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Abstract. Ultrasonic evaluation for residual stress measurement has been an effective method owing to its easy
implementation, low cost and intrinsically being nondestructive. The velocity variations of acoustic waves in
materials can be related to the stress state in the deformed medium by the acoustoelastic effects. In this study, a
laser/EMAT ultrasonic method is proposed to evaluate the surface/subsurface longitudinal residual stress
distribution generated by gas metal arc welding (GMAW). The velocity variation AV/V of Rayleigh wave,
which is a surface wave, will be experimentally measured. Q-Switched Nd:YAG laser is used to generate a
broadband ultrasonic wave. An electromagnetic acoustic transducer (EMAT) is attached to the welding plate
for Rayleigh wave pick up. As the ultrasound receiver, the EMAT is used to measure time of flight (ToF) of the
Rayleigh waves traveling along a specific path parallel to the direction of the welding seam. ToF measurements
are obtained by changing Rayleigh wave path to welding zone center distance from 0 to 45mm. A 3D
thermomechanical-coupled finite element model is then developed to validate the capability of the proposed
technique for welding-induced residual stress evaluation. The distributions of the normalized velocity variations
from ToF experiments are compared with the distribution of the normalized longitudinal residual stresses from
finite element analysis (FEA). It has been shown that there is a good correlation between these two distributions.
The proposed technique provides a potential nondestructive avenue for surface/subsurface residual stress
evaluation for welding parts.

Keywords: Nondestructive testing / residual stress / laser ultrasonics / electromagnetic acoustic transducer /

finite element analysis

1 Introduction

Residual stress generated from various manufacturing
processes would influence the mechanical reliability,
fatigue life, and chemical corrosion resistance of engineer-
ing structures [1-3]. Therefore, it is crucially important to
precisely characterize the residual stress generation for the
manufacturing components. In a typical manufacturing
process, the residual stress generation could be mainly due
to three reasons: the un-uniform plastic deformation, the
temperature gradient-induced nonuniform material ther-
mal expansion, and the material volume change due to
material phase transformation [4]. For a typical welding
process, the sharp temperature change would directly
result in the nonuniform material volume change due to the
large temperature gradient in the welding zone. Thus, the
localized cooling and heating are the main sources
introducing the residual stresses in welding. Welding is
intrinsically a material melting and solidification process.
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Therefore, the material phase transformation would also
occur. Undesired residual stress in the welding structure
would be detrimental to the component fatigue life and
dimensional accuracy. For example, large tensile residual
stress on the welds would significantly reduce the structure
fatigue life. Large magnitude of residual stress would result
in material plastic deformation, especially in the large-scale
welding structures with strict geometrical dimensional
tolerance. The in-depth understanding of residual stress
generation in the welding structures could help to design
and optimize the welding process parameters to ensure
manufacturing reliability.

Extensive efforts have been made to experimentally
measure the residual stress for manufacturing component,
which includes center-hole drilling [5], ring core method [6],
X-ray diffraction (XRD) [7,8], and ultrasonic- [9,10] and
magnetic-based [11] techniques. Center-hole drilling meth-
od has been a main stream technique to evaluate the
residual stress distribution in welding structures. However,
a material removal procedure would be involved, which
could damage the structure integrity. Therefore, it is
destructive and greatly limits its application for critical
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components on field evaluation, even though it is relatively
cost-effective. Ring core method can evaluate stress up to
5-7mm into the specimen, deeper than a hole-drilling
method. However, it causes more damage to the sample.
XRD techniques are nondestructive but are only limited to
residual stress measurement on the surface. Additionally,
appropriate polishing and sample preparation steps are
needed. The magnetic-based residual stress measurement
characterizes the material residual stress by applying a
magnetic field to the material. The resultant magnetic
penetration will be evaluated to calculate the material
residual stress states. Therefore, the magnetic-based
method limits itself for the ferromagnetic materials
application.

Different from the above-mentioned methods, the
ultrasonic-based residual stress measurement method
measures the travelling velocity of the ultrasonic waves
in the material to determine the material residuals stress.
The ultrasonic wave has much larger penetration depth
than the XRD method. The ultrasonic methods are based
on the material acoustoelastic effect, which means the
residual stress states could influence the wave velocity in
the material. There has been some reported research work
showing the potential to predict residual stress using
longitudinal waves [12], longitudinal refracted (LCR)
waves [13], and shear waves [14]. For the average stress
measurement in the specimen thickness direction, the bulk
wave method has been very effective. However, for most of
the welding components or structures, the large magnitude
of tensile residual stress on the surface is the main root
cause for surface crack failures. Surface waves, which
propagate along the surface of the medium, have the
potential to probe surface/subsurface stress, and are thus
more favorable in the research reported here. In this work,
Rayleigh wave is selected for investigation because the
radiation loss of Rayleigh waves is minimal. In addition to
its low radiation loss, the Rayleigh wave penetration depth
into the specimen is only one wavelength, which makes it a
superior option for surface/subsurface measurement of
residual stress.

Extensive research work has been devoted for the
surface wave propagation. The original surface wave
propagation theory in deformed solids with uniform stress
states was proposed by Hayes and Rivlin [10]. Iwashimizu
extended this theory to consider propagation along
arbitrary direction, not necessarily coincident to a
principal direction [15]. In a later study by Hirao [16],
the theory was extended to nonuniform initial stress
distribution application. In the nonuniform stress states,
the Rayleigh wave dispersion has been observed. The
acoustoelastic effect has been successfully applied for the
stress evaluation in various isotropic engineering struc-
tures. Similar research has also been carried out for the
surface wave propagation in anisotropic material [17,18]. In
a recent research conducted by Zhan et al. [19], the laser
ultrasonic combined with a laser Droppler vibrometer was
used to measure the welding-induced residual stress in
titanium alloy.

There have been reported studies where the Rayleigh
waves were used for surface residual stress evaluation with
traditional ultrasonic-based residual stress measurement

method [20,21]. Transmitters and receivers are required to
emit and collect signals. However, high-quality interface
between the transducers and the specimen is important for
the accuracy of the measurement. Thus, liquid coolant is
usually used in tradition to ultrasonic technique. There-
fore, the development of noncontact ultrasonic technique is
desired. EMAT is superior to the transducer used in
traditional ultrasonic method since it does not need direct
contact with the surface of the specimen. In this study, a
laser/EMAT ultrasonic technique (LEU) without direct
contact with the measurement structure is introduced. The
EAMT collects the Rayleigh wave signals generated from
the pulsed laser. Compared to the traditional ultrasonic
methods, the LEU does not involve direct contact with the
measurement structure, which makes it suitable for severe
environment application, such as high temperature, fast
moving surface, and rough surface structures. The laser/
EMAT has been a very promising technique for welding
inspection since early 1990s. In the work of Johnson and
Carlson [22], the laser/EMAT was used to detect flaws in
the welding zone by analyzing the received wave signal. In
the work of Oursler and Wagner [23], the laser/EMAT was
used for the potential critical crack detection by analyzing
shear waves. Different from what has been discussed in the
previous papers, the laser/EMAT for the surface/subsur-
face residual stress emulation in the welding zone was
implemented in this study. The laser/EMAT system for
welding inspection is not new. The residual stress
characterization with laser ultrasonic has been done by
previous research. However, to the best knowledge of the
authors, the utilization of the laser/EMAT for welding-
induced surface/subsurface residual stress evaluation
based on the Rayleigh wave, time of flight (ToF)
measurement has never been done before. Compared to
the technique by Wang and Feng [24], using traditional
ultrasonic detection system, EMAT is used in this study,
which does not require any contact with the inspected
sample. In addition, this method does not require a
complicated wave signal processing, which could signifi-
cantly improve the measurement reliability. Different from
the research work of Dixon et al. [25] in using laser/EMAT
for welding inspection without any quantitative measure-
ment, we are using the laser/EMAT for the residual stress
measurement, which imposes significantly more challenges
from system setup, measurement accuracy, and data
analyzing. Based on a previous study on welding residual
stress calculation [26], a thermal/mechanical residual
stress prediction model has been developed in this study
for the residual stress prediction in the welding zone. The
prediction data show a good approximation to the
experimental measurement.

Welding simulation by finite element analysis (FEA) is
attractive for the evaluation of the stress distribution in
welded structures. The first 2D thermomechanical model
for the welding analysis was proposed by Hibbitt and
Marcal [27]. With the development of computational
capacity, 3D model has been conducted with commercial
software for the evaluation of transient temperature field
and residual stress distribution [28]. In this paper, a 3D
thermomechanical-coupled model has been proposed using
ANSYS for welding-induced residual stress evaluation. The
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Fig. 1. Schematic diagram showing welding of two steel plates.

results show that the numerical predictions using FEA
correlates well with experimental results.

2 Theory of ultrasonic measurement

The residual stress measurement method with ultrasonic is
based on the acoustoelastic effect. In the welds, the
generated residual stress would change the Rayleigh wave
travelling velocity, which corresponds to different material
stress states. In this experiment, the sample is prepared by
welding two steel plates with GMAW technique, as shown
in Figure 1. Rayleigh waves propagating only in the &
direction (the weld seam direction) are collected by a
transducer. It is assumed that the Rayleigh waves could
freely propagate on the welding plate surface. For
simplification, a plane stress condition is assumed where
the stress in the plate thickness direction &3 is zero. So, only
two stress components, 17 in the longitudinal direction &;
and o0y, in the transverse direction &, are considered. This
assumption is valid based on the free boundary conditions
on the thickness direction of the welded steel plate. In this
study, only the principal stress components 011 and 095 are
considered because the Rayleigh wave velocity change is
assumed to be independent of the material shear stress.

The dependency of acoustic wave velocity on two
principal state cases has been derived by Tekriwal and
Mazumder [28]. The velocity variation of Rayleigh
waves propagating along &; direction on the free surface
(&1 — & plane) of an isotropic material could be related to
the biaxial stress state in the following equation:

AVy

- 7 — + o s
Vi 51011 ,32 22

(1)
where Vg is the Rayleigh wave velocity, A Vg is the change
of Rayleigh wave velocity between stress-free solid and
stressed medium. f; and B are acoustoelastic constants in
the longitudinal and transverse directions. This equation
provides the Rayleigh wave velocity variation in stressed
solids with two material-based constants. As also noted
from this equation, the shear stress effect on the Rayleigh
wave propagation in thin welding plates is ignored.
According to a previous research work [26], the welding-
induced residual stress 077 in the longitudinal direction is
much larger than that of transverse direction stress oss.
Additionally, the material coefficient 85 is smaller than gy if

the propagation direction is along &, Therefore, Rayleigh
wave velocity variation induced by the transverse direction
stress component is negligible. In this case, the variations of
the propagating velocity of Rayleigh waves shown in
equation (1) can be simplified and expressed as follows:

2)

where AVy is the variation of Rayleigh wave velocity
and AVy = Vg — VR.V?{ is the Rayleigh wave velocity in
stress-free area. A is material-dependent acoustoelastic
coefficient, which could be determined by the material
second-order and third-order elastic constant coefficients.
AVR/ VI(% denotes the relative variation of the propagating
velocity of Rayleigh waves.

From equation (2), it is easy to say that the increase in
wave velocity indicates tensile residual stress state and
decrease denotes compressive stress state. However, it is
hard to measure Rayleigh wave velocity directly. Alterna-
tively, we can measure the Rayleigh wave ToF when it
propagates to a specific distance. If we fix the distance to be
dy, the relative variation of Rayleigh wave velocity
AVR/VI(% corresponds to the relative variation of ToF
Aty /tQ. Therefore, the ToF variations can be related to
stress states as follows:

AVR/Vg = AO'H,

AtR/tg = AO‘H,

3)

where

Aty = tg — 5. (4)
tr denotes ToF of Rayleigh waves traveling dy in &
direction of stress-free steel plate and tg in welding zone.

From equations (1) and (2), Rayleigh wave velocity
change is linearly dependent on the magnitude of the
residual stress state along the welder seam direction. From
the experimental measurement, the ToF for Rayleigh wave
traveling along distance dj is directly measured by the
EMAT. Acoustoelastic constant A links the velocity
variation and the longitudinal residual stress. It depends
on material properties and could be calibrated using
INSTRON for uniaxial tensile test combined with the
proposed laser ultrasonic technique. However, calibration
was not carried out in this research work due to
instrumental limitations. As a result, the actual residual
stress could not be obtained in the absence of acoustoelastic
constant. Alternatively, normalization is used during data
analysis for the validation of the accuracy of the proposed
laser/EMAT technique.

A normalization procedure is implemented by dividing
the velocity measurement data with the maximum value.
The welding-induced residual stress of the welder could be
obtained from the resulting velocity variation distribution
of the normalized Rayleigh waves.

3 Finite element analysis

A 114.3 x 140 x 12.5mm® low carbon steel plate was
modeled in ANSYS wusing the symmetric boundary
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Fig. 3. The thermal boundary in the FEA model.

conditions. The mechanical properties of the low carbon
steel as a function of temperature is listed in Figure 2 [29].
Both the modulus and the yield strength would signifi-
cantly decrease with the increasing temperature. During
simulation, the material is assumed to be elastic — perfectly
plastic. The material poison’s ratio is 0.29. The thermal
expansion coefficient dose not variate significantly with the
temperature, and it is selected to be 1.7 x 107K ™. The
material density is 7.2 x 10°kg/m. This model was
developed with ANSYS in a two-step procedure. In the
first step, heat flux of Gaussian distribution shown in
equation (5) was applied as input to simulate the heat
source of welding process:

=32 +(y-Vy)?)

Q=Qu ® (5)

where

X and Y represent the coordinates, and Y direction is
parallel to the weld seam.

Vand R denote travel speed of the arc and effective weld arc
radius, respectively.

Q. is the maximum heat flux at the center and can be
expressed as follows:

oul

Qm = r]ﬁa

(6)

where U and [ are voltage and current during welding
process and n denotes welding thermal efficiency.

Fig. 4. Mesh of FEA model.

Convection was applied on all external boundaries and
the reference/ambient temperature was considered as
20°C. The applied boundary conditions are shown in
Figure 3. The four-node linear element with thermal/
mechanical coupling was selected for the analysis. The
implicit algorithm was used to solve the problem.

In the next step, thermal results along with structural
boundary conditions were fed to solve the structural
problem to get longitudinal residual stress distribution on
the surface of the welded plates.

Mesh convergence analysis was carried out, and an
element size of 1.25 mm was found to give optimal solution
with reasonable computational time. Mesh is shown in
Figure 4. Both transient thermal and transient structural
analysis were carried out in four time steps. During the first
time step, which was the simulated welding process, 48
substeps of 2s per substep were considered. And then
substep size was increased to 10s gradually to reduce the
computational time. Temperature distribution at t=>5s
and t=1200s are shown in Figures 5a and 5b. Since the
maximum value of color bar in Figure 5a is around 1344 °C,
the temperature of the welding center, which is beyond
1344 °C, is not shown. Thermal solution data were saved at
every substep and then retrieved during the structural
loading. Temperature distribution at the end of 1200 is
uniform and very close to ambient temperature. Therefore,
the stress at the end of 1200 s was regarded as the residual
stress, which is shown in Figure 6.

After normalization, the distribution of simulated
residual stress for all the corresponding test rows is shown
in Figure 7. Each test row is a selected residual stress
sampling line that is normal to the welding direction.

4 Experiment
4.1 Sample description

For the FEA model validation, the same size low carbon
steel plates containing a single pass butt weld over their
center produced by GMAW were prepared. The sample
was joined by a Miller Pulstar 450 GMAW machine. The
weld gun was controlled by a General Electric P50 process
robot. The welding voltage was 25 V and the welding speed
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was set as 0.375 in./s. The picture of the sample under
study and the designed coordinates are shown in Figure 8.
The clamps were used to fix the plates at both ends during
the welding process, as shown in Figure 9. After welding,
the weld butt reinforcement needs to be removed to adapt
to the EMAT probe flat surface. The micro-surface
grinding process was used for the reinforcement of part
removal. The depth of cut in each grinding step was set to

Fig. 8. Welded sample.

be 15 um to avoid any residual stress introduced from
grinding. Additionally, coolant was introduced in the
grinding process to reduce the temperature effect on
external residual stress generation. The longitudinal
residual stress, which is the main residual stress developed
from GMAW process, is along the weld seam as in
a-direction.

4.2 Experimental setup

Figure 10 shows the laser measurement system setup,
including a Nd:YAG pulsed laser, a customized EMAT, a
control unit, a data acquisition system, and a two-
dimensional position stage driven by step motors. The
schematic diagram of the measurement system is shown in
Figure 11.

The pulsed Nd:YAG laser source (Continuum) was
used for laser generation. The laser was focused to the
surface of the sample through optic lenses. The incident
point on the sample surface has a diameter of around
5mm. Rayleigh waves that were excited by the pulsed
laser propagated along all the directions on the surface
of the testing sample. However, the EMAT (BWX

Fig. 9. Welding setup (1 — sample, 2 — positioning system,
3 — welding robot).

Fig. 10. Laser/EMAT stress measurement setup (1 — laser;
2 - convex lens; 3 - EMAT; 4a — linear stage z; 4b — linear stage y).

Microcontroller
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Computer

(uondanq z) a8eys seaun

Linear Stage (X Direction)

00/

Fig. 11. Schematic diagram of experimental system.
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Fig. 12. Schematic diagram showing the ToF testing procedure.

Technologies, Inc.) only captured the Rayleigh waves
travelling along the welding seam direction. The EMAT
has a reception bandwidth of (0.5 MHz, 2.0 MHz). There
are four separate coils with 2mm pitch in-between. The
data acquisition system consists of a high-speed four-
channel Gage Compuscope 8349 PCI/AD card.

The two-dimensional translation stage consists of two
linear stages placed normal to each other, with one point to
z-direction, and the other one along z-direction. Both
stages have a positional resolution of 25 wm/step. The
microcontroller was used to control the two-dimensional
translation stage movement. A MATLAB script was used
to power up the laser and control-positioning stage
movement. The laser system has a time resolution of
1ns to enable the accuracy of ToF measurements. The
whole measurement system was automated and controlled
by a MATLAB GUI on a PC.

The distance between the laser head and EMAT was
kept constant at 11 mm during the ToF measurement. The
whole system was placed on a vibration table to avoid
vibration-induced errors. The testing sample was clamped
onto the linear stages. The wheels of the EMAT help to
make it roll on the surface of the sample when the sample
moves with the linear stages.

4.3 Time of flight measurements

ToF measurements have been widely used in acoustic wave
measurement to determine the time required to travel a
certain distance in a medium. The nondestructive testing
for defects or stress assessment employ a wide variety of
ToF measurements [29,30]. In the measurements, waves
travel along a predetermined distance and the arriving time
of the signal of interest is recorded. To measure the residual
stress on the welding plate surface, the ToF of near surface
Rayleigh waves were measured. The reference time t, was
obtained by measuring the ToF on a stress-free low carbon
steel sample. To get the residual stress distribution on the
welder, the ToF of Rayleigh waves were measured along
different points normal to the weld seam direction.

In order to evaluate stress states of a larger area,
four inspection rows normal to the weld seam direction
with a pitch of 15mm were selected, as shown in
Figure 12. The welding residual stress evaluation
area covers any location that is 45 mm away from the
weld seam. Along each inspection row, 15 equally spaced
points between 0 and 45 mm away from the welding seam
were chosen for the residual stress evaluation. The
welding-induced residual stress distribution normal to
the welding seam could be obtained. In each measure-
ment location, the ToF measurements were repeated 300
times and the average was used to achieve better signal-
to-noise ratio (SNR). A typical Rayleigh wave amplitude
signal by averaging 300 repeated measurements is
shown in Figure 13. The Rayleigh wave has a bipolar
pulse as shown in the figure, which corresponds to the
maximum amplitude of the wave without radiation loss.
The total time ¢ that the Rayleigh wave travels through
is taken as the ToF. The B-spline curve interpolation
method was implemented here to interpolate the
Rayleigh wave amplitude to achieve a time resolution
less than 1ns.

The normalized distribution of relative velocity
variations on 15 locations with varying distance from
weld center is shown in Figure 14. The 3D distribution also
shows the difference between each test row.

5 Results and discussion

From ToF measurements, longitudinal residual stresses of
four test rows on the welded sample were obtained. On each
of the four measurement rows, the stress states were
measured at 15 points with different distances away from
the weld seam center. To get the true residual stress value,
the acoustoelastic coefficient needs to be calibrated by the
proposed technique together with Instron. In this study,
the residual stress is normalized due to the lack of
acoustoelastic coefficient. The normalized residual stress
distribution as a function away from the welding seam was
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also evaluated from FEA. The residual stress distribution
comparisons from the ToF measurement and FEA
calculations are plotted against each other, as shown in
Figure 15.

From equation (1), the longitudinal residual stress after
welding process is proportional to the relative variations of
the phase velocity of Rayleigh waves propagating along the
weld seam. Theoretically, the normalized longitudinal
stress distribution should be the same as the normalized
velocity variation profile. Figure 14 shows the comparison
between these two profiles, and there is a good correlation
between them with an acceptable small deviation. The
reasons for these small deviations are as follows:

— The residual stress generation in welding could come
from temperature gradient-induced material nonuniform
volume change and phase transformation-induced mate-
rial volume change. As noted in this work, material
melting and solidification during the welding process is
not considered in the simulation.

— Rayleigh wave velocity depends on the stress state within
its propagation region, which is about one wavelength
deep into the sample. Thus, the velocity variations of
Rayleigh waves reflect the average stress state of its

propagation region. However, simulation evaluates only
surface stress state.

Both the experimental and simulation results show
that the biggest tensile stress appears in the weld seam,
which is in the melted zone. As the distance away from
the weld seam, the large magnitude of tensile residual
stress sharply decreases and changes to compressive one
at the edge of the heat-affected zone. The large
magnitude of the tensile stress in the center of melting
zone comes from the material volume shrinkage after the
welding during the cooling down process. At the high
temperature, the plate material was melted and the
welding groove was filled by liquid metal. During the
cooling down, the weld center has the largest tempera-
ture decrease, which results in the material shrinkage
while the outer area temperature change is not signifi-
cant. The fast and significant decrease of the tempera-
ture in the weld center leads to the material shrinkage of
the hot metal and a tensile stress develops.

As we expected, the difference of stress distribution
between each test row is not obvious. This can be explained
by the temperature distribution during the welding
process, which only has large gradient in the direction
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normal to the weld seam. As a result, the magnitude of
welding-induced residual stress is mainly dependent on the
distance to the weld seam center. That is to say, the stress
states of the inspection points are identical if the distances

of those inspection points to the weld seam center are the
same.

The residual stress generation in the welding zone is a
very complicated process, which involves the thermal,
mechanical and material phase transformation. A compre-
hensive residual stress prediction for welding needs to
include the uniform material deformation, temperature
gradient-induced nonuniform material volume change, and
material phase transformation-induced volume change.
The temperature gradient-induced nonuniform material
volume change is the dominating factor contributing to the
residual stress generation in welding. So, in this study, only
the temperature effect is considered in residual stress
prediction. In terms of the experimental measurement, we
are based on acoustoelastic effect. Assumptions are made
and we consider only the effect of longitudinal residual
stress on wave velocity change and ignore the effect of
transverse residual stress. However, in cases where
transverse residual stresses are large and cannot be
ignored, this assumption might introduce errors. Other
measurement errors can also come from ToF measurement
of Rayleigh waves, resulting in the error of Rayleigh wave
velocity.

The Rayleigh wave can only penetrate to around one
wave length distance into the material. So, the proposed
method is limited to the surface residual stress measure-
ment. To measure the residual stress underneath the
surface, appropriate surface removal procedure needs to be
implemented, such as electrochemical polishing.

6 Conclusions

An ultrasonic-based laser/EMAT method is developed in
this study for the welding-induced residual stress
measurement with high accuracy. The method utilizes
a high-precision EMAT to measure the ToF of the
Rayleigh waves traveling along the welding plate surface
induced by the laser pulse. The linear relationship
between the Rayleigh wave velocity variation along the
welding seam direction and the residual stress states has
been developed. The experimental measurement is
conducted by measuring the normalized residual stress
distribution normal to the welding seam direction from
the ToF measurements. A thermal-mechanical coupled
FEA model was developed for the residual stress
prediction during the metal welding process. A good
match is found between the experimental measurement
and FEA model calculation. The laser/EMAT for
residual stress measurement could be used for machin-
ing-induced residual stress measurement as well as
measurement associated with residual stress develop-
ment in metal additive manufacturing. Being also noted
in this research, an EMAT with a flat surface would need
to be attached to the sample in order to receive the
acoustic signal. Therefore, the measurement sample
needs to be well polished to have a surface that is
sufficiently flat. Regardless, the proposed FEA model
and intrinsically nondestructive and noncontact laser/
EMAT method provide a useful means for residual stress
evaluation for various engineering welding structures.
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