residual stresses at the bottom surface of the
plate.
Clamping during welding and hot releasing after
welding does not a ect the magnitude of de ections
or residual stresses.

In summary, one can conclude that the nal states
of residual stresses and distortions strongly depend
on the clamping time. Clamping during welding and
cold releasing after cooling to ambient temperature
has a signi cant e ect on the reduction of angular
distortions. This type of clamping could increase the
residual stresses. On the contrary, clamping during
welding and hot releasing after welding has very little
e ect on the reduction of angular distortions. This
type of clamping does not a ect the residual stresses.
According to the results of this study, cold released
clamping is suggested as a useful method to reduce
angular distortions.
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