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ABSTRACT

Dissimilar material joints or multilayered metals have become inevitable in the manufacturing industry due to
the increasing demand for multifunctional materials with variable mechanical, thermal, or electrical charac-
teristics in a single assembly. Lattice mismatch of materials at the interface of dissimilar materials leads to
inferior mechanical characteristics. In particular, the mismatch in elastic properties indicated by a large initial
elastic deformation is critical to determine the extent of variation in stress. However, nanoindentation, the most
common and accepted technique to measure elastic modulus, is destructive, time-consuming, and can only
examine mechanical properties within a limited area. A non-invasive elastographic mapping technique evaluates
the mechanical properties using ultrasonic elastography to study incompressibility. The dissimilar joint between
steel and copper was obtained via friction stir welding. The variation of the stress developed at the welded joint
of the two different metals was evaluated from the dynamic bulk modulus map. A tensile test of the involved
workpiece confirmed a good agreement with our analysis based on the dynamic bulk modulus elastographic
mapping results. This study provides a rapid and non-invasive technique for the bulk metallurgic elastic modulus
inspection to overcome the limitations of conventional methods.

1. Introduction

Joints of materials with different physical characteristics are
increasingly integrated into a single block to realize multifunctional
physical characteristics for meeting modern manufacturing industries’
demands[1]. Metals with various thermal, electrical, or mechanical
properties can be combined with different manufacturing techniques to
realize a new hybrid material system. Automotive and aerospace in-
dustries require single blocks of lightweight materials and high-strength
materials for enhanced energy efficiency without compromising the
designed structures’ mechanical strength[1]. Various high-efficiency
manufacturing techniques can achieve that, including additive
manufacturing, or welding methods for joining dissimilar materials such
as laser welding of steel/Copper/Aluminum combinations by Mai and
Spowage (2004) and friction stir welding (FSW) of variance materials
summarized by DebRoy and Bhadeshia (2010). However, the differences
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in the melting points of various materials make it challenging to use a
melting-based welding process to achieve joints with high mechanical
strengths. Friction stir welding has better adaptability for joining dis-
similar materials than laser welding since FSW is a solid-state welding
method without melting constituent components. During the FSW pro-
cess, a rotating tool consisting of a shoulder and a probe affects two
workpieces’ adjoining interface (base materials) due to the heat-induced
by friction at the joint. Thomas et al. (1991) found that in order to stir
the plastically deformed workpieces into a single joint, frictional heating
typically raises temperatures beyond the softening transition point, but
below the melting point, of the workpieces. Thomas et al. (1999) re-
ported the influx of less heat into the base materials during the welding
process serves as a significant advantage of FSW compared with most
conventional fusion-based welding techniques since unexpected
heat-induced elastic modulus variation in the final product can be
significantly reduced in steel system, which was also verified by Lienert
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et al. (2003). Peng et al. (2003) concluded this variation of the
temperature-induced elastic deformation can result in cracks or failures
that are commonly initiated and propagate around the welded interface
due to the non-equilibrium process and non-uniform stress or thermal
gradient induced by the solid state welding processes such as ultrasonic
welding and friction welding studied by Tsujino et al. (2002) and Taban
et al. (2010), including FSW processes reported by Coelho et al. (2008)
and Uzun et al. (2005). Xue et al. (2011) observsed and concluded that
flaws at the joint are due to the formation of the intermetallic compound
(IMC) layer and (or) oxide layer when the base materials were metal-
lurgically miscible. Tanaka et al. (2009) verified the impact of IMC
formation by proforming mechanical tests. The cracks are rapidly
initiated at the joint and can propagate due to the low ductility and weak
bonding at the interface between the IMC layer and (or) oxide layer
parent materials. Recently, Wang and Mishra (2019) showed that a
crack initiated at a welding interface between dissimilar workpieces
could be correlated with elastic modulus mismatch and resultant stress
concentration under mechanical loading in immersible material com-
binations. Therefore, the variation of elastic modulus across the dis-
similar material joint is critical to qualify and predict joint strength and
reliability. In this work, we present a nondestructive ultrasonic elas-
tography technique to evaluate the mechanical strength of dissimilar
joints by characterizing the effective bulk modulus of the materials at
the interface.

In many welding workpieces inspections, phased array transducers
are commonly used for the echo-intensity or time-of-flight mapping to
locate the discontinuities normally referred to flaw and defects.
Lévesque et al. (2016) demenstrated the clear exiamination of a welding
joint discontinuity map using phased array acoustic system. Shiraishi
et al. (2010) used higher operating frequency photoacoustic measure-
ments for high-resolution flaw detection. These instant-evaluation
techniques focus solely on the discontinuities around the welded inter-
face instead of evaluating local elastic parameters. Furthermore, some
in-situ methods were also invented and studied for internal or surface
flaw controlling by monitoring thermal gradient field showed by Ven-
katakrishna et al. (2020) and surface profile using electromagnetic and
acoustic techniques reported by Hartl et al. (2019) and Sudhagar et al.
(2019). The complexity of friction stir welding with the multi-parameter
interference during the processing is high even in mono-material sys-
tem. Mishra et al. (2020) applied machine learning to study and analyze
the welding parameters to automatically select suitable conditions for
the works showing nice performance from the quality of the products.
Du et al. (2019) and Du et al. (2020) also pointed out the influence on
products quality affected by tool condition and machine feedback in-
formation which were also able to be studied and predicted by machine
learning programs. With the Al selected parameters, the flaw in the
welding path was minimized. Although mechanical discontinuities serve
as a significant indicator of the presence of macroscopic defects, more
precise and qualitative techniques are necessary for the evaluation of
local elastic and plastic characteristics of welding workpieces.

Three major elastic constants characterize mechanical deformation/
elongation resistance to different type of stress in linear elasticity.
Young’s modulus (E) indicates strain resistance under tensile or
compress stress; bulk modulus (K) is the volumetric strain resistant of
the material under volumetric compression or tensile stress; Poisson’s
ratio (o) shows the ratio of the transverse compression to the longitu-
dinal extension. They are related by the formula K = E/3(1 — 20).

In the conventional techniques, tensile testing and nanoindentation
applied by Wu et al. (2010) are the two most commonly applied
destructive elastic and plastic property testing methods. The site-specific
mini-tensile test technique does provide an accurate estimate of the
elastic modulus. Nano-indentation is a standard method for character-
izing the effective Young’s modulus using Young’s modulus and Poisson
ratio of the indenter head material and an assumption of sample Pois-
son’s ratio. These techniques are limited by time-consuming sample
preparation and sample evaluation size compared to the workpiece’s
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actual size.

Besides the destructive elasticity evaluation, Zuev et al. (1999) has
demenstrated conventional ultrasonic elastic modulus testing as a
non-destructive technique requires longitudinal and transverse modes of
ultrasound to calculate elastic modulus or flaws by physical contact with
the specimen. The method is broadly applied and provided a lot of
valuable information for both academia and industries, and recently still
active as the work from He et al. (2020) reported. The need for physical
contact between the transducer and the sample surface limits mea-
surement accuracy, especially in welded products, as the sample surface
is generally rough without any additional post-processing. A liquid
coupling material can be used to avoid direct contact between the
transducer facet with a rough sample surface. However, using a liquid
ambient invalidates the estimation of transverse modulus, such as
Young’s modulus and shear modulus, due to a lack of propagating
transverse mode in fluids. In this study, the recently invented by Jin
et al. (2019) named Effective density and dynamic Bulk Modulus Elas-
tography (EBME) was utilized to evaluate a welding joint’s quality be-
tween two dissimilar materials mapping elastic modulus distribution
without direct contacting. Jin et al. (2020b) and Jin et al. (2020c) has
applied the EBME method on additive manufacturing products for
estimating the dynamic bulk modulus and effective density which
showed exceptional results well agreed with the characterizations from
conventional techniques.

A Copper (Cu) - 316 stainless steel (SS316) joint via FSW was
selected for investigation as Cu and Fe are metallurgically immiscible,
making the influence of IMC excludable. Wang et al. (2018) reported
local mechanical mixing between Cu and Fe at the welded interface
introduced via FSW facilitated robust bonding between the base mate-
rials. Furthermore, bonding between copper and stainless steel is
extensively used in the nuclear industry, chemical, and automobile
sectors as Akella et al. (2014) and Yao et al. (2009) mentioned.

Though EBME is a non-contact and non-destructive method, the
dynamic bulk modulus determined from the technique has been shown
to accurately characterize the bulk modulus compared with standard
measurement methods in the acoustic non-dispersion media. The tech-
nique has a high resolution of determining the dynamic bulk modulus
from experiments. The ease of use of EBME, combined with its ability to
evaluate large areas, makes it desirable to assessing highly complex
distributions of elasticity in both organic and inorganic materials sys-
tems as Heo et al. (2021) and Pantawane et al. (2021) demenstrated. The
dynamic bulk modulus of a sample represents a coefficient in the linear
response of the elastic medium to small oscillating deformation due to a
longitudinal monochromatic wave propagating along the sample’s
cross-section. The static bulk modulus is usually examined from a low
strain rate mechanical test. When the rate of change of strain to the
deforming force is slow, the estimated value of elasticity is close to the
traditionally defined elastic modulus, thereby serving as a measure of
atomic forces. In the dynamic elasticity, the mechanical response may
vary from the static response due to dispersion and scattering at grain
boundaries and other inhomogeneities such as defects. The samples in
our study are inhomogeneous in general. However, the internal zones
and grains are much smaller than the operating wavelength. Therefore,
the scanning occurs in the long-wavelength limit when the sample be-
haves like a homogeneous medium. Due to the relatively low frequency
of the transducers used in this study, the macroscopic variation of the
material’s dynamic bulk modulus along the entire thickness of the metal
joint can be measured. Nano-indentation or other destructive techniques
generally measure the value of static modulus near the sample surface.

The dynamic bulk modulus (K) was calculated as described in our
previous work Jin et al. (2019) and demonstrated in Fig. 1(D):
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where p, is the maximum absolute magnitude of the emitted pulse from
the transducer, pp and p; are the maximum absolute magnitude of
reflection from the front and back surface of the sample, t; and ¢; are the
start point and endpoint of the pulse, which determined from an auto-
matic algorithm, c is the speed of sound in the sample, which is defined
as ¢ = 2d/(t — t;), Z is the acoustic impedance of the scanned sample, d
is the thickness of the sample, and Z, is the reference acoustic impedance
of the ambient material (deionized water in this study).

2. Experimental methods

FSW was carried out on an MTI RM-1 friction stir welding system
(Fig. 1(A)). The critical welding parameters are as follows: Rotation rate,
400 RPM, traverse speed, 25 mm/min, plunge depth, 4.75 mm, tool tilt
angle, 2°, and tool offset in copper, 2 mm. A W-Re tool was used for FSW.
The tool dimensions are as follows: shoulder diameter, 16.0 mm, conical
tool pin diameters, 5.0 mm at the tip and 7.0 mm at the bottom, and pin
length, 4.0 mm. The tensile testing sample and cross-section of friction
stir welded samples were cut by electrical discharge machining. Stan-
dard tensile tests of welded joints were conducted based on ASTM E8-04,
and the cross-section sample was polished down to a surface finish till
0.02 pm diamond suspension. A cross-section of the sample was
observed by optical microscopy and scanning electron microscopy
(SEM) on FEI Nova NanoSEM 230 with a 15 kV accelerating voltage
provided illustration Figure as Fig. 1E. Two-dimensional (2D) digital
image correlation (DIC) was applied for localized deformation mea-
surements during tensile testing. Before testing, the transverse sections
of the welded specimens were painted by a random black speckle pattern
over a white-painted surface. During testing, those black speckles were
traced by a high-speed camera to measure the local strain. Microhard-
ness was conducted on the cross-section of welded joints with a load of
200 g and a dwell time of 10 s which has been fabricated other samples
previously in Wang (2018). The chemical composition of the base ma-
terials is:

Velding
direction

receiver

(D)
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Copper 110 — 99.9 % Copper, and 0.04 % Oxygen. Stainless steel 316 — 66 %
Iron, 0.08 % Carbon, 2 % Manganese, 0.045 % Phosphorus, 0.03 % Sulfur, 0.75
% Silicon, 17 % Chromium, 12 % Nickel, 2 % Molybdenum, and 0.05 %
Nitrogen.

The EBME scan had been performed before the tensile test and even
before the sample was cut to conduct the tensile test.

In Fig. 1(B), a single Olympus Panametrics V301 1", 0.5 MHz plane
wave immersion transducer operating at 0.5 MHz, was used for EBME.
Scanning was achieved using a pulse-echo arrangement facilitated by a
JSR Ultrasonics DPR 300 Pulser/Receiver. Pulses were emitted into the
samples’ smooth surface, and backscattered data was collected with a
Tektronix MDO 3024b. Scanning was accomplished by translating the
sample into 2-dimensions using a Newport UE41PP stepper motor
controlled by an ESP 300Universal Motion Controller/Driver. A pre-
programmed MATLAB code automated raster scanning motion and
data acquisition. The ultrasound transducer and the scanned area of the
sample were fully immersed in deionized water (DI) ambient at room
temperature for more accurate and efficient pulse emission and echo
detection. The total scanned area of the Cu-SS316 sample (Fig. 1(C)) was
10 mm on the welding axis by 35 mm on the lateral axis at 1 mm in-
tervals. In the data acquisition, the time window has a fixed duration of
100 ps in every location. The recorded temporal signal is obtained on
each scanned point due to averaging 512 signals recorded within the
same time window in the oscilloscope. The whole experiment of EMBE
took 2 hrs from setup to finish.

The values of the dynamic bulk modulus obtained from EBME
measurement in water ambient depend on the deionized water quality.
To increase accuracy of our results the impedance of water Z, was ob-
tained by measuring the speed of sound and density before performing
each EBME scan. The calibrated Z, value serves as input in Eq. (1).

The planar transducer generates an acoustic beam with 10 mm full
width at half maximum (FWHM), and its near-field extends up to 54 mm.
The tested sample was scanned with many narrow steps of 0.5 mm long.
This transducer has demonstrated 1 GPa resolution in the previous

Top view of FSW Workpiece on XY plane

 5mm § (C)
 Finishing Point
'

e

Transducer

DI Water Tank &

(E)

Fig. 1. (A) Illustration of FSW process on the Cu/SS316 workpiece. (B) The EBME setup. (C) Copper and stainless steel 316 FSW joint. (D) Schematic configuration of
acoustic signals emitted by the source and then transmitted, reflected, and detected as the second echo. The illustration is not according to real scale. (E) Scanning
electron microscopy of a cross-section of Cu/SS 316 FSW workpiece. HAZ: Heat affected zone. TMAZ: Thermo-mechanical affected zone. SZ: Stir zone.
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EBME measurement of the bulk modulus as our previous work showed in

Jin et al. (2019). At each measurement, the acoustic beam interacts with
2

t, where t is the

a material cylinder of the volume V5 = ﬂ(WFg"HM>

sample thickness and Wrypy is the width of the acoustic beam at FWHM.
The measured dynamic elastic modulus is the result of self-averaging
over this volume as the existing study showed by Szabo and Lewin
(2013). At the next step of acoustic scanning, the averaging occurs over
the volume, which partially overlaps with the previous one. The
non-overlapping parts of two neighboring volumes contribute a differ-
ence to the measurement that results in a smooth, position-dependent
elastic bulk modulus.

3. Results and discussion

Fig. 2 shows the variation of the dynamic bulk modulus along 35 mm
of the lateral axis and 8 mm of the welding axis estimated from the ul-
trasonic scanning over the cross-section encompassing the dissimilar
metal joints. This area also included the stir zone (SZ) on either side of
the metal joint. The initial point of the welding process located at 0 mm
on the welding axis was not scanned in these measurements. Fig. 1(C)
shows that the edge of the copper workpiece located from -20 mm to -15
mm was unaffected by the welding process. In Fig. 2, a sizeable heat-
affected zone (HAZ) was observed in copper from -15 mm to -7.5 mm
on the lateral axis due to an apparent reduction due to thermal softening
during the welding process. The thermo-mechanically affected zone
(TMAZ) was about 3 mm wide and occurs beside the SZ, which exhibits a
strengthening effect. In the welded path region (SZ), another dynamic
bulk modulus valley floor was distinctly observed near the welded
interface.

On the other hand, a peak modulus was observed in steel next to the
welded interface. It is assumed to occur from the mismatch of thermal
expansion during welding and thermal contraction after welding. Spe-
cifically, linear thermal expansion coefficients of copper and steel are
around 17 x 10° K ! and 12 x 10°° K\, respectively. During friction stir
welding, heat-induced expansion of copper in SZ is more significant than
steel next to copper in SZ. After welding, the welded part cooled down to
room temperature, and the thermal contraction happened on both
copper and steel. Therefore, tensile residual stress remained in copper
next to the welded interface, while residual compressive stress remained
in steel next to the welded interface. The residual stress distribution
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Fig. 2. 3D figure of raster scan results of Cu/SS316 welded workpiece in term
of dynamic bulk modulus (z axis in figure) normalized to base copper value in a
35 mm (lateral axis, x) by 8 mm (welding axis, y) area. Unexpected effective
bulk modulus drop was clearly showed around 1 mm in stir zone (SZ) region.
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along the welded interface might be the reason for the unique dynamic
bulk modulus distribution at the welded interface. Further investigation
regarding the effect of residual stress on dynamic modulus is being
conducted.

Additionally, during welding, SZ underwent a strong thermal soft-
ening once the temperature approached the copper’s softening transi-
tion point. After the welding tool passed through, copper’s
recrystallization occurred in the SZ, which led to a weak strengthening
effect. Along the welding axis, the averaged dynamic bulk modulus
reduction in SZ is about 6%. Since cupper and stainless steel were
immiscible, we expect no materials mixing composition variance
happened during the welding process in SZ.

The effects of the welding process on each region examined by EBME
was correlated with microhardness tests using two samples from the
welded area. The samples from the center of the welding path were
considered at around 30 mm on the welding axis (Fig. 2). As Fig. 3 (A)
shows, the microhardness samples were selected from 1 mm and 2 mm
depths, respectively. In Fig. 3(B), the hardness value of 1 mm and 2 mm
depth samples are illustrated in red and blue lines. It can be observed
that the high hardness in the stir zone (when Y = -1 mm) occurs due to
the existence of steel fragments in the stir zone. Although microhardness
represents localized plasticity, its behavior still shows strong agreement
with elasticity (Fig. 2). From the microhardness test, the copper side
HAZ was determined around 5 mm wide. The Cu side TMAZ was about
2.5 mm between HAZ and S.Z. In the SZ, from the sample hardness curve
at 1 mm depth, an unexpected hardness deduction (Fig. 3(B), red line)
occurs, aligned well with EBME results shown in Fig. 2.

In Fig. 2, the welding axis is from a point that is closer to the start of
the stirring path to the point that is closer to the finishing point of the
stirring path. Based on the EBME testing results, different lateral elas-
ticity behaviors were discovered along the welding axis that is chal-
lenging to obtain by conventional test methods. Moreover, the weld
axis’s elasticity behavior has never been nondestructively mapped or
reported in any prior reports. At the starting point, the rotating tool
stirred much longer than the stirring path’s middle region. The extra
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Fig. 3. Microhardness test of the Cu/ SS 316 product which was tested by
EBME in Fig. 2. The sample was occurred from the middle position on the
welding path (about 31 mm at welding axis in Fig. 2). (A) Demonstration of the
depth of two microhardness curve occurred. (B) Microhardness test results of 1
mm depth and 2 mm depth.
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amount of heat leads to a different lateral elasticity behavior along the
welding axis and results in a larger area and weaker elastic modulus in
the HAZ. In Fig. 2, a clear large HAZ was observed on the copper side
from 28 mm to 30 mm along the welding axis with the width from
around 10 mm to 3 mm.

The dynamic bulk modulus values were significantly lower in the
region closer to the initial point of the welding process due to a more
extended stirring period. This reduction is because of the friction stir
welding process, which can be divided into plunging and traversing. The
plunging stage generally occurs for several seconds, and some dwell
time after plunging is also applied to establish a steady thermal field
before the welding tool starts to traverse. Therefore, excessive friction
heat is always observed during the plunge stage of friction stir welding.
The non-uniform heat effect was also illustrated in the SZ of this
workpiece. The dynamic bulk modulus values were lower at the loca-
tions closer to the starting point of the welded path. Metallurgically, the
thermal softening impact was significantly greater than the thermal-
mechanical strengthening effect from stirring due to excessive friction
heat from the initial point of the welding process. In industries, the
beginning and ending regions of the FSW workpiece were usually cut
and waived around 15-30 mm long on the welding axis based on
technical experience. Using this fast and non-invasive EBME technique,
each workpiece could be individually evaluated to find a reasonable
region size that can be discarded to avoid waste of material and use a
higher quality of the joined materials involved in the finished products.

The mechanical properties of FSW products are highly dependent on
welding parameters studied by Cavaliere et al. (2006) and Cavaliere
et al. (2008), as well as tool features reported by Badarinarayan et al.
(2009); Fujii et al. (2006) and Jata et al. (2000). Rai et al. (2011) re-
ported that tool wear introduces significant instability of FSW product
quality, which might lead to distinct variations between pieces fabri-
cated in the production line which has been verified by Fall et al. (2016)
and Tarasov et al. (2014). EBME can provide a fast and nondestructive
evaluation of the products. As compared with local evaluation of
microscale mechanical properties, the dynamic bulk modulus reveals an
effective measure of the elastic modulus over a broader cross-section,
which is preferable for industrial and practical applications.

Besides the formation of brittle reaction products, stress concentra-
tion is the primary factor for failure at dissimilar joints’ welded inter-
face. Assuming a uniformly distributed load is applied to the product,
the stress concentrates on the mismatched elasticity region, and larger
deformation/elongation could be obtained in the lower elastic modulus
region. The initial stress and elongation developed at the weak zone
under the influence of a time-independent external force are within the
linear elastic limit of deformation instead of the plasticity regime. In the
case of destructive testing, the deformation force can be large enough to
induce initial stress and local deformation increase at the interface of
dissimilar metals that extend beyond the linear regime.

On FSW products, failure could be predicted based on the continuous
elastic modulus map from EBME testing as the high-frequency pertur-
bating force due to the ultrasonic waves. When stress concentrates
around the lowest elastic modulus region on a workpiece, the most
extensive deformation/elongation would be located near the point at
which the failure initializes. From the Cu and SS316 workpiece, as our
recently study Wang and Mishra (2019) reported that the failure crack
initiation and propagation on the products is located at the low elastic
modulus side in mismatched elasticity region during mechanical tests.
EBME testing result in Fig. 2 exhibits two highly elasticity mismatched
regions. One is located between HAZ and TMAZ at the copper side.
Another elasticity mismatched dynamic bulk modulus region is located
around ~1 mm to the left side of the interface between Cu and SS316.
Around 32—33 mm along the welding axis, the elastic modulus reaches a
local minimum on the Copper HAZ. The reduction of elastic modulus
here is close to the reduction observed in the SZ.

Hence, we introduce the elasticity mismatch factor dK/dx to predict
the region would have more stress concentrated in the tensile test. As
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illustrated in Fig. 4, the elasticity mismatch factor in SZ mismatched
region (Zone 2) is 20.8 % higher than the Cu side HAZ/TMAZ mis-
matched region (Zone 1). Therefore, significantly more stress would
concentrate in Zone 2, leading to a large deformation in the practical use
and mechanical test of this cross-section.

In Fig. 5, the cross-section sample was cut from the Cu/SS316
workpiece in the location around 32 mm on the welding axis in Fig. 2(A)
and (B) to do a digital image correlation analysis monitoring the tensile
test. The tensile test result shows that a crack was initiated and propa-
gated along the predicted location observed from the EBME result.
Within the linear elastic region (stage 1 in the upper panel of Fig. 5(B))
we report larger elongation on the base copper side, that agrees with our
EBME results. Once the elongation exceeds the linear stage and reaches
the plastic elongation region (stage 2, middle panel), strain is concen-
trated at the elasticity mismatched location (see the right lower corner in
the SZ). Such significant plastic elongation eventually results in initia-
tion of a crack.

The EBME technique provides a continuous elastic modulus map. It is
aided by much more precise numerical analysis on each product to
provide useful information about the joint’s mechanical strength for
optimizing its application. The product’s dynamic bulk modulus map
could be input to finite element analysis to simulate the stress and
deformation distribution by the conditions from its application. A tensile
stress measurement can be combined with the above experiments to
extract Young’s modulus of the material at the interface.

EBME technique yields dynamic bulk modulus, which exhibits a
maximum of 10 % difference between the TMAZ and HAZ in copper.
This difference can be attributed to two factors. Firstly, the grain size in
HAZ of copper is ~15 pm, while the grain size in base SZ, TMAZ, is ~10
pm, as shown in the Supplementary material (S1). HAZ represents the
regions where the microstructure is influenced by heat only, which leads
to grain growth. In contrast, TMAZ represents the regions where the
microstructure is influenced by both heat and mechanical stress. Be-
sides, TMAZ is always located between SZ and HAZ. Grains in HAZ of
copper side tend to grow due to heat effect during friction stir welding.
Various simulations to predict the grain size evolution during friction
stir welding were reported by Fratini et al. (2009) and Heidarzadeh et al.
(2015). The dynamic modulus variation between the property zones
(HAZ, TMAZ, and SZ) is contributed by the acoustic Rayleigh scattering
and its attenuation, as the existing study stated firstly by Papadakis
(1963) and verified by Wan et al. (2017) recently. At the measured lo-
cations, the averaged grain size along the thickness is inverse propor-
tional to measured dynamic bulk modulus, i.e., larger grain size usually
means softer medium. This factor becomes less critical if the wavelength
increases since the medium become more homogeneous, resulting in
weaker attenuation. The detailed mechanism stated in the Supplemen-
tary material Section 1.

Secondly, residual stress distribution in the workpiece can influence
sound speed [26], thus affecting the measured dynamic bulk modulus.
Note that residual stress at HAZ of FSW product tends to be in tensile
residual stress, while SZ/TMAZ/base next to HAZ tends to be
compressive residual stress or tensile residual stress but lower than that
in HAZ which has been thoroughly studied by Aval (2015) and Prime
et al. (2006). In this study, no frequency dispersion effects demenstrated
by Jin et al. (2020a) was observed in wave propagation in this Cu/SS316
workpiece. This was confirmed from the frequency-dependent speed of
sound tests presented in the Supplementary material (S1). Besides the
FSW copper and SS316 joint, we have also tested miscible dissimilar
materials, namely, FSW Copper 110 and AZ31 and magnesium alloy
with aluminum and zinc joint, See Supplementary material (Section 3).
In the case of similar alloys or the same material welding, the EBME
curves exhibit HAZ and TMAZ on both sides of the base materials.

The results obtained from EBME give the averaged over the sample
depth (thickness) dynamic bulk modulus distribution on the raster
scanned plane (horizontal plane in this study). The proposed technique
cannot directly locate the exact position of a void in the welded work-
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Fig. 4. (A) Linear curve fitting of the two elasticity mismatched zones. Black dot solid line is the dynamic bulk modulus of a cross-section sample from 32 mm on
welding axis (Fig. 2). Red (Blue) solid line is the fitted line describing the elasticity mismatch factor dK/dx = 5.39 (6.51) in first (second) mismatched zone. (B) Red
line is the point by point elasticity contrast calculated as dK/dx (in GPa/mm), which referred to a maximum elasticity mismatched point located around 0 mm on

lateral axis.
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Fig. 5. (A) Stress strain relation from digital imaging processed tensile test. (B) was digital imaging processed tensile test of the cross-section sample. The color bar
illustrated the local elongation from 0 to 5%. The sample was occurred from the middle position on the welding path (about 32 mm at welding axis in Fig. 2). Stage 1
indicated the linear elastic deformation on the sample. Stage 2 showed the stress was concentrated on the right of SZ due to highly mismatched elasticity. In the
mismatched region the modulus of elasticity has reduced value, leading to larger deformation. This eventually becomes a source of a developing crack. Stage 3

showed the crack propagation along the elasticity dropped region in SZ.

pieces. However, a drop in the distribution of the dynamic bulk modulus
K=c? ey Serves as an indication of possible presence of a void in the
region with reduced effective density py. The experimental setup re-
quires a high-precision alignment of the transducer plane and the sam-
ple’s surface for accurate measurement of the dynamic bulk modulus
measurement. An error in the transducer’s orientation, leading to a
slightly oblique angle of incidence, can result in overestimated values
for the dynamic elastic modulus. The samples were scanned from the
front (rough) or back (smooth) side. For the Cu/SS316 workpiece, both
orientations give very similar results. The results obtained for the Cu/
AZ31 workpiece exhibit essential difference: scanning from the front
(rough) surface gives lower values for the dynamic bulk modulus in the
stir zone as compared with the values obtained for scanning from the
back (smooth) side (see Supplementary material Section 4).

4. Conclusion
A recently developed non-invasive ultrasonic elastomapping tech-

nique was applied on friction stir welded metallurgically immiscible
copper-steel structure in the current study. The regions such as base

material, heat-affected zone, and thermo-mechanical affected zone were
clearly illustrated in the elasticity distribution map. From the elasticity
mismatch map, the spatial location of the crack’s initiation around the
joint was accurately predicted nondestructively and corroborated by
tensile tests and digital image correlation analysis. The technique suc-
cessfully correlated the elasticity mismatch with crack initiation using a
dynamic bulk modulus distribution map beside the existence of brittle
intermetallic compound in miscible dissimilar materials joint.

In summary, there are two main advantages of the present technique.
First, this technique can obtain the elasticity distribution of dissimilar
joint nondestructively without any sample preparation. Consequently,
the evaluation of the mechanical process using this technique is much
faster than conventional measurement methods. Furthermore, the pre-
sent technique can be applied for various welded structures to detect any
unexpected elastic modulus drop, which can become a hazardous loca-
tion while the structure is under mechanical stress.
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