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Surface residual stress evaluation for double-electrode welding was studied. The stresses were monitored
after each operational step: positioning, implementing of constraints, welding and constraints removal.
The measurements were performed at the deposited metal, heat affected zone, base metal close to the
weld joint and along the plate using the X-ray diffraction method. It was observed differences in the
stress evaluations for double-electrode welding which resulted in lower bending distortions and higher
values of surface residual stresses, compared with single-electrode welding. This behavior is associated
with the stress distribution just after the welding processes in both heat affected zone and base metal
close to the fillet for double-electrode welding. The main results from the laboratorial tests indicated
lower values of the bending distortions for double-electrode welding compared with the single-electrode.
In relation to the residual stress, the double-electrode welding generated, in general, higher stress values
in both longitudinal and transversal directions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Welding techniques with multi wires and multiple electrodes
appeared in the middle of the past century, providing several tech-
nological advantages like welding time reduction and quality of the
joint in relation to the conventional multi-pass single-electrode
welding [1]. These factors are important for industrial applications,
especially in the shipbuilding industry, where the welding process
represents 20–30% of the fabrication time and up to 10% of the pro-
duction cost.

The use of double-electrode welding aims at increasing produc-
tivity due to higher deposit rate compared with single-electrode. In
addition, the base metal input heat can be maintained relatively
low while the conventional single-electrode gas metal arc welding
(GMAW) uses a large current for a high deposition rate. Therefore,
for the same deposition rate, the double-electrode process is asso-
ciated with less heat and low base metal current compared to the
single-electrode GMAW. Double-electrode welding presents differ-
ent aspects which have already been investigated, such as process
stability, effects of total current and melting rate, microstructure,
and heat affected zone (HAZ) hardness [2–4].

Other important parameters are residual stresses and distor-
tions of the welded parts. Residual stresses arising due to welding
can have significant influence on the service performance of
ll rights reserved.
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welded structural members. Metallurgical processes in welding,
such as shrinkage, quenching, and phase transformations, produce
both tensile and compressive residual stress in different zones of
the welded parts [5]. These residual stresses, particularly tensile
stresses, can have important influence on reliability and integrity
of the welded components. Tensile residual stresses may result
in fatigue cracks, stress corrosion cracking, and other types of frac-
ture. It is important, therefore, to understand the distribution of
residual stresses on the surface of the welded components in and
near the welding zone. Different factors affect the distribution of
residual stresses in welded joints and structures [6]. The principal
factors are: residual stresses present in the parts being joined be-
fore welding; material properties of the weld and jointed parts;
geometry of the parts; applied restrains; welding procedure,
including the weld preparation, welding conditions and pass se-
quence in multi-pass welding; residual stresses generated or re-
laxed by manufacturing operations after welding or by thermal
and mechanical loading during service life. The first analytical
models for the residual stresses in welded parts appeared also in
the middle of last century [7]. New techniques for measurements,
equipment improvements, and advances in computational meth-
ods have stimulated several studies based on both numerical and
experimental analyses of welding processes [8–10]. Residual stress
distribution in multiple electrodes or multi wires electrode weld-
ing were obtained from numerical simulation in [11] and [12]. Dif-
ferent sources of residual stresses simulated by computer are very
common in the literature, but there is a lack of experimental work
ation in double-electrode butt welded steel plates. J Mater Design (2009),
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Fig. 1. Schematic diagram of the internal constraints position.

Nomenclature

E Young’s modulus
m Poisson’s ratio
u azimuthal angle in spherical coordinate system
w polar angle in spherical coordinate system
ru measured stress component in u-direction
r1, r2 principal stresses

e elastic strain
d interplanar distance
h diffraction angle
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based on these measurements. To the authors’ knowledge, no
experimental analysis of the case of double-electrode welding
has been made until now.

The main objective of this work is the experimental study of the
evolution of GMAW double-electrode welding surface residual
stresses and the comparison of these results with multi-pass sin-
gle-electrode techniques at the butt joined typical ship plates. Sin-
gle-electrode and double-electrode welding stress distributions are
expected to be different, because of the respective thermal re-
gimes, thermal cycles, thermal front extensions, cooling regimes,
quantity of melt material and, in consequence, the effects of phase
transformations that occur in the deposited metal, HAZ and base
metal close to the weld fillet [3].

Surface stress distributions have been measured considering
plane stress state. Usually, the residual welding stresses are ana-
lyzed in the longitudinal and transversal directions in relation to
the weld fillet. This is justified by the fact that the more represen-
tative area for the stress analysis is located near the weld fillet,
where from the theoretical point of view and under some symme-
try assumptions, the longitudinal and transversal directions are the
principal stress directions. The stresses were measured by X-ray
diffraction method. By this method it is possible to obtain absolute
stress values in the deposited metal, HAZ and base metal close to
the weld fillet separately.

2. Experimental

The experiments were performed using ASTM 131 grade A fer-
ritic steel plates typically employed in the shipbuilding industry.
The yield strength of the plate material is 235 MPa and the chem-
ical composition is presented in Table 1.

Each laboratorial test jointed two plates of dimensions
2200 mm � 840 mm � 19 mm, with the chamber angle of 20�.
Two specially designed tables have been manufactured in order
to support the plates and to provide the clamped conditions during
the welding. The plates have been restricted against out-of-plane
displacements at the outside edges (lateral constraints), and on
the mid-plate along and across the weld line direction using two
beams with I cross-section (internal constraints). Position of the
internal constraints is given in Fig. 1 under both longitudinal and
transversal symmetry assumptions.

The first pair of plates was jointed with single-electrode weld-
ing in four filling layers and 11 steps using MIG (Metal Inert Gas)
manual procedure at 3.7 mm/s average speed. Average values of
welding current and voltage were 203 A and 27 V, respectively.
Table 1
Chemical composition of plate’s material.

Element Quantity (%)

Carbon Max. 0.23
Iron 97.0
Manganese 2.73
Phosphorus Max. 0.05
Sulphur Max. 0.05
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The second pair of plates was welded with double-electrode tech-
niques in three steps of 7 mm, 12 mm and 19 mm thickness. Weld-
ing procedure was performed automatically by a magnetic car.
Welding data are presented in Table 2. In both cases the employed
electrode was 1.2 mm carbon steel rod identified by the specifica-
tion AWS A5.20 E71T-1 with yield strength 548 MPa.
3. Stress measurement methodology

The absolute values of stresses were measured on the top side
of the plate surface in longitudinal and transversal directions by
X-ray diffraction method using the portable equipment, RAY-
STRESS [13], which explores the method of double exposure. This
measuring technique was widely tested and successfully employed
to different practical engineering applications [14–20].

The RAYSTRESS equipment components, Fig. 2: (1) power and
control unit which supplies a high voltage source and control the
X-ray tube anode current and voltage; (2) the X-ray tube coupled
to a high voltage source. The tube has two air cooled chromium an-
odes, which emit two convergent X-ray beams for double exposure
X-ray stress measurements; (3) a magnetic support to attach the
equipment into analyzed surface and to adjust it in the exposure
position; (4) a collimator unit with film cassette.

The principles of the double exposure technique used in surface
stress measurements with RAYSTRESS equipment are based on the
determination of two strain components eu;w1 and eu;w2. Let u and
w be azimuthal and polar angles in spherical coordinate system,
Fig. 3. Considering the surface stress distribution, let r1 and r2
Table 2
Double-electrode welding data.

Pass Electrode U (V) I (A) Speed (mm/s)

1 1 29.17 324.00 7.26
1 2 24.83 231.33 7.26
2 1 27.94 433.40 8.21
2 2 26.14 143.80 8.21
3 1 28.77 353.03 5.08
3 2 24.07 254.34 5.08
3 2 24.07 254.34 5.08
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Fig. 2. RAYSTRESS portable equipment.

Fig. 3. Orientation of the coordinate system in the specimen surface.

Fig. 4. Scheme of double exposure measurement geometry.
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be the principal stresses values and ru the stress component in
u-direction. In the specimen surface the third principal stress
component is assumed to be zero. Within the framework of
isotropic body elasticity theory, for the strain eu;w in u,w-direction
we have [21]:

eu;w ¼
1þ m

E
ru sin2 w� m

E
ðr1 þ r2Þ; ð1Þ

where E and m are Young’s modulus and Poisson’s ratio,
respectively.

Then the difference between two strain components is:

eu;w2
� eu;w1

¼ 1þ m
E

ruðsin2 w2 � sin2 w1Þ: ð2Þ

The stress component ru from the expression (2) is equal to the
following:

ru ¼
E

1þ m
eu;w2

� eu;w1

sin2 w2 � sin2 w1

 !
: ð3Þ

Using differentiation of Bragg’s law we have:
Please cite this article in press as: Estefen SF et al. Surface residual stress evalu
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eu;w ¼
du;w � d0

d0
¼ �ctgh0ðhu;w � h0Þ; ð4Þ

where du,w, d0, hu,w, h0 are interplanar distances and diffraction an-
gles for analyzed and free of stress materials, respectively. From
expressions (3) and (4) the final formula for the determination of
the ru stress component may be obtained:

ru ¼ �
E

1þ m
ctgh0ðhu;w2

� hu;w1
Þ

sin2 w2 � sin2 w1

: ð5Þ

Thus, to determine any surface stress component in u-direction
it is necessary to measure the diffraction angles corresponding to
deflection from lattice planes with normals characterized by two
angles w1 and w2. The angular values used in the equipment are
w1 = 0� and w2 = 50�.

Let I1 and I2 be two incident beams with angles w1 = 0� and
w2 = 50�, and R1 and R2 the respective projections of the diffraction
cones to the cassette plane, see Fig. 4. For the diffraction angles
hu;w1 and hu;w2 we have: hu;w1 ¼ 0:5ðp� A1ÔB1Þ and hu;w2 ¼ 0:5
ðp� A2ÔB2Þ.

Thus, the angle difference hu;w2 � hu;w1 can be expressed as

hu;w2
� hu;w1

¼ KðB2C2 � B1C1Þ; ð6Þ

where B1C1 and B2C2 are the distances from the diffraction lines to
the collimator reference marks C1 and C2, and K is the scale and
transfer coefficient from linear units to angle units. The value of
the coefficient K is a characteristic of the cassette-collimator unit
and is determined form a calibration exposure of unstressed mate-
rial. It is necessary to measure the distance between at least two
lines with known values of diffraction angles or to use an interpla-
nar distance of standard material. Substitution of expression (6)
into expression (5) leads to the following expression for the stress
calculation:

ru ¼ AðB2C2 � B1C1Þ;

where A is the constant including all know quantities entering in
expression (5), such as modulus and diffraction angle.

The principle of stress measurements is showed in Fig. 5. Two
cassette windows provide capture of diffraction lines in 2h angular
intervals, from 148� to 164�. Inclination of the specimen surface
ation in double-electrode butt welded steel plates. J Mater Design (2009),
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Fig. 5. Scheme of stress measurements with RAYSTRESS equipment.

Fig. 6. Surface residual stress for single-electrode welding: all the constraints
imposed (dot-and-dash line); internal constraints removed (dash line); all con-
straints removed (continuous line). (A) Longitudinal stress; (B) transversal stress.
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equal to 12o corresponds to measurement for steel specimen using
Cr-Ka radiation and {2 1 1} reflection with h211 = 78�.

Dealing with the X-ray diffraction methods of stress measure-
ments for the welds some authors give special attention to the
stress-free lattice spacing. The hypothesis that the change of this
lattice spacing across the weld due to microstructural variations
affects the results of the stress measurements is explored, for
example, in the paper [8]. To adjust the experimental stress mea-
surement results a least squares optimization problem is solved ta-
ken unstrained lattice spacing as a control parameter. The optimal
solution guarantees that the measured stress is close to the theo-
retically predicted value on a certain set of measurement points.
Then the obtained optimal lattice spacing is used to recalculate
stress values for the rest of the measurement points. However,
the experimental results [22] show that there is no significant var-
iation of the stress-free lattice spacing, thus we assume here that
interplanar distance d0 does not change across the weld.
Fig. 7. Surface residual stress for double-electrode welding: all the constraints
imposed (dot-and-dash line); internal constraints removed (dash line); all con-
straints removed (continuous line). (A) Longitudinal stress; (B) transversal stress.
4. Results

The residual stress measurements for each pair of joined plates
were performed along the mid-plate perpendicular to the weld line
at 10 different points (1–10) spaced by 80 mm from each other and
from the weld line, as well as at the points at the deposited metal
(WM), heat affected zone (HAZ) and base metal close to weld fillet
(BM), spaced by 10 mm. The electro-chemical etching to a depth of
0.2 mm was applied to guarantee the absence of mechanical stress
induced on the plate surface by manufacturing and collateral pro-
cedures and to identify the limits of HAZ. Registration of {2 1 1} dif-
fraction lines with Cr-Ka wavelength were used for X-ray analysis.
The magnitudes of X-ray elastic constants were taken from [23].
The used beam spot size was 0.5 mm � 6 mm. The experimental
accuracy of the stress measurements is 20 MPa.

Measurements of the stresses in the plates before welding show
the presence of tensile residual stresses, with values between 20
and 40 MPa, caused by thermo-mechanical treatments of the
plates during fabrication.

Fig. 6 presents longitudinal and transversal stress values for the
single-electrode welding case with all constraints imposed, after
the internal constraints removal and after all constraints removal.
It is observed the monotonic reduction of the residual stresses
while the constraints are gradually removed. Although stresses
were reduced almost to zero in the region far from the fillet (points
5–10), before the removal of restrictions the stresses in transversal
direction were higher than in longitudinal direction. So the relaxa-
tion was more intense for the stresses in the transversal direction.
This fact may contribute to increase significantly the angular dis-
tortion of the welded plate after removing all welding constraints.

Fig. 7 presents double-electrode welding stress distributions.
With all constraints imposed, the maximum values of longitudinal
and transversal stresses are observed in the base metal close to
Please cite this article in press as: Estefen SF et al. Surface residual stress evalu
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weld fillet and in HAZ area, respectively. When restrictions are
gradually removed, the stress reduction in the base metal close
to fillet results in increasing of stresses on weld metal in the longi-
tudinal direction. In comparison with the single-electrode behav-
ior, the stresses in this case do not reach the value close to zero
at the points remote from the fillet (points 5–10).

It can be clearly noted in the comparison of final stresses for
both cases that stress relaxation process is more pronounced in
ation in double-electrode butt welded steel plates. J Mater Design (2009),
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Fig. 9. Surface plotting of butt jointed plates. (A) Single-electrode welding; (B)
double-electrode welding. Measurement units – mm.
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the single-electrode case. In the double-electrode case stresses re-
main higher than equivalent values for the single-electrode one,
both for longitudinal and transversal directions, Fig. 8. The shape
of the stress distribution curve for single-electrode case is in accor-
dance with the classical results for this type of welding [5]. The
longitudinal stresses curve decreases from maximum value at the
deposited metal to the negative minimum at the point of base me-
tal close to weld fillet (point 2), then increases to positive values
(points 3 and 4) and turns to the values close to zero (points 5–
10). The curve of the measured stress values in longitudinal direc-
tion for the double-electrode case has the similar shape with
decreasing from maximum at the deposited metal to the minimum
at the base metal (point 2) following by increasing to the point 5
and posterior decreasing to the minimum value at the point 10.
The fact that the longitudinal and transversal stresses values in
double-electrode case are in the interval from 100 to 200 MPa at
the points away from the weld fillet (points 4–10) whereas for
the single-electrode case the values at these points are close to
zero, can be associated with the lower stress relaxation in the dou-
ble-electrode case.

The out-of-plane distortions of welded plates measured after
releasing the constraints are shown in Fig. 9. Measurements of
distortions were performed employing the LASER TRACKER
equipment. Data were processed in computer-aided design
(CAD) software to plot the top side of the plate surface. To
compare the distortion measurement results, the support plane
considered as zero level was taken in such way that the left
and right extreme points of the stop weld plate edge were
located at the same elevation. For the double-electrode case,
the maximum angular distortion is 0.34�, resulting in 4.74 mm
of upward displacement at the plate’s corner and maximum
bending distortion of 8.86 mm. For the single-electrode case the
maximum angular distortion is quite similar, with 0.30� and
4.19 mm, but the maximum bending distortion is much higher,
14.31 mm. Previous numerical simulation results [12] are con-
firmed by the experiments.
Fig. 8. Surface residual stress final distribution: single-electrode welding (line 1)
and double-electrode welding (line 2). (A) Longitudinal stress; (B) transversal
stress.
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5. Conclusions

By the analysis of the surface residual stress evaluation for dou-
ble-electrode and single-electrode welding, some conclusions can
be derived:

1. Final stresses for the double-electrode case remain higher than
equivalent values for single-electrode one, both for longitudinal
and transversal directions.

2. Lower values of the bending distortions observed for double-
electrode welded plates are in accordance with the smaller
welding stress relaxation, compared with the single-electrode
case. Moreover, for double-electrode welding the final residual
stress distribution is more uniform, especially in the longitudi-
nal direction.

3. For the double-electrode case the initial distribution of maxi-
mum welding stress values in both HAZ and base metal close
to the fillet, while for the single-electrode case the maximum
welding stress values were located along the deposited metal.
Similar trends were observed in the other experiments involv-
ing double-electrode welding.

4. As a consequence, the welding stress evaluation after the con-
straints removal in the double-electrode case is in different
shape from those obtained for the single-electrode welding.
For the single-electrode case the residual stress distribution is
a result of the stress redistribution on the deposited metal.
For the double-electrode case, the stress reduction in the base
metal close to fillet results in increasing of stresses on weld
metal in the longitudinal direction.

5. For the double-electrode welded plates the longitudinal resid-
ual stresses in the deposited metal remain close to zero only
until constraints removal, after that they become compatible
with the stress values for the single-electrode case.
ation in double-electrode butt welded steel plates. J Mater Design (2009),
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The outlined behaviors of the surface residual stress of double-
electrode welding will hopefully be found useful in the practical
engineering applications as well as in computational modeling to
test the validity of the numerical results.
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