
Introduction

Welding simulations are usually split up
into two separate analyses: First, the ther-
mal field evolution in the welded con-
struction is calculated from the heat input
and next, starting from the temperature
field, the stress and strain development
due to the welding is calculated in a me-
chanical analysis. As the finite element
(FE) simulation is split up, the validation
can be done on the two fields: either the
temperatures or the stress/strain develop-
ment can be checked, or both. The ther-
mal field used for the mechanical
simulation can be validated by measuring
the transient temperatures or the resulting
microstructure in the welded construction
(Ref. 1). Since the thermal simulation
comprises a select set of material proper-
ties and measuring temperatures is not too
difficult, it is less complicated to establish

the thermal field. In the mechanical analy-
sis, more material parameters are intro-
duced and more assumptions are made,
inducing a more complicated stress/strain
validation. Lindgren (Ref. 1) gives an ex-
tensive overview of papers describing val-
idation methods for the mechanical
analysis. These include residual stress
measurements using hole-drilling tech-
niques, X-ray techniques, or neutron dif-
fraction measurements. Transient strains
have also been measured in some cases
using high-temperature strain gauges.

Muramatsu et al. (Ref. 2) reported the
measuring of strain evolution during a
welding operation with a laser speckle
method. They concluded that with that
method, it is possible to perform strain
measurements just after weld metal solid-
ification in gas tungsten arc (GTA) weld-

ing of thin SUS304 steel sheets and con-
sidered this as an enhancement of the nu-
merical calculation strategy. They
reported a method to effectively shield the
arc light and the disturbance effect of
heating-induced convection. Mikami et al.
(Ref. 3) measured the vertical displace-
ments of 9 points on skin-plates in a T-
joint by laser displacement sensors. From
these, the angular distortions are calcu-
lated. Schwenk et al. (Ref. 4) recorded the
transient longitudinal and transverse dis-
tortions with seven displacement trans-
ducers during a bead-on-plate laser weld
on a dual-phase steel. Synchrotron X-ray
diffraction residual stress measurements
were used by Van der Aa et al. (Refs. 5, 6)
for validation of a bead-on-plate GTA
weld on flat DP600 samples. Courtin et al.
(Ref. 7) used the center hole drilling
method to retrieve the residual stresses in
a multipass weld between a ferritic and an
austenitic steel pipe.

The mentioned methods have some
drawbacks: Only in a restricted number of
points for the deformations and strains are
available (in the case of displacement sen-
sors, strain gauges), temperature compen-
sation is needed (for strain gauges), only
the final stress/strain state is known (for
residual stress measurements), the part is
damaged (destructive residual stress meas-
uring methods), the method requires a
complex setup (laser interferometry, X-ray
diffraction, and neutron diffraction resid-
ual stress measurements), there is sensi-
tivety to vibrations, and there are
differences in the density of the air be-
tween the measurement device and the
welded object (laser interferometry).

An alternative method, which counters
some of these drawbacks, and to the au-
thors’ knowledge, has not yet been used
for measuring deformations during weld-
ing, is digital image correlation (DIC). The
DIC method has a simple setup compared
to other measuring methods, is insensitive
to rigid body motions (vibrations), does
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ABSTRACT
The finite element simulation of a welding process is usually validated by tempera-

ture evolution, microstructure analysis, residual stress measurement, or strain evolution.
Several methods are available for measuring the strain evolution, and in this research,
we investigate if the digital image correlation (DIC) technique can record the strain evo-
lution during welding. Compared to other measuring methods used in welded structures,
DIC has the major advantages that it is a contactless method, and it can give the strain
evolution over a significant portion of the surface when a workpiece is welded, even in
zones where temperature reaches 600°C, without the need for thermal compensation
on the measured strains. The case investigated was a stainless steel tube with a longitu-
dinal weld bead on top. It was shown that if enough images were taken, the strain evo-
lution was in agreement with that found by electrical strain gauges.
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not need temperature compensation, is
contactless, and reveals the transient strain
state over a wide surface of the welded ob-
ject. It has, however, the drawback that it
is conventionally not judged suited for
small strains (below 1000 µm m–1) that
occur in the welding case under consider-
ation here (Ref. 8). In this research, it is
investigated whether it is possible to ob-
serve with sufficient accuracy the defor-
mations during a welding process using
DIC. 

Thermal strains up to 650°C were al-
ready successfully measured with DIC by
Lyons et al. (Ref. 9) and more recently on
uniformly heated 3-D tubular specimens
by the authors (Ref. 8), under the condi-
tions that sufficient data are collected by
taking enough images, that the strain is
taken as the average over the homoge-
neous strain area, and putting the tem-
perature limit to 600°C. Analogous
conclusions with a limit to 550°C were
taken by Pan et al. (Ref. 10).

As it was the first time that the DIC
technique was used for measuring inho-
mogeneous thermal strain fields in the
range below 1000 µm m–1, the strain field
measured with the DIC technique was
compared with the strains obtained by
electrical strain gauges (SG), put on the
tube as a reference.

This research is part of a larger project
in which the residual stresses in cold-rolled
steel tubes due to the weld bead that
closes the cross section are investigated.
The real production process, where the
steel plate is rolled into a circular cross

section and passes underneath a GTAW
torch, is in the laboratory setup, modified
to a static setup in which the GTAW moves
(slower than in the real process) over a fin-
ished tube.

Digital Image Correlation

As an optical full-field measurement
method, DIC has turned out to be an ideal
tool to identify the mechanical material
behavior through inverse modeling (Refs.
11, 12) and to study the deformation char-
acteristics of a wide range of materials
(Refs. 13, 14). In the following, only a
short introduction to the technique is
given. More information can be found in
Sutton et al. (Ref. 15).

The basic principle behind the tech-
nique is to calculate the displacements on
the surface of an object by taking images
of a black and white speckle pattern in the
undeformed and the deformed state. As
the speckle pattern is attached to the ma-
terial underneath, the deformation of the
speckle pattern is the same as the surface
material of the object under investigation.
To follow the strain evolution during a
process, a lot of images can be made and
the speckle pattern deformation in the se-
ries of images can be followed.

The gray-value images of the speckle
pattern deformation are captured with a
coupled charged device (CCD) camera.
Since a 3-D object is undergoing spatial
deformations, two cameras are needed for
stereovision.

To reveal the deformations of the ob-

ject during the experiment, typically a
square subset of pixels (px) from the un-
deformed image is taken, and its location
in the deformed image is traced. This
subset may undergo various transforma-
tions between the different images. To be
sure that the same subset of gray values
is found in the deformed image, a corre-
lation criterion is used to judge the accu-
racy of the match.

For a successful correlation, the
speckle pattern should be random (i.e.,
have a unique subset in each image) and
have a good black and white balance be-
cause from a complete black or complete
white subset, no displacement informa-
tion can be gathered. Therefore, the size
of the subset is related to the size of the
speckles: The subset size should be larger
than the largest speckle.

In view of the smooth deformations in
the application under investigation, the
subset deformation is restricted to an
affine transformation during the analysis.
As the displacements from one image to
the other may be smaller than one pixel,
the subset in the deformed image is not
likely to fit on the pixel grid and an inter-
polation method between the pixels is
needed. Previous research (Refs. 16, 17)
has shown that the normalized sum of
squared difference (NSSD) correlation
algorithm with cubic B-spline interpola-
tion reduces the systematic errors in the
correlation process. In this way, for every
pixel in the undeformed image, the dis-
placement in all the deformed images can
be calculated. In practice, a certain step
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Fig. 1 — Sketch of the setup. The cameras film the speckle pattern
and, symmetrical with regard to the weld bead, two strain gauges
(SG+ in the hoop direction and SG// in the longitudinal direction)
and thermocouples (TC) are applied to the tube. The bottom of the
tube is clamped between a circular bar inside and a rectangular sup-
port outside.

Fig. 2 — Typical speckle pattern for this setup. Black crosses are used
as reference markers for the definition of the coordinate system: The x-
axis is in a longitudinal direction of the tube, and the y-direction is in
hoop direction.
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size is applied, i.e., for a step size of 2 px,
the subset is moved 2 px from its original
position, which means that displacement
results are not available for every pixel,
but on a grid two times coarser than the
pixel grid. 

Next, the obtained displacements are
smoothed via a so-called strain window
(SW) method to reduce the impact of un-
certainties and noise. This is a commonly
adopted technique during the process of
strain derivation (Ref. 18). In this step of
the analysis, a plane is fit through the dis-
placement values in the points around the
center of the strain window (CSW) where
displacements are available. This analyti-
cal approximation makes the calculation
of the full-field strain information straight-
forward. In this research, a default strain
window of 5 is used. This means that the

displacement field is smoothed over an
area of 5 × 5 displacement data points, or
with a step size of 2 px, over an area of 8 ×
8 px around the CSW.

Setup

The weld bead is put on the tube in a
longitudinal direction, representing the
closing bead that is laid in the real pro-
duction process of the cold-rolled steel
tube. Neither in the actual welding of the
tube is filler material used, nor in this ex-
perimental setup. The tube is kept fixed,
while the torch is moving on top of it —
Fig. 1. 

The torch is held perpendicular to the
tube’s surface by a ABB IRB1600 robot,
allowing a constant torch travelling speed
of 2 mm s–1 and a 2-mm arc length be-

tween the base metal and the tip of the
electrode. The tungsten 2%-lanthaned
electrode with a diameter of 1.6 mm has
an extension of 1.4 mm out of the 7-mm-
diameter cup. The shielding gas is pure
argon with a flow of 10 L/min–1. This setup
yields a stable welding process, with a con-
stant current of 38 A set and a voltage of 8
V measured over the beam. The weld
bead has a length of 300 mm, assuring sta-
ble welding conditions in the middle 200
mm of the tube. To avoid overexposure on
the images taken during the welding, the
blazing light of the weld beam was
shielded by a tin foil wrapped around the
cup of the torch. 

The SS304 stainless steel tube (chemi-
cal composition: 0.04%C; 0.4%Si; 1.28Mn,
0.03%P; 0.00%S; 18.2%Cr; 0.32%Mo;
7.63%Ni; 0.08%V; 0.003%Al; 0.55%Cu;
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Fig. 3 — A — Temperature curve used for compensation; B — uncorrected and compensated strain evolution as observed with SG. SG+ is
the strain gauge in the  hoop direction and SG// is the SG in the longitudinal direction.

Fig. 4 — Full field strain map of the strain during the welding at t = 75 s. A — Longitudinal; B — hoop direction; C — shear strain. The torch
is shielded by a tin foil.
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0.004%Ti) under consideration has a di-
ameter of 60 mm, a wall thickness of 1.5
mm, and a length of 400 mm. The tube is
clamped at the bottom side with a massive
steel bar of diameter 25 mm inside the
tube, at both ends screwed to a steel sup-
port (a bar of 20 × 40 × 500 mm) — Fig.
1B. 

At one side of the tube, in an area of
about 40 × 200 mm, a uniform white paint
layer is put on the tube. This paint is heat-
resistant silicon resin type paint applied
with an airbrush. On this white coat, a
random speckle pattern is applied with
black paint of the same type. The speck-
les have a maximum size of about 1 mm².
Markers (black crosses) are integrated in
this speckle pattern as a reference for the
focus of the cameras — Fig. 2. These

markers are drawn
with a black, nar-
row pointed (0.2
mm) felt-tip pen.
These markers are
also used in the
processing of the
images for assign-
ing a coordinate
system. As dis-
placements are
known in all direc-
tions and over a
certain area,
strains  can be cal-
culated in differ-
ent coordinate
systems. 

Two CCD cam-
eras are focussed
on the middle of
the speckle pattern.
These cameras are
monochrome 12-
bit cameras with a
resolution of 1280 ×
1024 px and are

equipped with Schneider Kreuznach xeno-
plan 1.4/23 lenses. The cameras are posi-
tioned in the same horizontal plane as the
axis of the tube and have an intermediate
angle of 60 deg. The distance between the
cameras and the tube is about 265 mm. For
each test, the camera system is calibrated,
yielding the intrinsic (focal length, image
plane center location, distortion parameters
of the lenses) and extrinsic (rotational and
translational definition of the camera sys-
tem) parameters of the camera setup. In
this setup, one pixel has a physical dimen-
sion of about 0.072 mm. This dimension is
approximate as the cameras are looking at
the curved surface and are tilted from the
surface normal.  The focus of the cameras
is at the position of 90 deg seen from the

weld bead — Fig. 1. With this setup, the
area of the tube that can be followed is 80 ×
30 mm (the field of view is larger, but due
to the curvature of the surface of the tube,
not the whole speckle pattern is visible in
the images — Fig. 2). Images are taken in
two series: In the first 600 s of the experi-
ment every 0.5 s an image is taken, and in
the next 1200 s every second an image is
taken, leading to a total of 2400 images from
which the strain evolution can be calculated. 

Five K-type thermocouples (TC) were
installed on the side of the tube opposite
to the speckle pattern. One SG (SG+)
measures the hoop strain and one SG
(SG//) measures the longitudinal strain at
a position of 90 deg seen from the weld
bead. As the position of the SG is sym-
metric to the speckle pattern from the
point of the weld bead, a comparison be-
tween the strain measured with DIC and
SG is possible. The thermocouples were
necessary to compensate for spurious ther-
mal strains in the SG (see next section).
The position of the SG was chosen in an
area where the temperatures are not too
high for the glue (Z70, a cyanoacrylate ad-
hesive), and the range in which the tem-
perature compensation is known from the
producer (up to 120°C). The gauges used
in this setup were HBM 1-LY15-6/350A
350 Ω resistance strain gauges, have a
measuring grid of 3 × 6 mm and are com-
pensated for a material with a thermal ex-
pansion coefficient of αSG = 16 µm
m–1°C–1. The SG and TC signals are read
out by a Spider 8 amplifier and processed
with Catman software.

Strain gauges and thermocouples are
disconnected from the amplifier during the
start of the weld beam to avoid problems
with heavy electrical fields initiated by the
starting of the beam. Therefore, in the be-
ginning of the experiments, there are no re-
sults of SG and TC.
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Fig. 5 — A — Strain evolution in SG// compared to DIC results (εxx) with different correlation parameters, torch in x-position of SG// at t = 90.5
s; B — strain evolution in SG+ compared to DIC results (εyy) with different correlation parameters, torch in x-position of SG// at t = 73 s.

Fig. 6 — Shear strain evolution in the area of the tube corresponding
to SG+.
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Results

The strains measured with the SG have
to be compensated for temperature ef-
fects, since apparent strains εa are meas-
ured when using strain gauges for strain
measurement under varying temperature
conditions (Ref. 19).

εa = εm + εs + ( αm – αSG) . Δθ,
(1)

with εa the apparent strain, indicated by
the amplifier; εm the strain triggered by
the mechanical load (zero in these exper-
iments); εs the apparent strain of the
strain gauge without mechanical strain,
known as a function of temperature for
each strain gauge; αm the linear coeffi-
cient of thermal expansion (CTE) of the
measured object; αSG the CTE of the
strain gauge (in these experiments 16 µm
m–1°C–1 ), and Δθ the temperature inter-
val over which the strain is measured. The
thermal strain in the object is defined as

εth = αm . Δθ (2)

Combining formula 1 and 2 leads to the
thermal strain at the SG position

εth = εa – εs+ αSG . Δθ (3)

The curve for temperature measurement
is given in Fig. 3A, the uncorrected and
corrected SG curve are given in Fig. 3B.
The peak in the SG values at about 153 s is
the reflection of the peak in the tempera-
ture curve, which is caused by switching off
the torch.

The calculation of the DIC displace-
ments and strains was performed with the
commercial Vic3D software from Corre-
lated Solutions. A full-field strain map is
shown in Fig. 4. The resulting strain evo-
lution during the welding and the cooling
of the tube at corresponding positions and
in the same direction as the SG are plotted
in Fig. 5. A coordinate system with the x-
axis through the three crosses on the hor-
izontal line was assigned as the reference
for the displacement and strain calcula-
tion. The strain obtained from SG// is
therefore compared to the normal strain
in the x-direction and the strain from SG+
to the normal strain in the y-direction. 

As one pixel has a dimension of about
0.072 mm and the measuring grid of the SG
is 3 × 6 mm², the strain obtained from a SG
is in fact the average strain over this area, or
in terms of DIC, the strain averaged over a
surface area of 40 × 80 px. To compare the
strains obtained with DIC and those with a
SG, strains of all the CSW within the area
of a SG were averaged and taken as the
strain to compare with the SG results. This
means that the strains plotted in Fig. 5 are
averaged over a region of 40 × 80 px, cor-

responding to 800 CSW (as the step size in
this example is 2 px). 

As with the DIC method, subset, step,
and strain window size are ought to cause
the most influence on the found strain,
these parameters were investigated. In
Fig. 5, three subset sizes were investigated:
13 px (the smallest possible, related to the
speckle size), 21 px (a medium size sub-
set), and 55 px (a rather large subset size).
To maximize the amount of information,
the step size was chosen small: 2 or 3 px.
The influence of the strain window was in-
vestigated for two sizes: 5 and 15. Results
of different tests show similar strain re-
sults, both for temperature development,
strain obtained from SG measurement,
and strain from DIC calculation. The re-
sults for one test are published here.

Discussion

In formula 3, the two terms εs and Δθ
can only be determined with knowledge of
the temperature at the location of the SG.
This emphasizes the importance of accu-
rate temperature measurements in the
neighborhood of the SG, which compli-
cates the SG measurements. 

From the results shown in Fig. 4, it can
be concluded that the DIC results are in-
sensitive to the investigated parameters. Al-
though we would expect that a larger subset
and a larger SW would reduce the noise on
the data, this does not seem to be the case.
This can be explained by the SW procedure,
which already cancels the impact of the sub-
set size, approving the efficiency of the SW
procedure. The small impact of the SW can
be explained by the very smooth displace-
ment behavior in this application. Looking
at Figs. 4–6, the DIC data are very noisy, but
the strain evolution in the process is easily
revealed in Figs. 5 and 6. Thus, it can be
concluded that it is possible to measure the
strain during a welding process with DIC
and those results are, within the investigated
range in this research, relatively insensitive
to the correlation parameters. The noise on
the data can be explained by the small dis-
placements and small strains that we are try-
ing to measure in these experiments.
Generally, DIC is not considered for meas-
uring strains below 1000 µm m–1. When the
deformations become larger, e.g., closer to
the weld bead, the noise on the strain data
should become smaller. Other possibilities
for reducing the noise on the DIC data are
using higher resolution CCD; reducing the
field of view, which both might allow aver-
aging over more points over the surface; or
raise the number of frames taken per sec-
ond, which might allow averaging over more
points in time. 

From Fig. 5, it is concluded that there is
good agreement between the DIC results
and the SG results. Although the SG al-
lows a higher sampling rate than the cam-

eras that are currently used in the meas-
urements, the DIC measurements capture
all the relevant strain peaks as well. More
up-to-date cameras allow a higher sam-
pling frequency (easily up to 30 frames per
second). The difference between the strain
calculated with the SG and DIC can be
due to the temperature compensation of
the SG and creep effects in the glue of the
SG. 

In Fig. 6, the in-plane shear strains ob-
tained with DIC are shown. As can be in-
ferred, these are zero during the largest
part of the experiment. This reveals the
principal strain directions: the hoop and
the longitudinal directions. If we wanted
to discover this with strain gauges, it would
have taken a strain gauge rosette consist-
ing of three strain gauges. This means also
that at that point we are measuring the
principal strains in the material during the
cooling phase with the SG. From prelimi-
nary FE simulations, it is known that the
shear strain in the cooling phase of the
welding is zero. Comparing the shear
strain from DIC and FE leads to the con-
clusion that 95% of the DIC results have a
noise smaller than 70 µm/m. 

Smaller averaging areas hamper a clear
interpretation of the results due to the
larger noise and increasing influence of
the subset and strain window size on the
strain curve. Nevertheless, more detailed
information about the strain state in the
material can be retrieved than possible
with resistance strain gauges.

Compared to other transient deforma-
tion measurement techniques, DIC has
the advantages that it is a contactless
method, does not require temperature
compensation, has a rather simple setup,
is robust to vibrations, allows to observe
the strains over a whole field, and it is pos-
sible to measure in all the visible parts of
the welded construction even close to the
weld. Good lighting conditions are
needed, including a shielding of the weld
beam to avoid overexposure on the images
as the torch is passing.

As this technique is still evolving, better
results can be expected in the near future.
Points of improvement are the lenses on
the camera that allow for a better zoom
(but smaller field of view), the use of high-
speed cameras that allow averaging in the
time domain and application of this tech-
nique to faster welding processes.

Conclusions

The main conclusion of this contribution
is that in the configuration as described
here, it is possible to obtain the strain field
with DIC. As it is difficult to obtain a refer-
ence strain measurement, the strains calcu-
lated with DIC are compared to SG
measurements and show good agreement.
The strains measured with SG are sensitive

111-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Strycker.. 6-11:Layout 1  5/10/11  3:22 PM  Page 111



Authors: Submit Research Papers Online

Peer review of research papers is now managed through an online system using Editorial Manager
software. Papers can be submitted into the system directly from the Welding Journal page on the
AWS Web site (www.aws.org) by clicking on “submit papers.” You can also access the new site di-
rectly at www.editorialmanager.com/wj/. Follow the instructions to register or login. This online
system streamlines the review process, and makes it easier to submit papers and track their
progress. 
By publishing in the Welding Journal, more than 66,000 members will receive the results of your
research. Additionally your full paper is posted on the American Welding Society Web site for
FREE access around the globe. There are no page charges, and articles are published in full color.
By far, the most people, at the least cost, will recognize your research when you publish in the
world-respected Welding Journal. 

to temperature compensation, implicating
an accurate temperature measurement in
the neighborhood of the SG. For validation
of finite element simulations, transient de-
formation measurements are preferred as
these allow validating the simulation of the
process as a whole and not just the final
stress/strain state. For the case under inves-
tigation, i.e., a tube in which we want to
know the strain evolution during the weld-
ing process, DIC is a method preferred over
other measuring techniques. With DIC we
obtain the strain evolution over a substan-
tial part of the surface, which allows a vali-
dation of the FEA result over a large
domain, both in space (2400 mm²) and  time
(from the weld start till complete cool
down). It is possible to measure the strains
without knowledge of the temperature (as
DIC requires no temperature compensa-
tion) and in a hot region of the tube, close to
the weld bead, as the cameras that capture
the images make no contact with the tube.

The results of the measurement with
the DIC technique as explained in this con-
tribution give an outlook on using this
method as a validation tool for FE simula-
tions of welding processes on different
geometries. For realistic comparison of the
strain evolution, however, the residual
stresses already present in the construction
under investigation (i.e., a tube with resid-
ual stresses due to rolling and preliminary
welding) have to be known. Alternatively,
the experiment should be performed on an
initially stress free sample.
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