


Tensile damage behavior of a nonlinear longitudinal wave
is investigated, and from an experimental perspective,
this research demonstrates the feasibility and robustness
of the noncontact EMAT method for nonlinearity
measurement with a longitudinal wave.

By ZHICHAO CAIl, HAO CHENG,; and CHENGCHENG LIU

his paper describes an approach for measuring mate-

rial plasticity using contactless electromagnetic acous-
T tic method. Harmonic generation from noncumulative

fundamental longitudinal wave in specimen is studied
based on numerical method, and the contribution to harmonic gen-
eration from tensile damage is shown to be higher than that from a
geometric factor; more serious damages increase the amplitude of
second harmonics. These two experimental setups (nonlinear piezo-
electric method and nonlinear electromagnetic acoustic method)
are used to assess the relative nonlinearity parameters of tensile
damage of five aluminum alloy specimens along the thickness direc-
tion, and the proposed technique is as effective with the traditional
nonlinear piezoelectric method. This result demonstrates that the
ultrasonic nonlinear parameter can represent tensile damage with
ultrasonic nonlinear parameter by noncontact electromagnetic
acoustic method.

1. INTRODUCTION

The application of ultrasonic waves in engineering structure now is
a critically significant method in nondestructive testing (NDT) and
structural health monitoring (SHM). With the latest developments in
image processing and mathematical and computer modeling, more
sensitive and economical ways of looking at materials and struc-
tures have become possible when compared to the other inspection
techniques [1]. The traditional ultrasonic testing method is based
on the linear theory and depends on measuring particular param-
eters, including the size, the orientation, the location of crack, the
acoustic velocity, the attenuation, and the transmission and reflec-
tion of ultrasonic wave to detect damage [2]. However, traditional
linear ultrasonic methods detect cracks or features based on the
order of the wavelength of the ultrasonic wave. They are sensitive
to microstructural features that are orders of magnitude bigger
than the wavelength, but linear ultrasonic testing is not sensitive
to early-stage degradation and microcrack of materials without dif-
fraction and attenuation effect. Therefore, the detection of early
damage becomes an issue and advanced ultrasonic testing becomes
strongly needed. In addition, the development of the ultrasonic test-
ing method is a challenging task that should have several crucial
applicative functions such as online evaluation, condition-based
maintenance, fitness determination for service and remaining use-
ful time, less cost and labor, required baseline, and required envi-
ronmental data compensation methods. The nonlinear ultrasonic
method has a powerful ability to characterize microstructural fea-
tures in materials. The basic physical mechanism of higher harmonic
generation, subharmonic generation, shift of resonance frequency,
and mixed frequency response are introduced with applications to

evaluation of microdamage. These effects are quantified with the
measured acoustic nonlinearity parameter (ANP), which is caused
by the interaction of a sinusoidal wave and microstructural features
such as microcracks, precipitates, creep, fatigue, and plasticity [3-8]
(i.e., features at the micron scale and below), and the ANP is a power-
ful indicator of the material state.

Currently, a number of investigators have applied nonlinear ultra-
sonic techniques to assess the damage in different metallic alloys
such as early fatigue damage in Ti-6Al-4V specimens [9], heat-treated
Cr-Mo-V steel [10], hardening in ASTM A710 steel [11], nickel-based
superalloy samples under monotonic and fatigue loading [12], and
plastic deformation in AL 1100-H16 alloy [13].It is noted that the ANP,
which is based on the fundamental and second harmonics, signifi-
cantly changes with the damage.

The most commonly used nonlinear wave technique uses through-
transmission bulk waves, which is applied in the field since access to
both sides of the specimen is required. Longitudinal waves have the
advantage, as compared to shear waves [14], of transferring energy
to second harmonics; shear waves transfer energy to third harmon-
ics. Therefore, it is more possible for nonlinear longitudinal wave to
assess the material inner damage. In addition, nonlinear Rayleigh
surface and Lamb waves are widely used to represent the material
superficial or integral damage, which, with a smaller diffraction and
attenuation, effects with long distance traveling.

However, most nonlinear ultrasonic applications detect material
characterization and the existence of minute defects by piezoelec-
tric ultrasonic method and a high nonlinear efficiency of a liquid
coupling medium. The piezoelectric ultrasonic method is not appro-
priate for testing in extreme conditions and rough testing surfaces,
and coupling medium affects the scan efficiency of the specimen to
be measured. Therefore, noncontact ultrasonic testing method has
a better application prospect. Sebastian et al. present noncontact an
air-coupled ultrasonic technique for a nonlinear Rayleigh surface
wave measurement of the relative nonlinearity parameters of two
aluminum alloy specimens AL2024-T351 and AL 7075-T651 [15], but
the ultrasonic conversion efficiency is not enough with the acoustic
impedance mismatch. A study of Liu et al. makes use of the nonlin-
ear laser ultrasonic method to perform fatigue crack measurements
[16]. However, the laser ultrasonic method suffers from variations
in optical reflectivity and is only feasible for specimens with highly
reflective surfaces.

An electromagnetic acoustic transducer (EMAT) is a kind of sen-
sor that can excite and receive ultrasonic waves without coupling
agent. The EMAT can be designed to generate and measure the
desired mode of elastic waves on the basis of the contactless coupling
mechanisms. Various propagation modes can then be used to meet
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a wide range of measurement needs, like the SH mode only being
available with the EMAT technique; this is one of the advantages over
the air-coupled ultrasonic technique and laser ultrasonic technique
[17, 18]. The axial shear wave on cylindrical Cr-Mo-V specimens was
found to be capable of fatigue and creep deformation of the nonlin-
earity measurement under the magnetostriction-type EMAT exciting
[19, 20]. Cobb et al. present an approach of acoustic nonlinearity of
fatigue damage accumulation that uses Rayleigh waves generated
from EMAT and electromagnetic acoustic resonance [21, 22]. With
the optimization of a pulse current generator [23, 24|, EMAT has
succeeded to excite vibration amplitude in the material high enough
to induct higher harmonics, and the EMAT has the potential study
in the nonlinearity measurement to isolate materials’ nonlinear-
ity. The objective of the current study is to explore the feasibility
of a noncontact, electromagnetic acoustic technique to assess the
acoustic nonlinearity parameter using nonlinear longitudinal waves.
Section 2 presents nonlinear mechanics preliminaries based on the
Murnaghan model. Section 3 presents the nonlinear characteristic
obtained from numerical simulations. The two nonlinear ultrason-
ic methods are compared and analyzed in Section 4 and Section 5,
respectively. Finally, conclusions are drawn in Section 6.

2. PRINCIPLE

The principle of the electromagnetic-acoustic coupling process is the
elastic response to periodic surface stresses that arise from Lorentz
forces. An alternating current with the driving frequency (f> 20 kHz)
is applied to the spiral coil of the electromagnetic acoustic transduc-
ers. The dynamic magnetic field beneath the meander coil will be
induced by the alternating current (within the electromagnetic skin
depth). Generally, both the static magnetic field and the dynamic
magnetic field will contribute to the Lorentz force occurring in skin
depth. Generally, the skin depth is far less than the acoustic wave-
length. Thus, the Lorentz force occurring within the skin depth can
approximately be regarded as a shear stress exerted on the surface
of the specimen, and the surficial stress can be regarded as an exci-
tation source for the generation of a series of ultrasonic modes. In
other words, the acoustic fields (the mechanical displacement) are
generated by the Lorentz surface stress.

We consider nonlinear ultrasonic technique where the received
signal is not at the frequency of the exciting current, and metallic
material is treated as weakly nonlinear elastic because the amplitude
of the signal received at higher harmonics is very small relative to
the excitation, then harmonics can be generated notably at twice
the excitation frequency.

The Lagrangian formulation from continuum mechanics is
exploited using the Green-Lagrange strain tensor E along with the
first Piola-Kirchhoff stress tensor T; and second Piola-Kirchhoff
stress tensor T,. E is related to the displacement vector u, for simplic-
ity, and the gradient of the displacement vector H. And the following
relations exist between the above quantities [25, 26].

E= % (H +HT + HTH), Equation 1

where the linear strain is E!, which is related to the action of
linear ultrasonic.

E'= l(H+Hr) Equation 2

2

Comparing Equation 1 with Equation 2, the existence of the sec-
ond-order term HH is the main reason of nonlinear stress-strain,
which includes geometric nonlinearity and material nonlinearity.

The stress-strain relation of higher harmonic generation for a
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hyper-elastic material is obtained from the nonlinear governing
equations of Murnaghan model, which has a qualitative description
of an harmonic vibration, and the strain energy function W(E) is

W(E) = %A(tr(lz))l + utr (E?) + %(r +2m)(tr(E))’
((tr(E))* = tr(E?)) + n det(E),

where I, m, and n are Murnaghan constants, A and x4 are Lame’s
constants, and tr() and det() denote the trace and the determinant,
respectively, of the bracketed tensor. The first Piola-Kirchhoff stress
tensor and the second Piola-Kirchhoff stress tensor are obtained
using

Equation 3
—mtr(E) x

T1 = ([ + H)Tz' Equation 4
T2 = M s Equation 5
dE

where I is the second-order identity tensor. And T, can be decom-
posed into linear and nonlinear components. Then the equation of
motion in the reference configuration can be written as

V. Ty +p, b=p,i, Equation 6

b=b; +b; 4=J. xB,+], xBy, Equation 7

where p,, is the mass density, ii = 0*u/6t?, and b is the Lorentz force
which is the action of magnetic field (including the static magnetic
field B and the alternating magnetic field B;) and eddy current. The
calculated Lorentz force is then applied to the elasto-dynamic equa-
tion as a body load. The acoustic wave passes the material boundary
and creates dynamic electromagnetic fields in a conductive material
exposed to a steady magnetic field, which then can be detected by a
received EMAT. The inverse effect applies whereby the acoustic wave
forces the charged particles to move with the aid of the magnetic
field of permanent magnet bias. The dynamic electric field induced
by the acoustic field in a specimen and the equation of receiving
voltage E can be written as

_ Ou

5 x B,.
3. NUMERICAL SIMULATIONS
In this section, the results are obtained from numerical simulations
performed using COMSOL Multiphysics 4.3b, a commercial finite-
element software. The schematic of the 2D model is shown in Figure
1. The modeling of Lorentz force generation process uses the AC/DC
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Figure 1: Schematic diagram of nonlinear EMAT finite element model.



Poisson’s ratio
0.33

Young’s Modulus
70 GPa

Electrical conductivity
37.7 MS/m

Table 1: Elastic constants used for simulation.

Mechanisms
Linear elastic material (“L” case)

2700 kg/m?

Constitutive

I=m=n=0
Linear strain E' (2)

[ A u | m n
51GPa 26 GPa -250 GPa -333 GPa -350 GPa

Description

No material or geometric
nonlinearities are included

Nonlinear elastic material (“N” case)

l+tm=#n#0
Green-Lagrange strain tensor E (1)

Both material or geometric
nonlinearities are included

Geometrically nonlinear material (“G” case)

Table 2: Three constitutive models.

and Magnetic Fields module, and the modeling of propagation process
uses the Structural Mechanics module.

The electromagnetic acoustic transducer consists of a coil that
provides a dynamic current and a U-shaped magnet providing a hori-
zontal static magnetic field. While in the nonferromagnetic material,
the ultrasonic wave is generated by the Lorentz forces. The Lorentz
force is the interaction of the magnetic flux density and the eddy
current. Thus, the electromagnetic field and mechanical field are
coupled together by Lorentz forces in the transduction area.

The permanent magnet material feature is Nd-Fe-B with a rema-
nence of 1.4 T. The horizontal static magnetic field acts parallel to the
coil along the x-direction; there are also x-direction Lorentz forces
present that are usually much smaller than that the y-direction
Lorentz forces. The spiral coil consists of 35 wires with a diameter of
0.5mm and entangles together closely. The lift-off distance between
the coil and the tested aluminum specimens is 0.5mm. The exciting
coils are carrying a current signal of f= 500 kHz. The thickness of the
transduction area is five times the skin depth, and a low reflecting
boundary is used to reduce back reflections from the edge of the
remote interfaces.

The ultrasonic wave is generated on the transduction area. The
simulations were carried out using the Murnaghan model for
aluminum, and the material properties are tabulated in Table 1.
Quadrilateral elements are used to discretize the magnet and coil
with a maximum element size of 0.5mm; the transduction area and
propagation area are divided into triangular elements with a maxi-
mum element size of 0.1mm and 0.2mm.

3.1. Ultrasonic Wave Generation
Due to the match of the coil and magnet, Rayleigh waves (R-Waves)
travel along the surface, and simultaneously, the longitudinal
waves (L-Waves) and shear waves (S-Waves) travel vertically into
the specimen. Since S-Waves do not transfer energy to second har-
monics [27], we investigate the nonlinear action of L-Waves and the
contribution of the L-Waves, which are based on the x-direction
Lorentz forces.
The x-component of the displacement is denoted by displacement
“u,” the y-component is denoted by displacement “v,” and the direction
of L-Waves vibration keeps consistent with the direction of L-Waves
travelling. So displacement “v” is only considered. Figure 2 shows
the geometric dimension of the test specimen (100mm x 180mm)
and the spread of ultrasonic wave inside the x- and y-coordinates
which represent the cross-sectional displacement “v” view of the
wave modes propagating in two transmission cycles (from t; to ty+
2T). The R-Waves velocity vy, the S-Waves velocity vg, and the L-Waves
velocity v; can be calculated by the time and the distance of flight
between the two positions: vg = 2,915 m/s, vS = 3,122 m/s, and v =

I=m=n=0
Green-Lagrange strain tensor E (1)

Only geometric nonlinearities
are included

R A BEEgTw
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Figure 2: Ultrasonic wave displacement in aluminum plate generated by EMAT.

6,198 m/s. Thus, with the increase of propagation time, the separa-
tion of various ultrasonic waves is more clear.

3.2. Nonlinear Ultrasonic Propagation

In typical EMAT configurations where the frequency is of the order
from several hundreds of kHz to a few MHz, the amplitude of Lorentz
force depends on the characteristic of the static magnetic field, the
exciting current, the construction of the spiral coil, and the lift-off. In
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order to eliminate the contribution of the sec-
ond harmonic frequency due to alternating
Lorentz force, the loading of body force is just
applied by static Lorentz force by g in numeri-
cal model. So, the results were obtained for
ultrasonic wave at fundamental frequency.
Then we discuss the contribution of material
and geometric nonlinearities to the second
harmonic generation in the specimen. The
displacement “v” amplitude of L-waves should
reach 1E — 8 m, and the exciting current
condition chosen is 150 A; some nonlinear
effects are not easily decipherable at lower
amplitudes. The results for three nonlinear
mechanisms are presented in Table 2.

Figure 3 illustrates the normalized time

domain signal obtained for the displacement

“y” at position (10 mm, -100 mm). It shows that
the signals overlapped nearly for the three
cases, and the difference is barely visible. So,
the velocities of L-Waves are kept consistent
in each. But in the frequency domain, as
shown in the normalized logarithm pro-
cessing of the fast Fourier transform (FFT)
method in the figure, nonlinearity is evident
from the nonlinear presence of zero-frequen-
cy and second harmonic components in the

“v” displacement of “N” and “G” cases. And
the amplitude of the second harmonic gener-
ated in the “N” case is several times greater
than that generated in the “G” case. This
shows that the second harmonic generation
is dominated by the material nonlinearity
as opposed to geometric nonlinearity. The
same explanations were adapted to obtain
the main mechanism of zero-frequency com-
ponents, which is dominated by geometric
nonlinearity, while the “L ” case shows only
fundamental frequency without any fre-
quency components.

The displacement “v ” were obtained at
positions (10, -93.8 mm), (10, -100 mm), and
(10, -106.2mm) where the length of each
propagation distance is one fundamental
L-Waves wavelength. Figure 4 shows the
normalized time domain signal and nor-
malized logarithm processing of FFT. As
predicted by theory, the amplitude of the
second harmonic increases with the propa-
gation distance. Then we discussed the effect
of scaling higher-order elastic constants on
the harmonic generation that increases with
the degree of material damage.

ized v displacement
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Figure 3: L-Waves signals obtained using LE, NL, and NG constitutive model.
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Figure 5: L-Waves signals obtained by scaling Murnaghan constants by factors of 1, 2, and 4.

Simulations for the “N ” case used three different sets of higher-
order elastic constants obtained by scaling Murnaghan constants by
factors of 1, 2, and 4. Figure 5 shows the normalized time domain
signal and normalized logarithm processing of FFT. As shown, the
zero-frequency and second harmonic components are increasing
with the factors. From another perspective, the degree of mate-
rial damage increases with the nonlinear effects. In the following
example, we present the results obtained for the second harmonic
generation from the L-Waves at 500 kHz, 600 kHz, and 800 kHz in the
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“N ” case. As shown in Figure 6, the same presence of zero frequency
and second harmonic components in the various frequencies, and
the normalized amplitudes of zero frequency and second harmonic
components remain the same.

4. EXPERIMENTAL SECTION

4.1. Sample Preparation
Tensile specimens made of aluminum alloy 6061 were fabricated



Specimen Loading Strain rate v Loading
number Fnax (KN) (mm/min) time t (s)
Ag 0 0 0
Aq 24.488 25.422
A, 47.710 5 52.328
A3 54.008 5 76.000
Ay 53.232 5 95.031

Table 3: Condition of strain induced in specimens.

1 1

area, and A, was a fractured specimen. The noncontact nonlinear

characteristics were evaluated after unloading these specimens.
Nonlinear longitudinal wave was monitored at different posi-
tions along the length direction of tensile specimens for each sample.
Figure 7 shows the positions of measurement along the thickness
direction; each position is evenly spaced. The specimens are sub-
jected to a uniaxial tensile test. The deformation is such that the
material presents an elastoplastic behavior with nonlinear isotropic
hardening. When subjected to such large deformations, the speci-
men experiences a significant plastic deformation and necking in
its central cross section, and so nonlinear

0.5

Normalized v displacement

Mormalized v displacement

ultrasonic wave response at each position is
various for one loading condition.

\ 4.2. Nonlinear Ultrasonic Measurement

netic acoustic measurement. The nonlinear
response of tensile specimen aluminum
alloy was excited by using a RITEC SNAP
RAM-5000 high power system (RITEC Inc.,

Y i Strategy
T \{/-/- \ Figure 8 shows the nonlinear electromag-

i 05 ] 1 2 X L] 1] 0.5
T [s)
5
500 kHz s 500 kHz
&0 kHz & kH
— BHkH: — a0 kHe

(&) Timwe domain signals

Figure 6: L-Waves signals obtained at f = 500 kHz, 600 kHz, and 800 kHz.
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Warwick, RI, USA), and the high amplitude
sinusoidal tone burst inputs with a few num-
=1of ber of cycles at a stable single frequency.

A pair of EMAT transducers are placed on
the double sides of the specimen (through
the thickness) as shown in Figure 9.

The EMAT transducer is mainly com-
bined by a coil and permanent magnet. A
toothpick is used to wind the copper wire
with a diameter of 0.1mm; each turn is
paralleled so closely that a large radius of
spiral coil is obtained. The spiral shape of
the EMAT coil is kept by laying an epoxy
adhesion bond. BNC cable is connected to
the spiral coil, and the permanent magnet
is put on top of the coil. The bulk EMAT is
facilitated after padding insulating poly-
mer. The combination of a U-shape magnet
provides a horizontal-bias magnetic field,
and the spiral coil exerts high-frequency

ilgll s |l||\r u

T ?-"H.' l conile
M i [Rl
I

|'\A.|§!|III|:\.|LI.II& e
hcilkuscope

EMAT
|_|:iln.|.|n.r Ile 1'|.|.|.'Lh|| T ||_
matchi

<15 MHz |
Figure 8: Block diagram of the experimental system construction.

EMAT
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for conducting the plastic deformation studies. The specimens were
tensile loaded to various levels of elastic-plastic strain under strain
control, as shown in Table 3. Among them, A, was an undamaged
specimen; A; was a specimen which produced in the elastic tensile
area; A, was a specimen that produced in the elastic-plastic critical
tensile area; A; was a specimen that produced in the plastic tensile

current excitation, so the electromagnetic
force is mainly in a vertical direction; the
particle in the skin depth will be affected
by the electromagnetic force and produce a
high vertical frequency vibration. The high
vertical vibration producing ultrasonic
bulk waves would spread in the specimen.
One of the transducers acts as the trans-
mitter, sending the bulk wave (mainly, lon-
gitudinal wave) across the specimen, and
the other transducer plays the role as the
receiver based on the principle of electro-
magnetic induction. Hence, the longitudi-
nal wave propagates along the thickness
direction of the specimen, and the received
longitudinal wave would contain nonlinear information through
the propagation path.

However, since this measurement by noncontact method EMAT
has lower transduction efficiency, to avoid this inconvenience, addi-
tional devices are required to maintain the noncontact method by
impedance matching and a high-pass filter. The exciting current has
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no window function in order to improve the
exciting energy, which are from the high-
power system to the EMAT transducers.
Meanwhile, the exciting frequency should
be considered by the designed EMAT fre-
quency spectrum response curve as shown
in Figure 10. These two EMAT transducers
have the same designed size; thus, the excit-
ing frequency has to be set 2.2 MHz, and the
fundamental frequency 2.2MHz and the har-
monic frequency 4.4MHz can be received at
the peak frequency spectrum.

5. ANALYSIS

Nonlinear longitudinal wave measurement
along the thickness direction of the Al 6061
plates are performed with the EMAT and PZT setup, and no near
sound field effects are observed in this experimental setup with the
suited selection of exciting condition.

5.1. Nonlinear PZT Measurement

The nonlinear parameter § indicates that a linear relationship
between the second harmonic amplitude A, and the square of the
fundamental amplitude (Al2 ). Since measurement of fundamental
and second harmonic response by received ultrasonic sensor is in
terms of the several voltages excitation, and f can be predicted
by the microplasticity model as a function of the tensile stress
with few influence of different exciting frequencies 7], so a SMHz
excited PZT sensor and a 10MHz received PZT sensor were employed
through the thickness direction to implement generated longitu-
dinal wave.

Figure 11 shows a variation amplitude of A, with A;? at the posi-
tion 3 of specimen A; the black spots are experimental data points
at 10~50 level exciting voltages, and a linear fitting line of A, vs. A
for different driving voltages is clearly obtained, which means that
the nonlinear parameter keeps constant for different voltages. The
slope of this linear fitting line is the value of the nonlinear parameter
Byo- and f,p mainly includes material nonlinearity 8, and contact
nonlinearity .

Consider the fluctuation of frequency response curve of PZT
sensors (the frequency response at 5SMHz and 10MHz points have
disaffinity) and the influence of the nonuniform unit. Hence, the
normalized nonlinear coefficient is 8 ‘po (the ratio between the non-
linear parameter measured in the tensile damage specimen to ﬂpo),

that is, 8’50 = B,/Bpo -

5.2. Compared with Nonlinear EMAT Measurement

In this EMAT measurement study, the lower transduction efficiency
of EMAT is considered, as shown in Figure 12. EMAT has low energy
converting efficiency and is sensitive to noise.

The noise interference is mainly composed of continuous inter-
ference noise, paroxysmal interference noise, and electromagnetic
noise, which are generated by the operation of the tested equipment
and alternating electromagnetic fields in the limited space volume
of the electromagnetic ultrasonic transducer. In order to realize the
effective recognition of ultrasonic echo signal, the frequency-domain
signal needs to be received with 40 dB attenuation of low-frequency
stage and 60 dB amplification of high-frequency stage, where one
can clearly find the contributions of the fundamental and second
harmonic waves. Meanwhile, the frequency domain signal is filled
with noise spectrum. To obtain the amplitudes of the fundamental
and second harmonic wave components, Daubechies wavelet func-
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Figure 9: Physical diagram of spiral electromagnetic acoustic transducer.
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Figure 11: The linear variation of A, with A12.
tion and third wavelet packet decomposition levels were adopted to

denoise as shown in Figure 12. In order to compare with the mea-
surement by PZT sensor, and the nonlinear parameter g, should be
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position of 2 and 4 are still in the hardening
stage and the relative nonlinear coefficients
are still increasing.

It can be seen that the EMAT ultrasonic
measurement is bigger than that of the PZT
ultrasonic measurement. Namely, 8’ > 87y,
compared with what constitutes the two
relative nonlinear coefficients, it is the con-
; b = tact nonlinearity (the influence of couplant
"1 and rough surface), which mainly causes the
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Figure 12: Frequency spectrum characteristic in nonlinear EMAT experiment.
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From the experimental perspective,
this research demonstrates the
feasibility and robustness of
noncontact EMAT method for the
nonlinearity measurement with a
longitudinal wave.

normalization processing by noncontact EMAT measurement, the
normalized nonlinear coefficient 3°r,=B5/Bro.

Figure 13 shows the comparison of the relative nonlinear coef-
ficients by the two methods. With the same loading, the variation
tendency of the relative nonlinear coefficients stayed the same.

With elastic tensile loading (F,,,,x <47.71 kN), the relative nonlin-
ear coefficients nearly keeps unchanged; thus, the elastic constant
changes very little and increases rapidly when the tensile loading
exceeds 47.71 kN at the position of 2, 3, and 4. Plastic deformation
starts to exist at these positions; meanwhile, the relative nonlinear
coefficients change very little at positions 1 and 5. It can be found
that the plastic deformation is symmetrically distributed along the
center specimen position (position 3) by tensile loading, and based
on the metal necking effect, the plastic deformation is most notable
at position 3. When the tensile loading exceeds 53.232 kN, the rela-
tive nonlinear coefficient drops rapidly, occurring with the more
discontinuous area; at the same time, the plastic deformations at the

LE

Frequency (MHz)

(b) Adter wavelet packet detoising

Specimiciy nuember

decrease in relative nonlinear coefficients.
The result also shows that the change of the
plastic nonlinearity on the plastic deforma-
tion can be measured using the proposed
noncontact ultrasonic method, and the
relative nonlinear coefficients measured by
EMAT ultrasonic have potential applications
in detecting variation tendency of plastic
deformation under extreme environments.
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6. CONCLUSIONS

In this article, tensile damage behavior of
nonlinear longitudinal wave was inves-
tigated. From the numerical perspective,
simulations of EMAT transduction and
ultrasonic wave propagation were carried
out in COMSOL Multiphysics 4.3b using the
Murnaghan hyperelasticity model, har-
monic generation from the fundamental
longitudinal wave, while time domain sig-
nals show very small difference. The contri-
bution of material nonlinearity, geometric
nonlinearity, damage cased nonlinearity, and propagation distance
cased nonlinearity to the harmonic generation is discussed. As the
accumulated material damage is typically inferred from the non-
linear coefficient, which in turn depends on the higher Murnaghan
constants and longer propagation distances, the exciting frequency
is not inferred from the nonlinear coefficient.

From the experimental perspective, this research demonstrates
the feasibility and robustness of noncontact EMAT method for the
nonlinearity measurement with a longitudinal wave; thus, the
surface condition of the specimen is relatively not important. The
experimental setup provides an output signal with low SNR; mean-
while, wavelet denoising method can improve the SNR and extract
nonlinearity information from measuring frequency signals.

The results obtained in this research demonstrate that the non-
contact, EMAT detection method provides potential field applicabil-
ity for the in-situ measurements of the relative nonlinearity param-
eter in online structures. Further work needs to be done to identify
the fatigue damage of ferromagnetic structure by EMAT method
based on the magneto-strictive mechanism.
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