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Low efficiency of energy transition is generally considered to be the only weakness of electromagnetic ultrasonic
transducers (EMATSs). Electromagnetic acoustic resonance (EMAR) technique has been successfully used to
overcome this disadvantage with a combination of the EMATSs with the ultrasonic resonant method. In this paper,
a nonlinear EMAR technique has been proposed to evaluate the thermal damage of metallic materials, which
combines the feature of EMAR with the merit of higher harmonic generation that provides an effective indicator
to material damage. The use of contactless EMATs can isolate the material nonlinearity and maintain the
coupling condition consistently on measurements of higher harmonics generated. EMAR provides high enough
signal magnitude for higher harmonic generated. An experimental scheme is proposed and applied to assess the
thermal damage in aluminum and nickel plates. In addition, conventional EMAR techniques based on the
measure of shear wave velocity and attenuation within a certain frequency range, are also carried out for the
specimens. The experimental results show a monotonic relationship between the normalized amplitude of higher
harmonic generated and the artificial thermal loading time, while no stable trends are observed by conventional
linear EMAR approaches. The results in this paper indicate that nonlinear EMAR technique proposed can be used
to assess the thermal damage in both nonferromagnetic and ferromagnetic materials, with improved reliability
and sensitivity over linear one.

1. Introduction

The use of ultrasonic waves has been widely applied for flaw
detection and material characterization nondestructively. However, the
accuracy of contact ultrasonic methods is generally affected by the
coupling condition between specimens and ultrasonic transducers. In
addition, some applications of ultrasonic testing under certain circum-
stances such as monitoring or assessment of components and structures
in service of high temperature, require no coupling media and no surface
preparations [1-4]. Thus, non-contacting ultrasonic measurements have
drawn increasing concern for their capacity to conduct rapid and reli-
able in-situ continuous characterization and online monitoring [5,6].
Electromagnetic acoustic transducer (EMAT) is the contactless trans-
ducer for ultrasonic nondestructive testing, by which an effective ul-
trasonic measurement can be realized through a relatively easy and
low-cost way [7]. The use of EMAT for ultrasonic testing plays an
important role in the nondestructive testing (NDT) field, with the ad-
vantages of comparatively better reliability and temperature
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compatibility [8,9].

However, the particularly low efficiency of energy transition for
EMATS: typically leads to a low signal-to-noise ratio (SNR) compared to
piezoelectric transducers [10,11]. To overcome this drawback,
numerous efforts have been made to increase the SNR [12]. Electro-
magnetic acoustic resonance (EMAR) method is a combination of
EMATs and ultrasonic resonance spectrum analysis for electromagnetic
ultrasonic testing. The resonance ultrasound spectroscopy (RUS) is an
established methodology for material characterization by many re-
searchers [13-16], which generally involves piezoelectric transducers
that cannot endure high temperature testing environment. Contacting
piezoelectric transducers can be replaced by EMATSs to realize higher
accuracy and workability of ultrasonic testing. Thus, EMAR has been
taken as an effective means to increase the SNR, with the significant
potential of enhancing the received signal by superimposing
multi-ultrasonic waves coherently. Kawashima et al. presented a unified
theory of the resonant electromagnetic excitation and detection of ul-
trasonic waves travelling in the through-thickness direction in
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Fig. 1. Time-domain signal with multiple echoes, (a) three-cycle pulse input, (b) constructive interference of eight-cycle pulse input.

conducting sheets [17]. Hirao et al. conducted an experiment on the
acoustic resonance spectrometer for evaluating the attenuation charac-
teristics and grain size of polycrystalline metals [18]. Bin Wang et al.
detected the mean size of DP590 steel plate using a modified approach
combined with EMAR technique which reduced the relative errors [19].
It has been shown that the EMAR technique is an effective non-contact
means for material characterization and defect detection due to its
high SNR [20].

Another promising technique for material characterization is
nonlinear ultrasonic measurements based on higher harmonic genera-
tion [21-23]. One of the typical nonlinear ultrasonic responses is the
higher harmonic generation induced by waveform distortion of primary
wave propagation [24,25]. Recently, higher harmonic generation is
widely used to characterize micro-cracks, material degradation, and
micro-structural change at early stage [26-31]. However, reliability of
higher harmonic measurement in a contact way is generally suffered by
the in-consistency of coupling condition and couplant effect [32].
Although EMATs can be used to maintain the coupling condition
consistently owing to its non-contacting feature, higher harmonic could
still be absent in the received signal due to the low efficiency of
transition.

In this paper, a nonlinear EMAR technique is proposed based on the
measurement of higher (third) harmonic generated by shear waves
excited with EMATs, which combines the feature of EMAR with the
merit of higher harmonic generation that provides an effective means to
material characterization. Coherent superposition of echo signals pro-
duces highly magnified amplitude of higher harmonics. The use of
contactless EMATSs can isolate the material nonlinearity and minimize
the coupling effect on the measure of third harmonic generated. EMAR
provides high enough signal amplitude in the material for inducing third
harmonics. The proposed approach was applied to the evaluation of
thermal damage in ferromagnetic and non-ferromagnetic metals. In
addition, conventional linear acoustic parameters of shear wave velocity
and attenuation (represented by the total amplitude of resonance peaks
within a certain frequency range) measured by the EMAR method were
also conducted in the specimens. The sensitivity comparison of linear
and nonlinear EMAR techniques is discussed for the assessment of
thermal loadings in specimens.

2. Theoretical fundamentals
2.1. Resonance ultrasound spectrum
The principle of EMAR technique could be understood by consid-

Table 1
Chemical composition of the aluminum plate (weight %).

ering a simple through-thickness resonance example in which the elec-
tromagnetic ultrasonic transmitter and receiver are placed on the
opposite sides of a metal plate. When the excited sinusoidal burst wave
propagates through the plate, a series of pulse-echo signals denoted by
Fi(t), Fa(t), ..., Fa(t) will be measured, which superpose each other to
form the received signal denoted by F(t). Fig. 1 shows the examples of
time-domain signals of the above through-thickness resonance example.

Formally we could use the trigonometric functions to express the
Fi(t), Fa(t), ..., Fy(t) as follows

Fi(f) = A, (t)sin(2aft + ¢,)

F5(1) = Ay (1)sin(2xft + ¢,)
6D

F,(t) = A,(t)sin(2nft + ¢,,)

b=y + (i — D)2nfe2d/c,, i=1,2,.n

where A;(t) is a modulation term, which defines the width, amplitude
and shape of the received signal F;(t), f denotes the driving frequency of
the excited input signal, d is the thickness of the specimen, ¢; is the
acoustic wave velocity, and ¢; is the phase of each echo.

The total received signal F(t) consists all the pulse-echo signals,
which can be given as [33,34].

F(t) = Zj:F,-(t)

- Z Ai(1)sin(2zft + ;) “
i=1

= A(1)sin(2zft + ¢)

It is known that EMATSs can receive relatively more echoes due to its
non-contact feature. The superheterodyne method can be utilized to
process the F(t) into two perpendicular components S; and S, given by
Refs. [33,34].

[5)
S :RZ /A,(t)drcosqﬁ[
i=1
! 3

)
S =R / A(1)dt-sing,
i=1
f

where R is a proportional coefficient and (¢, tz) is the gate length in the
2 Ai(t)dt
could be reckoned as the amplitude of the carrier signal of F;(t).
Considering that the calculated integral amplitude of F(t) varies with the

phases of each received echo, the signal F;(t) in Eq. (2) are supposed to

time domain of F(t). The expression of integral amplitude

Al Si Fe Cu

Mn Mg Zn \%

>99.7 <0.10 <0.20 <0.04

<0.03 <0.03 <0.04 <0.03
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Table 2

Chemical composition of the nickel plate (weight %).
Ni Cu Si Mn C Mg S Fe
>99.5 <0.06 <0.10 <0.05 <0.10 <0.10 <0.05 <0.10

Table 3

Thickness and disposal information of the aluminum plates and nickel plates.
No. #A0 #A1 #A2 #A3 #A4 #AS5 #B0O #B1 #B2 #B3 #B4 #B5
Material Al Al Al Al Al Al Ni Ni Ni Ni Ni Ni
Thickness (mm) 1.98 1.96 1.96 1.95 1.93 1.95 2.04 2.04 2.02 2.03 2.06 2.04
Heating time (min) None 10 20 30 40 50 None 10 20 30 40 50

match the same phase with each other to reach the maximum magnitude
of the received signal, conforming to the following equation [35].

=, +(i—1)k2r, i=12,.. (€))
k=f2d/c,, keZ

where k in an integer. The correlation of the acoustic velocity ¢, and the
resonant frequency f; can be given by the following equation

. Cs .

Consequently, by setting the length of integrator gate and frequency
scanning range, the resonance frequency spectrum of the plate can be
obtained. In addition, it should be noted that the resonance frequency
spectrum remains measurable whether the ultrasonic echoes interfere
with each other or not. Based on the above analysis, a damaged spec-
imen whose elastic constants are supposed to be different from those of
intact one, which generally result in the variations of acoustic velocity
and attenuation manifested in the measured resonance spectra.

2.2. Nonlinear EMAR technique

Generally, one of the typical nonlinear ultrasonic phenomena is the
generation of higher harmonics, i.e., the formation of harmonics double
or triple the frequency of the primary (fundamental) ultrasonic wave,
caused by the waveform distortion of time-domain signal propagating in
the specimen with material nonlinearity. In this investigation, ultrasonic
shear waves generated and detected by EMATSs are employed for the
nonlinear EMAR testing. The distinguishing feature of nonlinearity in
shear waves is that it is primarily cubic rather than quadratic [36]. As
described previously [37], a primary shear wave can only generate a
second-order longitudinal wave, and no generation of second-order
shear component. Consequently, the quadratic nonlinearity for shear
wave propagation is negligible. The effect of third-harmonic generation
of shear wave propagation is induced by the third-order self-interaction
of the primary shear wave, generating the corresponding third harmonic
shear wave which satisfies phase matching with the primary shear wave.

To conduct the nonlinear EMAR test, we have to measure the reso-
nance frequency spectrum firstly, which can be obtained by sweeping
the input frequency. Peak height of a suitable resonance frequency ( f;)
is taken as the primary wave amplitude (A;). Then, the EAMT is driven
at one third of the resonance frequency (i.e. f;/3) with the input power
unchanged. It should be note that the driving frequency at f./ 3 does not
satisfy the resonance condition. Thus, the primary wave amplitude (AD)
is not measurable [35]. However, the third harmonic at f;, generated by
primary shear wave at f./3 in the specimen, satisfies the resonance
condition and remains with a measurable amplitude (A3). Ultimately,
the interaction of primary shear wave with the material nonlinearity
generates the higher (third) harmonic whose magnitude is relatively
obvious under the resonant circumstance. Normalization of A3 versus A;
at the resonance frequency ( f;) can be used to remove the influence of
lifting off, frequency dependence of the transfer efficiency and other
anomalies. It is expected that the damage state of the specimen can

effectively be characterized using the normalized third-harmonic
amplitude (expressed as Asz/A;), which combines the feature of
EMAR with the advantage of higher harmonic generation.

3. Experiments
3.1. Samples

It is well known that EMAT can be used to generate ultrasonic shear
waves in metallic materials by the Lorenz force and/or the magneto-
strictive effect, hence both the ferromagnetic and non-ferromagnetic
materials are chosen to verify the validity of the nonlinear EMAR
technique proposed. In this investigation, non-ferromagnetic aluminum
plates and ferromagnetic nickel plates with rectangular shape are
commercially provided by the same supplier. The chemical composi-
tions of the two materials are presented in Tables 1 and 2. Five
aluminum specimens and five nickel specimens were subjected to
thermal loading in vacuum with different times at the temperature of
250 °C and 660 °C, respectively. The details of the thermal processes are
presented in Table 3. The selected heating temperatures are the corre-
sponding annealing temperatures for the materials. It is well known that
grain recrystallization occurs and grain size changes during annealing
process [38-41]. It is convinced that the change of material micro-
structure will affect the ultrasonic wave propagation in the tested
specimens. Measurements were conducted when the specimens were
cooled to room temperature. Since the following measurements were
not related to in-situ testing of one sample, the thickness information of
all the specimens were measured for the calculation of shear wave
velocities.
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Fig. 2. Schematic of the EMAR measurement system and mechanism of the
shear wave EMATs.
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3.2. Transducers & experimental setup

The transducers employed in this investigation are EMATSs, which are
used to generate and measure the ultrasonic shear waves. The diameters
of the cylindrical EMATSs are 20 mm and the copper wires bind together
closely to form the coils (1.0 mmx11 circles). The region in which the
coils and permanent magnets overlap is the effective area to generate/
measure the ultrasonic shear waves. The frequency bandwidths of the
EMATs are from 1.0 MHz to 10 MHz. Fig. 2 shows the mechanism of
shear wave generation by EMATs and the experimental setup. The cy-
lindrical permanent magnets and spiral coil elements provide the
biasing and dynamic magnetic fields to induce eddy currents in the
metal surface. Radial ultrasonic shear waves propagating in the spec-
imen can be generated by varying Lorentz force and/or magnetostrictive
force in the specimen. Since the energy conversion efficiency of EMATSs
is rather lower than piezoelectric transducers, a pre-amplifier is con-
nected to the experimental system. The measurements based on linear
and nonlinear EMARs are conducted through the ultrasonic RAM-5000-
SNAP system, which is able to generate enough power for signal exci-
tations. The RF pulse voltage level and the gated amplifier are used to
change the magnitude of the ultrasonic synthesizer source, and the
integrator gate delay of the superheterodyne phase sensitive detector is
used to control the width of measured signals in the time domain.

NDT and E International 108 (2019) 102172

4. Results & discussions
4.1. Linear EMAR measurements

According to the theoretical analysis in Section 2, in the case of that
the burst width of the exciting signal is less than the round-trip time
(2d/cs), the ultrasonic echoes propagating in materials will not overlap
with each other as shown in Fig. 3(a). It has been confirmed that the
resonance frequency spectrum can be measured whether the time-
domain signals overlap coherently with each other or not. However,
to enhance the shear wave signal received by the EMAT, the burst length
of input signal should be long enough to result in coherent superposition
of these echoes. As shown in Fig. 3(b), there is a larger particle vibration
displacement in the tested material, which corresponds to greater am-
plitudes of the ultrasonic signals, at the condition of that the echoes are
in phase with each other simultaneously.

In this work, continuous sinusoidal pulse signal of 20 cycles was
generated and conducted to the EMAT. The integrator gate width was set
to be 50 us while the gain value of the receiver was set to be 70 dB, and
the resonance frequency spectra of the aluminum plates were measured
as presented in Fig. 4 by sweeping the frequency of RF burst signal from
1.0 to 10 MHz with the exact same instrument parameters. Similar
measurement operation was applied to the nickel plates while the
integrator gate width was set to be 30 us. Owing to the relatively higher
amplitude of measured signal in the ferromagnetic material, the gain
was set to be 40 dB. As shown in Fig. 5, the resonance frequency spectra

1 cycle pulse excited
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Fig. 3. Time-domain signal in a 2 mm-thickness aluminum plate with (a) 1 cycle (b) 20 cycles pulse excited.
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Fig. 4. Resonance frequency spectra of aluminum plates, (a) range from 1.0 to
10 MHz, (b) from 6.2 to 6.7 MHz.

of six nickel plates are also obtained.
Based on Eq. (5), the shear wave velocity ¢, of the tested specimens
can be calculated as [19].
n o 2df
Zj:m]_'/

“Smontl ©

where j denotes the order of a resonance frequency, m and n denote the
order range of the resonance frequencies contained in the above reso-
nance frequency spectra. Figs. 6(a) and 7(a) show the variations of shear
wave velocities in different aluminum and nickel plates, it can be
concluded that the shear wave velocity measured by the linear EMAR
approach is not sufficiently sensitive for the assessment of thermal
damage in tested plates. Furthermore, Figs. 4(b) and 5(b) indicates that
the resonance frequency of the aluminum and nickel plate changed
irregularly when subjected to the different thermal loadings. This phe-
nomenon can be attributed to the thickness difference and the distinc-
tion of the thermal damage state among the specimens. As noted before,
the experiments in this investigation are not related to in-situ testing of
one identical sample, therefore, the shift of the resonance frequency in
metallic plate cannot be well utilized for the resonance ultrasound
spectroscopy as mentioned previously [13-16].

For the measurement of ultrasonic attenuation, a parameter in terms
of the total amplitude of the resonance peaks (TARP) in the measured
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Fig. 5. Resonance frequency spectra of nickel plates, (a) range from 1.0 to
10 MHz, (b) from 7.4 to 7.9 MHz.

EMAR spectrum was introduced and calculated to index the shear wave
attenuation. Generally, the time-domain signal of a specimen under
resonant condition may not be processed as readily and precisely as the
frequency spectrum with decent filters, to indicate the magnitude of the
ultrasonic response in the material. In addition, a single amplitude at the
resonance frequency can be influenced by the driving frequency of the
EMAT and other factors. Thus, the TARP parameter involving all the
frequency dependency information of the material and transducers
could be used to demonstrate the attenuation of the samples in an
improved reliable manner. As one can see from Fig. 6(b), the TARP
parameters in the specimen decrease by 80% after thermal loading,
except for the sample #A1 heated for 10 min.

The above experimental procedures were also applied to the nickel
plates. Similar shear wave velocity and the TARP calculation containing
only the right sides of the resonance peaks were conducted. As presented
in Fig. 7(a), the shear wave velocity of the nickel plate seems to decrease
first by about 3%, and then increase by about 1%, with the heating time.
As for the TARP related to the material attenuation, the maximum
amplitude of oscillation is about 20% with no regular patterns in regard
to the heating time found in Fig. 7(b). It is important to note that each of
the theoretically predicted resonance frequency peak of nickel plates
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Fig. 6. Calculated linear ultrasonic parameters in aluminum plates subjected to
different heating times, (a) shear wave velocity normalized by the reference
raw material with ¢ = 2.99km/s, (b) value of total amplitude of resonance
peaks normalized by the reference raw material with TARP = 29.34.

splits into two peaks, as shown in Fig. 5(b), which can be attributed to
the relatively higher anisotropy of the nickel material picked up by the
radial shear wave EMAT than that of the aluminum plates. Overall, even
the variations of shear wave velocity and attenuation measured by linear
EMAR approaches in specimens after heat treatment can be obtained by
these procedures, while neither of them shows remarkable and stable
trend in accordance with the heating times of the specimens, which
suggests that the linear acoustic features (c; and TARP) measured by the
EMAR technique are not feasible and reliable indictors for the thermal
damages in these two types of metals.

4.2. Nonlinear EMAR measurements

For nonlinear EMAR measurement, the two-step procedure was
implemented as illustrated in Section 2.2. The frequency of 6.44 MHz
was chosen to be the resonant frequency f, for the aluminum plates,
thereby the measured amplitude at 6.44 MHz in the frequency domain of
the received signal was defined as A;. Keeping the input power un-
changed, a series of ultrasonic pulses at exciting frequency of f./ 3 were
brought into the sample to obtain the measured signal amplitude A3 at
the resonant frequency f; in the spectrum. It is important to note that the
driving frequency of the second step did not satisfy the resonance
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Fig. 9. Cubic nonlinearity measured in aluminum plates by EMAR method, (a)
amplitudes of third harmonic and primary wave measured in specimen #AO0, (b)
comparison of the sensitivity of cubic nonlinearity and linear parameters to
thermal damage in specimens. The acoustic nonlinearity, wave velocity and
TARP are normalized by the reference raw material with (A3/ A; = 0.015),
(cs = 2.99 km/s), (TARP = 29.34).

condition, making the primary shear wave at frequency of f,/ 3 un-
measurable. While its third harmonic at triple frequency f; satisfies the
resonant condition, the received signal contains a third harmonic
component. Normalization of the measured third-harmonic amplitude
(A3/A1) is taken as the nonlinear indictor of the nonlinear EMAR tech-
nique. It is critical to verify the feasibility and validity of the proposed
nonlinear indicator by checking the relationship between A; and A;.
Measurements were performed with increasing input gain value at the
determined experimental setup. As shown in Fig. 8, a linear correlation
is found between the signal amplitudes A3 and A;, which confirms that
the parameter is stable for the nonlinear EMAR technique. Fig. 9(a)
shows the amplitudes of primary and third harmonic waves in the fre-
quency domain, and Fig. 9(b) shows the calculated normalized third-
harmonic amplitudes in different samples, along with the linear ones.
The data has been normalized for sensitivity comparison. As shown in
Fig. 9(b), the normalized third-harmonic amplitude increases monoto-
nously by nearly 80% with the heating time for the aluminum plates.
The resonance frequency f. chosen for the nickel plates was around
7.66 MHz, and the experimental results are provided in Fig. 10. A similar
tendency in the nickel plates can also be observed as shown in Fig. 10(b),
in which 60% variation of the normalized third-harmonic amplitude is
found. As demonstrated earlier, the interactions of primary shear waves
with material nonlinearity will generate the third harmonics at the triple
frequency. Third harmonic component of triple frequency at resonant
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Fig. 10. Cubic nonlinearity measured in nickel plates by EMAR method, (a)
amplitudes of third harmonic and primary wave measured in specimen #BO0, (b)
comparison of the sensitivity of cubic nonlinearity and linear parameters to
thermal damage in specimens. The acoustic nonlinearity, wave velocity and
TARP are normalized by the reference raw material with (A3/A; = 0.014),
(cs = 3.38km/s), (TARP = 23.08).

condition is measurable using EMAR technique. It has been well
accepted that higher harmonic generation could be attributed to micro-
structural defects such as lattice deformation or dislocation motion
[42-45]. Any thermal process that alters the local atomic potential or
influences the movement of dislocations will change the microstructure
and the efficiency of higher harmonic generation in the specimen.
Compared with the variations of measured linear acoustic features (cs
and TARP), the normalized third-harmonic amplitude, measured by the
nonlinear EMAR technique proposed in this investigation, shows a
reliable and sensitive potential to characterize the thermal damage in
both ferromagnetic and non-ferromagnetic metals.

Noted that the EMAR method is very sensitive to the thickness of the
specimen, variation of specimen thickness will cause the shift of reso-
nance frequency of tested specimen. Meanwhile, the unstable electric
voltage, as well as the surface flatness can also affect the measured
amplitude of resonance frequency. By carefully polishing the surfaces of
the specimens to a reasonable extent and keeping the experimental
conditions consistent during the measurements, the results obtained for
in-situ testing are credible with little interference from that kind of
factors.
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5. Conclusion

In this paper, a nonlinear EMAR technique was proposed for
assessment of thermal damage in aluminum and nickel plates, which
combines the advantage of EMAR with that of the higher harmonic
generation. EMAR technique makes up the low energy transition effi-
ciency of the EMATs and enhances the SNR. Non-contact experimental
setup ensures the consistency of coupling condition and improves the
reliability of ultrasonic measurements. Experimental results indicate
that the measure of third-harmonic amplitude at the resonant frequency
can be a promising means for thermal damage assessment both in
ferromagnetic and non-ferromagnetic materials. The comparison of
linear and nonlinear EMAR techniques shows that the normalized third-
harmonic amplitude measured by the EMAR technique is a more stable
and sensitive indicator for thermal damage characterization. The
developed non-contact experimental scheme in this investigation can be
extended to a cost-effective in situ measuring apparatus for monitoring
material degradation.
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