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In this paper, a new and noncontact method with measuring longitudinal to shear
wave velocity ratio by a dual-mode electromagnetic acoustic transducer is
proposed for residual strain measurement in a metal structure without
knowing its thickness. Firstly, the theoretical derivation of the ratio of
longitudinal and shear wave velocities in electromagnetic ultrasound was
conducted, and based on this, the effectiveness of the dual-mode bulk wave
electromagnetic acoustic transducer was simulated. Secondly, the longitudinal
and shear wave velocities of uniaxial stretched aluminum plates with different
residual strains were measured using the established electromagnetic ultrasound
experimental system. Finally, the ratio of longitudinal and shear wave velocities of
specimens with different plastic deformations was analyzed, achieving
quantitative non-destructive testing of residual strain in uniaxial tensile
aluminum plates.
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1 Introduction

When engineering materials and components are loaded, residual plastic strain can
affect the physical and chemical properties of metal, making the performance of metal
anisotropic (Chen et al., 2010). Residual strain makes the internal deformation of metal
uneven, dislocation, vacancy and other Crystallographic defect increase, and residual
internal stress will be generated in the metal (Hanlon et al., 2001). Residual internal
stress will reduce the corrosion resistance of metal, and in serious cases, it can lead to
deformation or cracking of parts. The above have quality problems during the engineering
use process, and even lead to many quality accidents in severe cases. Therefore,
nondestructive testing and evaluation of residual strain in metal structures is very important.

The traditional detection methods of residual strain include X-ray diffraction (XRD),
Ultrasonic testing (UT) and other online detection methods. However, these detection
methods may have certain problems in practical applications, such as the difficulty of XRD
for on-site inspection, and it may lead to some radiation safety issues. The UT can be applied
with the conventional contact piezoelectric transducers (PZTs) and the new electromagnetic
acoustic transducers (EMATs). Compared with conventional PZTs, EMATs use
electromagnetic coupling method to excite and receive ultrasonic waves. EMATs have
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the advantages of high precision, no need of couplant, non-contact,
suitable for high temperature testing and easy to excite various
ultrasonic shapes (Hosten et al., 1996; Chotard et al., 2001; Wang
et al., 2012; Zhai et al., 2013). At present, it has been widely used in
the field of nondestructive testing of materials. Until now, most of
UT methods for residual stress or strain measurement are based on
the effect of acoustoelasticity. The acoustoelastic effect is related to
the change of ultrasonic wave speed with residual stress or strain.
The advantage of the UT method is the simple operation and wide
applicability. However, the exact value of the travelling distance of
ultrasonic wave, which is the twice of the thickness of the specimen
for pulse-echo measurement, should be measured or known to
precisely measure the ultrasonic wave speed. That is usually
impossible for the onsite inspection.

In this work, a new UT method with measuring longitudinal to
shear wave velocity ratio (LSWVR) with a dual-mode EMAT is
proposed for residual strain measurement. The main advantage of
this method is that it can provide a noncontact and rapid
measurement method for residual strain measurement inside of a
metal structure without know its thickness. Firstly, a bulk wave
based electromagnetic ultrasonic residual strain measurement
method for metal materials was proposed; Secondly, the
developed dual-mode electromagnetic acoustic transducer
(EMAT) is used to measure longitudinal and shear wave
velocities of different residual strains in uniaxial stretched
aluminum plates (Zhai et al., 2022). Finally, the relationship
between different plastic deformation amplitudes and LSWVR
was analyzed, and quantitative non-destructive testing of residual
strain in uniaxial tensile aluminum plates was achieved (Hikata
et al., 1963; Mak and Gauthier, 1993; Zaretsky and Kanel, 2012).

2 Method and dual-mode EMAT for
LSWVR measurement

2.1 Measurement method

According to the acoustic elastic effect, the velocity of ultrasonic
waves would vary with stress or strain in materials, and the rate of
change in ultrasonic wave velocity is proportional to strain or stress
(JOHSON, 1981; RAVI-CHANDAR, 1993):

vl − vl0
vl0

� Klε (1)
vs − vs0
vs0

� Ksε (2)

In the formula, vl0 is the longitudinal wave velocity under no
strain; vs0 is the shear wave velocity under no strain, vl and vs are the
LTWV propagating inside the specimen under action, respectively;
Kl,Ks is the strain acoustic coefficient determined by the material; ε
is the uniformly distributed strain field in the material.

Based on this formula, the relationship between the LSWVR can
be derived, as shown in Equation 3:

vl
vs

� f ε( ) (3)

Therefore, according to Equation 3, there is a certain
relationship between the LSWVR.

Based on the above theory, the LSWVR of materials is analyzed.
Generally, the measurement of material wave velocities is mainly
through the pulse-echo wave method to detect the propagation of
ultrasonic waves inside the specimen. The pulse-echo wave method
obtains the velocity of L wave and S wave of materials by measuring
the propagation time and distance of L and S waves in block solids.
As shown in Figure 1, the propagation of L and S waves in the
specimen is characterized. By measuring the thickness of the test
piece and the propagation time of the L wave in it, the L wave
velocity of the test piece is obtained. By measuring the thickness of
the test piece and the propagation time of the S wave in it, the S wave
velocity of the test piece is obtained. The propagation of sound waves
from the incident surface to the reflecting surface and back to the
incident surface is called a complete path propagation, which is twice
the thickness of the test piece.

Therefore, the relationship between the L and S waves, the
thickness of the specimen, and the time difference between the two
echoes obtained is:

vl � 2h
Δtl

(4)

vs � 2h
Δts

(5)

Where h is the thickness of the specimen, and Δtl and Δts are the
average time difference between multiple echoes of L and S waves
propagating in the specimen.

By combining formulas 4 and 5, the relationship between the
LSWVR and the average value of multiple echo time differences can
be obtained, as follows:

]l
]s

� Δts
Δtl

(6)

Therefore, the value of LSWVR is just the ratio of the pulse echo
time of S wave and L wave. It is independent of the specimen
thickness.

2.2 Dual-mode EMAT and simulation
analysis

Since the existing bulk wave EMAT can only excite and receive
single mode waveform, and mainly S wave, it is very necessary to
develop dual-mode EMAT. The developed dual-mode EMAT
consists of a rectangular magnet group with multiple magnetic
poles facing each other and a double-layer meander-line coil. As
shown in Figure 2, the bulk wave transducer magnet configuration
consists of multiple rectangular magnet groups with the same
magnetic poles arranged face-to-face. The magnetic field lines are
emitted from the N poles of the two magnets arranged face-to-face,
passing through their gaps and returning to their adjacent S poles. A
high-strength horizontal magnetic field is formed directly below the
magnet, which is alternately arranged on the left and right sides, and
a high-strength radial magnetic field is formed between multiple
magnets, which is vertically arranged on the surface of the test piece.
Both layers of coils adopt a meander-line coil, with one meander-
line coil fixed below the magnet, the coil conductor part located
directly below the magnet, and the coil gap facing the magnet group
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gap. The other meander-line coil conductor part located in the
magnet gap, and the coil gap located directly below the magnet
group. Two meander-line coils are interleaved to achieve efficient
excitation and reception of L and S waves, respectively.

The generation process of S and L waves in general non
ferromagnetic specimens is also based on the Lorentz force
mechanism. When two coils are respectively connected with
pulse current, the alternating Eddy current is induced on the
near surface of the test piece, which interacts with the horizontal
magnetic field to form a Lorentz force perpendicular to the surface of
the test piece and in the same direction, thus realizing the efficient
excitation of ultrasonic L waves in the test piece. The interaction
with a vertical magnetic field forms a Lorentz force parallel to the
surface of the specimen and in the same direction, thereby achieving
efficient excitation of ultrasonic S waves. The reception of L and S
waves is exactly the opposite process.

According to the structure of the dual-mode bulk wave EMAT
introduced, in order to study the performance of the dual mode bulk
wave EMAT, the dual-mode EMAT is analyzed to detect signals of L

and S waves. To simplify the calculation process, the actual three-
dimensional model is simplified into a two-dimensional finite
element calculation model in the numerical simulation process.
The length of the simplified model is 120 mm, and the height is
30 mm. The material is aluminum, and the density is ρ is
2.7 ×103kgm−3, elastic modulus E is 7.0 ×1010Nm−2, Poisson’s
ratio ν is 0.33, conductivity σ is 3.45 ×107Sm−1. The size of each
magnet in the dual-mode bulk wave EMAT is 5 × 30 × 20 mm, and
the spacing D between multiple magnets is 1 mm. The conductor
portion of two double-layer meander-line coils is 30 mm long and
20 mm wide. The two coils are driven by three consecutive pulse
current signals with a frequency of 1.5 MHz to excite the ultrasonic
signal. Through simulation, the L and S ultrasonic fields of the dual-
mode bulk wave EMAT at different times can be obtained.

Due to the strong horizontal magnetic field generated directly
below the multiple magnets of the dual-mode bulk wave EMAT, it
can be observed from Figure 3A that the developed dual-mode
EMAT can successfully excite L waves when the meander-line coil
placed directly below the multiple magnets is energized. Due to the
vertical magnetic field generated between multiple magnets in a
dual-mode bulk wave, it can be observed from Figure 3B that the
developed dual-mode EMAT can successfully excite S waves when
the coil placed between the magnets is energized. Therefore, this
indicates that the developed dual-mode EMAT can successfully
excite L and S waves. Figure 4 shows the waveform of vibration
velocity signals of particles on the surface of aluminum blocks in the
x-z direction under the action of L and S waves when two meander-
line coil EMATs are respectively energized. The 1L, 2L and 1S
indicate the first and second echo of the longitudinal wave and shear
wave. Therefore, the simulation results can well prove that the
developed dual-mode bulk wave EMAT can successfully excite
and receive L and S wave signals.

3 Experimental measurement

3.1 Experiment system and specimen

By constructing an experimental system based on the proposed
method for plastic deformation measurement, the dual mode wave
EMAT was experimentally verified and the residual strain of the

FIGURE 1
Schematic diagram of longitudinal and shear wave propagation.

FIGURE 2
Structure of dual-mode EMAT
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sample was measured, as shown in Figure 5. The experimental system
includes a signal pulser and receiver (RAM-5000), a computer with
built-in software, a bandpass filter, an oscilloscope, and a self-made

integrated L and S wave EMAT. During the experiment, the signal
pulser and receiver provides pulse excitation current, and the
transducer that receives the pulse current will excite a L or S wave

FIGURE 3
Simulated ultrasound fields of two waveforms on the x-z plane (A) L wave waveform (B) S wave waveform.

FIGURE 4
Ultrasonic waveform produced by dual-mode bulk wave EMAT.
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signal in the specimen. This signal is received by the self-excited self-
test transducer, filtered by a filter, and then passed into the
oscilloscope to achieve the detection of L and S wave signals.

In order to perform non-destructive evaluation on the
measurement of residual strain wave velocity in metals, tensile
aluminum plate specimens were used and stretched on an MTS
uniaxial tensile machine as shown in Figure 6. In order to make the
deformation of plastic deformation micro damage specimens more
accurate, it is necessary to monitor the real-time situation of uniaxial
tensile aluminum plates. The usual method we use is to use an

extensometer on the axis of the residual strain specimen surface. The
material used for the uniaxial specimen is 1,060 aluminum plate, as
this material contains 99.6% aluminum and has high tensile
strength. The uniaxial untensioned specimen exhibits a dog bone
shape with a thickness of 6.10 mm. Figure 6 shows the plastic
deformation aluminum plate specimen pulled on the MTS
stretching machine. The loading direction of the tensile specimen
is parallel to the rolling direction of the specimen, and 7 specimens,
including the reference specimen, have plastic deformation ranging
from 0% to 5.6%. Table 1 shows the thickness of the middle area of
the 7 tensile specimens.

3.2 Measurement results

Based on the theoretical methods and principles introduced in
Section 2.1, this section will study the evaluation method of

FIGURE 5
The dual-mode EMAT and corresponding experimental measurement system.

FIGURE 6
Tensile test: test setup (A) and specimen with different residual plastic strain after tensile test (B).

TABLE 1 Residual strain and thickness of stretched aluminum sheet after
plastic deformation.

ε/% 0 0.7 1.6 2.2 3.0 4.2 5.2

Thickness/mm 6.08 6.03 6 5.98 5.96 5.94 5.87
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electromagnetic ultrasonic residual strain of metal materials based on
the longitudinal/shear wave velocity ratio (LSWVR) in experiments.
The developed dual-mode bulk wave EMAT is used to measure the
velocity of L wave and T wave in the stretched aluminum plates with
different residual strains. The relationship between different residual
strain sizes and the LSWVR is analyzed. Figure 7 shows the L and S
wave signals measured on an aluminum plate without strain using a
dual-mode bulk wave EMAT. Multiple echo signals in Figure 7 were
measured by this EMAT. It can be observed that the arriving time of
the first echo in the experiment signals is not normal. This is due to the
device software issues. It also can be observed that the amplitude of S

wave is more than twice of the amplitude of L wave generated by this
EMAT. This is consistent with the numerical simulation results as
shown in Figure 4. The velocity of L wave and T wave in the stretched
aluminum plates was calculated using the acoustic time difference
method according to Equations 4, 5.

The L and S wave waveforms of specimens with different
residual strain damage were measured using dual-mode EMAT.
The relationship between the velocity of L wave and T wave in the
stretched aluminum plates with different residual strains was
obtained by combining formulas 4 and 5, as well as Table 1.
Figure 8 shows the relationship between L wave velocity and

FIGURE 7
Measurement signals with the dual-mode EMAT.

FIGURE 8
The relationship between the changes in wave velocity and residual plastic strain.
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different residual strains in the stretched aluminum plates, as well as
the relationship between S wave velocity and different residual
strains in the stretched aluminum plates. From Figure 8, it can
be seen that as residual strain increases, both the velocity of L wave
and S wave decrease gradually. The reason for the L wave and S wave
velocities decreasing gradually as residual strain increases mainly
due to the small change of the elastic modulus of the materials under
strain or stress.

Although the velocity of L wave and T wave are linearly related to
the residual strain specimen, accurate values need to be calculated by
knowing the thickness value of the specimen. However, in practical
complex on-site applications, due to residual strain and other
damages occurring during long-term service of the material, as
well as the complexity of the material itself, it is impossible to
obtain its true thickness value. Therefore, it is necessary to conduct
calibration free measurement on complex structures. Therefore, we
can obtain the relationship between the LSWVR and the residual
strain of stretched aluminum plates through formula 6. As shown in
Figure 9, there is also a linear relationship between the residual
plastic strain and the LSWVR. Therefore, it indicates that
quantitative non-destructive testing of residual strain without
measuring and knowing the thickness of the specimens can be
achieved.

4 Conclusion

A new and noncontact method with measuring LSWVR by a
dual-mode EMAT is proposed and developed for residual plastic
strain measurement in a metal structure without knowing its
thickness. A dual-mode EMAT that for generating and detecting
both L and S waves is developed firstly. Then experimental

measurements were conducted on uniaxial tensile specimens with
different residual plastic strains using the developed dual mode
EMAT. The measurement results verified that there is a linear
relationship between residual strain and the LSWVR. Therefore,
the quantitative non-destructive testing of residual strain without
measuring and knowing the thickness of the specimens can be
achieved.
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