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Abstract: The appearance and accumulation of internal impact damage seriously influence overall performance of
carbon fiber reinforced plastic (CFRP). Thus, this study evaluates the change in impact damage number by using
linear and nonlinear ultrasonic Lamb wave detection methods, and compares these two detection results. An
ultrasonic wave simulation model for composite structure with impact damage is established using the finite element
method, and the interaction between impact damage and the ultrasonic wave is simulated. Simulation results
demonstrate that the ultrasonic amplitude linearly decreases, and the relative nonlinear parameter linearly increases in
proportion to the impact number, respectively. The linearfitting slope of nonlinear parameter is 0.38 per impact
number at an input frequency of 1.0 MHz. It i1s far higher than that of the linear ultrasonic amplitude, which is only
—0.12. However, with the increase of impact damage, the linear growth of nonlinear parameters mainly depends on
the decrease in ultrasonic amplitude rather than the accumulation of second harmonic amplitude. In the linear
ultrasonic amplitude detection, the linear fitting slope at 1.1 MHz is —0.14, which is lower than those at 0.9 MHz
and 1.0 MHz. Meanwhile, in the nonlinear ultrasonic parameter detection, the linear fitting slope at 1.1 MHz is 0.92,
which is higher than those at 0.9 MHz and 1.0 MHz. The results show that higher frequencies lead to greater
attenuation of ultrasonic amplitude and a larger increase in nonlinear parameters, which can enhance the sensitivity of
both linear and nonlinear ultrasonic detections. The accuracy of simulation results is demonstrated through the low-
velocity impact and ultrasonic experiments. The results show that compared with nonlinear ultrasonic technology, the
linear ultrasonic technology is more suitable for impact damage assessment of carbon fiber reinforced plastic because of
its simpler detection process and higher sensitivity.

Key words: carbon fiber reinforced plastic (CFRP) ; nonlinear ultrasonic; Lamb wave; impact damage;

nondestructive testing
CLC number: TP29

Document code: A Article ID: 1005-1120(2024)05-0599-10

Vol.41 No. 5

0 Introduction

Composite material, especially carbon fiber re-
inforced plastic (CFRP) , is widely used in aviation

due to its advantage of high specific strength and

1-2]

light weight'"*'. However, CFRP materials always

suffer low-velocity impacts caused by bird strikes

and foreign object debris, resulting in superimposed

]

damage®. Due to the low shear strength, the

*Corresponding author, E-mail address: wu.qi@nuaa.edu.cn.

CFRP material easily produces the micro crack and
delamination, reducing its load-bearing and mechan-

91 Therefore, it is necessary to de-

ical properties
tect impact damage of CFRP to ensure safe opera-
tion and improve the performance of aircraft.

In recent years, the ultrasonic detection has be-
come the main effective nondestructive testing
(NDT) of composite materials because of its flexi-

bility, wide detection range, and high accuracy. Ac-
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cording to detection principles, it can be divided in-
to linear and nonlinear ultrasonic detections. Both
technologies have been studied to evaluate impact
damage by analyzing the LLamb wave propagating in
a composite laminate. In the case of linear detec-
tion, Burkov et al."*’ presented a Lamb wave based
technique for impact damage detection via analyzing
parameters of the amplitude, energy, and cross-cor-
relation of signals in baseline and damaged states.
Ochoa et al.'” evaluated the applicability of two ze-
ro-order ultrasonic wave modes by detecting impact
damage of composite materials, and analyzed the ef-
fects of different impact energies on linear parame-
ters including ultrasonic amplitude, waveform, and
frequency.

Nonlinear ultrasonic techniques consist of three
major categories, including wave modulation, fre-
quency shift, and higher harmonic generation'®’.
Among all of the nonlinear ultrasonics, high har-
monic generation has become one of the most com-
mon methods for micro damage detection owing to
its simple setup and high sensitivity'”’. For exam-
ple, Router et al.""” demonstrated that the acoustic
nonlinearity increased with the growth of impact
density, and was more sensitive than that of group
velocity. Tie et al.'" detected the low-velocity im-
pact damage of CFRP laminate by nonlinear ultra-
sonic simulation and experiment, and found that the
harmonic wave and nonlinear parameter both in-
creased with the growth of impact energy and delam-
ination area. Although there has been considerable
research on impact damage detection in composite
materials, most studies primarily focus on changes
in impact energy. In practical applications, these
composite structures are often susceptible to
multi-point impacts and varying impact energies.
The paper primary investigates the effects of ran-
dom impacts occurring at various locations. Regard-
ing ultrasonic detection, the limitations of both lin-
ear and nonlinear methods are not well-defined,
making it challenging to select an appropriate meth-
od for damage detection. Therefore, this paper com-
prehensively analyzes the characteristics of these
two technologies, focusing on detection sensitivity,

data processing methods, and equipment require-

ments to identify a more suitable method for impact
damage detection of CFRP. In summary, this study
evaluates changes in impact number using linear and
nonlinear ultrasonic methods and provides a compre-
hensive comparison of both technologies, distin-
guishing it from the existing research.

The objective of this study is to evaluate the
number of impact damage in CFRP by detecting
Lamb wave signals via simulation and experiments,
as well as to compare results of linear and nonlinear
ultrasonic detections. After the Introduction, Sec-
tion 1 explains the principles and parameters of lin-
ear and nonlinear ultrasonic detections. A finite ele-
ment model of CFRP laminate is introduced in Sec-
tion 2. Section 3 introduces linear and nonlinear ul-
trasonic experiments to validate simulation results.

Finally, conclusions are delivered in Section 4.
1 Theory

1.1 Linear ultrasonic detection

The matrix crack and delamination damage
caused by low-velocity impact in CFRP laminate
leads to discontinuity and acoustic impedance incon-
sistency. Lamb waves will be reflected at the inter-
face of damage, resulting in changes of ampli-
tude "?'. Based on the classical linear elastodynamic
theory'", linear ultrasonic detection can assess im-
pact damage by detecting the linear signal features
of Lamb wave. Thus, in this research, the ultrason-
ic amplitude is selected as the damage index for lin-

ear ultrasonic detection.
1.2 Nonlinear ultrasonic detection

When the CFRP material is in an intact state,
geometric nonlinearity 3; and material nonlinearity
Au exist. Geometrical nonlinearity is considerably
less than the material nonlinearity. When the materi-
al is subject to low-velocity impact, contact acoustic
nonlinearity (CAN) By is considered as the prima-
ry nonlinearity caused by the crack-wave interaction.
Different layup and fiber orientations of composite
materials primarily causes variations in the Young’s
modulus, which in turn alter the group velocity of

ultrasonic guided waves. Changes in group velocity
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can affect the input frequency required to satisfy the
material’s nonlinear accumulation requirements.
However, this change in group velocity does not im-
pact the primary nonlinear effects generated by ma-
trix crack and delamination. The total nonlinearity 2
in materials can be described as
B=Pc+ By Beax (1)
To accumulate weak second harmonic wave in-
duced by the material nonlinearity in a plate-like
structure, two conditions of non-zero power flow
and synchronism should be satisfied'*’ in this study.
The conditions indicate that the fundamental and
second harmonic modes should be symmetric and
have the same group velocity and phase velocity.
According to the calculation of dispersion curves,
the fundamental frequency of 1.0 MHz and harmon-
ic frequency of 2.0 MHz meet the conditions when
the CFRP laminate has a thickness of 1.6 mm.
Therefore, Lamb wave with a central {requency of
1.0 MHz is selected to be the primary input signal.
Moreover, the input frequencies of 0.9, 1.0 and
1.1 MHz are all simulated to analyze the influence
on the sensitivity of linear and nonlinear ultrasonic
detections.
When the ultrasonic wave propagates in the
CFRP materials with impact damage, the one-di-
mensional longitudinal wave equation is expressed

astt®

*u _Jo
o at’ dx

where u 1s the particle displacement, p the density,

(2)

o stress tensor, ¢ the propagation time, and x the
propagation distance. Through theoretical theo-

ry''", the expression of longitudinal wave can be ob-

tained as
ulx,t)= A, sin(br — anf)*gAf/ezxcos [2(kr —
wt) ] (3)

where w is the radial frequency of the wave, A;and
A, are the amplitudes of the fundamental wave and
second-order harmonic wave, respectively. B de-

notes the nonlinear parameter' "
8 A,

=— ; (4)

s Kx Al

The nonlinear parameter is determined by mea-

suring the amplitudes of the fundamental and second
harmonic signals. However, Eq.(4) cannot be di-
rectly used to calculate the nonlinear parameter of
the LLamb wave. It is influenced by a partial vector,
angle, and high-order elastic constant®. There-
fore, to facilitate the data analysis, the change in ul-
trasonic nonlinearity is characterized by introducing
the relative nonlinear parameter 4', which is shown
as

A
'Q_Af (5)

2 Finite Element Simulation

2.1 Establishment of model

The finite element model of CFRP laminate is
used to simulate the interaction between impact
damage and ultrasonic wave. The size of the model
(LXWXH=220 mmX60 mmXx1.6 mm) could
be different from the actual plate size, as long as the
same effective area is consistent in the model and
the following experimental specimen. The CFRP
model exhibits a layup structure of [0/90] ,. The
material parameters for the unidirectional CFRP pre-
preg are presented in Table 1, defined under the
keyword “orthotropic_elastic” in LS-DYNA soft-
ware. The sampling frequency and the time step are
set to 10 MHz and le—4 s, respectively. The in-
plane and thickness direction elements are sized at
0.2 mm to ensure at least 10 elements per wave-
length for the second harmonic wave. In the intact
state, the total number of nodes is 1 220 227, and
the element number is 1 075 200.

Table 1 Material parameters of CFRP

Shear modulus/

GPa GPa
E, E,, E., Gy, Gy Gy Vig Vi3 Va3
130 8 8 4.8 4.8 2.7 0.3 0.3 0.48

Elastic modulus/ . .
Passion ratio

According to actual damage size of the impact
experiment, the node separation method is carried
out to simulate the matrix crack and delamination.
Single surface contact with an initial value of 0 is set

to make the crack and delamination work correctly.
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The shape of impact damage in the model is shown
in Fig.1. The matrix crack is generated around the
impact area, and the delamination damage is at the
bottom of the 90° layer. The simulation model with
different numbers of impact damage is introduced in

the research.

Impact
damage

(a) CFRP model (b) Impact damage

Fig.1 CFRP laminate model with impact damage in LS-
DYNA software

A sinusoidal tone-burst force modulated by a
10-cycle hamming window is acted on surface nodes
as an excitation source. The magnitude of the force
is 10 N. The boundary of the model is set as a non-
reflecting condition at the periphery of the plate;
thus, no ultrasonic wave could reflect from the plate

boundary.
2.2 Simulation results

Fig.2 illustrates the X-axis stress while the ul-
trasonic wave propagates through the impact dam-
age. Fig.2(a) shows that the ultrasonic wave is ap-
proaching the matrix crack. The impact damage sur-
faces are opened and the ultrasonic wave is blocked
as shown in Figs. 2(b) and 2(c). When the wave
passes through the impact damage, the impact dam-

age is closed again in Fig.2(d). The breathing-crack

Stress
15.84 I
Impact damage
-16.98 '3 / .
-49.80
—82.62 || (a) Propagation time  (b) Propagation time
is 1.5e-5s is 1.6e-5's

-115.4
-148.3

y
I -181.1
z
X

(c) Propagation time
is1.7e-5s

(d) Propagation time
is1.8e-5s

Fig.2 Process of ultrasonic wave traversing impact damage

motion causes the distortion of the ultrasonic wave,
generating higher harmonic wave. Moreover, the ul-
trasonic energy is obviously reduced when the ultra-
sonic wave propagates through the impact damage.
A 10-cycle

tone-burst signal with a central frequency of

Hamming-windowed sinusoidal
1.0 MHz is used to generate an ultrasonic wave in
the CFRP laminate. Fig.3(a) shows typical ultrason-
ic waveform in the time domain while the model has
1 impact. To extract the effective fundament and sec-
ond harmonic amplitudes, wavelet transform with
mother wavelet “cmor 2-2.5” is utilized™, as shown
in Fig.3(b). It has a bandwidth parameter of 2 and a
central frequency parameter of 2.5. It has strong fre-
quency characteristics and excellent capabilities in
signal processing, making it especially suitable for
frequency domain analysis and time-frequency analy-
sis. The signal exhibits its energy concentrated at ap-
proximately 1.0 MHz, corresponding to the middle
frequency of the input signal. The signal also shows
a clear harmonic component at 2.0 MHz albeit with
a low amplitude. The amplitude envelopes at both
fundamental and second harmonics marked by the
gray dashed line in Fig.3(b) are extracted and
smoothed. Fig.3(c¢) shows envelopes of the harmon-
ic wave (red line) and the fundamental wave (black
line). The first peak values of envelopes are set as
the fundamental and second harmonic amplitudes,
noted as A, and A,, respectively. Then, the relative

nonlinear parameter 8 can be calculated according
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Fig.3 Typical simulated ultrasonic signal
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to Eq.(5).

The amplitude A, extracted from the wavelet
transform is set as the damage index for linear ultra-
sonic detection. Fig.4 displays the normalized ampli-
tude of the fundamental wave at different numbers
of impact damage in case of different frequencies.
More part of the ultrasonic wave is reflected increas-
ingly with an increase in the number of impact dam-
age, resulting in the decrease in fundamental ampli-
tude A,. The linear slopes at input frequencies of
0.9,1.0 and 1.1 MHz are —0.119, —0.126, and
—0.141, respectively, indicating that the amplitude
of higher-frequency waves has higher sensitivity.
The reason may be that the higher frequency ultra-
sonic wave has a shorter wavelength and can be easi-

ly reflected at the impact damage interface.

b —&— (0.9 MHz
—e— 1.0 MHz
—&— 1.1 MHz

—
S

=
=

Ultrasonic amplitude 4,
=) )
IS =N

o
o

0 1 2 3 4 5
Impact number

Fig.4 Ultrasonic amplitude versus impact number at differ-

ent input frequencies in simulation

Fig.5 shows the normalized amplitude of 8" at
different numbers of impact damage. The linear
slopes at different input frequencies are 0.255,
0.385, and 0.92, respectively. It can be seen that 3’

linearly increases with an increase in the number of

| - 0.9 MHz
-o- 1.0 MHz
—&-1.1 MHZ

(=2}

IS

A

[\

Nonlinear parameter f’

0 1 2 3 4 5
Impact number

Fig.5 [ versus impact number at different input frequencies

in simulation

impact damage. Although 1.0 MHz is selected as
the input frequency for obtaining better accumula-
tive material nonlinearity, the higher frequency of
1.1 MHz has a higher sensitivity in simulation. The
reason may be that the nonlinearity of CAN is much
larger than that of the material®*"'. Therefore, the
selection of input signal frequency does not need to
meet conditions of non-zero power flow and synchro-

nism.
3 Experiment

3.1 Acousto-ultrasonic detection

A crossply CFRP laminate with a dimension
of 200 mm X 200 mm X 1.6 mm is used in the ultra-
sonic experiment. It is manufactured by unidirection-
al prepreg (Shanghai Guangwei, T700SC-12K-
50C) with a resin volume fraction of 33%. A sche-
matic of the ultrasonic experiment setup is presented
in Fig.6. The effective simulation area is marked by
a blue dash line, and the impact area is marked by a
red line with a diameter of 40 mm. The CFRP lami-
nate is in an intact state with no initial damage after
manufacturing. For the experiments, two lead zir-
conate titanate (PZT) transducers (AE-900M,
NF) with a diameter of 5 mm and a thickness of
2 mm are used as an exciter and a sensor, respec-
tively. It is glued 200 mm apart on the CFRP lami-
nate using a cyanoacrylate adhesive. To ensure prop-
er bonding, the PZT sensors are pressed for at least
2 min until the cyanoacrylate adhesive fully cures.
This process allows the adhesive to become thin-

ner, ensuring a tight fit between the sensor and the

Function |Trigger
generator

Oscilloscope

Power
amplifier

o7 APZT S
‘ . Tmpact area
~ - § 7

\\ b ~
N \.\ sy ~
N N

< I S

~ ! ~
\ %,
N

~ -

Fig.6  Schematic of the acousto-ultrasonic experiment setup
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CFRP, which enhances the bonding strength. More-
over, the reduced thickness of the adhesive has min-
imal effect on ultrasonic wave propagation. The
function generator (Aglient, 33521A) provides an
excitation signal with a peak-to-peak amplitude of
20 V. Then, the signal is amplified to 80 V using a
power amplifier (Aigtek, ATA-43151) and input
into the PZT exciter. The oscilloscope (Keysight,
DSOX2004A) converts the output voltage from the
PZT sensor to a digital waveform with a sampling
frequency of 10 MHz. The data is recorded after it

averages 4 096 times for noise reduction.
3.2 Impact testing

(INSTRON,
CEAST9340) is used to generate the impact dam-

An impact testing machine
age in the CFRP specimen, as shown in Fig.7. A
hemispherical punch with a diameter of 12.7 mm 1s
released at a designed height. The specimen is im-
pacted at a low velocity with an energy of 3 J. Over-
all, the specimen is subject to five impacts, random-

ly distributed within a range of 40 mm.

Fig.7 TImpact test platform of CFRP specimen

The impact damage photograph of the speci-
men is shown in Fig.8(a). It can be found from
Fig.8(a) that the damage is elliptical concave with a
diameter of about 6 mm. The impact damage ob-
served on the cross-section of the specimen via an
optical microscope is displayed in Fig.8(b). The im-
pact damage is composed of matrix cracks and de-
lamination. The delamination is distributed beneath
the impact location and extended into the deeper in-
terfaces of the plies. The average width of delamina-
tion damage is approximately 5 pm at the 0°/90° in-
terface. The matrix crack has an average width of
3 um and is located near the delamination. The over-

all shape of impact damage is superimposed and has

Impact damgage

(a) Impact damage photograph

(b) Impact damage observed under an optical microscope

Fig.8 The impact damage in impact testing

the shape of a peanut"**.

3.3 Experiment results

Although actual CFRP laminate and the shape
of impact damage are simplified, the minor electri-
cal nonlinearity and noise induced by the ultrasonic
experimental system are ignored in simulation. This
study primarily focuses on detecting changes in ultra-
sonic amplitude and nonlinear parameters as the
number of impacts increases. Therefore, these dif-
ferences between the experimental and simulation
setups will not affect the final analysis of detection
results.

The detected ultrasonic waveform of experi-
ments is shown in Fig.9(a), which is similar to sim-
ulation results. Fig.9(b) displays the wavelet trans-
form results of the signal, existing second harmonic

components at a high-order harmonic frequency of

>
§ 5 0 Energy / mV
Rt 0.04
a
g0 0.02
2 -1t
)
2 _ . . . 0
£72 20 40 60 30 1 2 3
5 Time / ps Frequency / MHz
(a) Waveform in time domain (b) Wavelet transform
>
g
<5 —Fudamemarwave] 0.05 .9
g 4 L armonic wave _004 g >
25l Allk4 o3 EE
E - S'p
g 2r 10.02 =
g 1r 10.01 § 3
] . 2
5 020 40 60 80

Time / us
(c) 4, and 4, obtained from the amplitude envelopes

Fig.9 Typical experimental ultrasonic signal
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2.0 MHz. The fundamental and second harmonic
amplitude envelopes are shown in Fig.9(c). The da-
ta process method used to obtain 8’ is the same as
that used in the simulation in Section 2.2.

Fig.10 shows the linear fit of ultrasonic ampli-
tude A, at different frequencies in the experiment.
The linear slopes for center frequencies of 0.9, 1.0,
and 1.1 MHz are —0.07, —0.19 and —0.2, respec-
tively. The input frequency of 1.1 MHz seems to be
the best choice for linear ultrasonic detection, which

is also in agreement with simulation results.

1.6

A —=— 0.9 MHz
—e— 1.0 MHz

—_
[\

Ultrasonic amplitude 4, / mV
=) =)
ES %

e
o

2 3 4 5
Impact number

(=]
—_

Fig.10 A, versus impact number at different input frequen-

cies in experiment

This study involves conducting a single analy-
sis and performing all ultrasonic experiments within
a single day. The maximum temperature variation is
approximately 3 “C. The changes in ultrasonic ampli-
tude are about 1.5% , which is significantly smaller
than changes associated with impact damage. Fur-
thermore, utilizing a sampling rate that complies
with the Nyquist theorem and applying a Hamming
window, aliasing and leakage phenomena can be ef-
fectively eliminated.

Fig.11 shows the increase of # with an in-
crease in the number of impact damage at different
frequencies. The linear slopes at input frequencies
of 0.9, 1.0, and 1.1 MHz are 0.299, 0.661 and
0.87, respectively. All experiment results are con-
sistent with the ultrasonic theory and simulation re-
sults, concluding that the experiment data exhibit
good coherence.

The experimental data presented in Figs.10
and 11 indicate that the ultrasonic amplitude decreas-

es while the nonlinear parameter increases as the

- 0.9 MHz A
| —&— 1.0 MHz

W

N
T

Nonlinear parameter 5’
) w

—
T

0 1 2 3 4
Impact number

W

Fig.11 g’ versus impact number at different input frequen-

cies in experiment

number of impacts grows. Furthermore, compared
with the linear fit slopes at input frequency of 0.9
and 1.0 MHz, that at 1.1 MHz exhibits the highest
absolute slope value of —0.2 for linear ultrasonic
amplitude and the highest slope value of 0.87 for the
relative nonlinear parameter 8" with respect to the
number of impacts. This indicates that increasing
the input frequency enhances the sensitivity of both
ultrasonic detection techniques. The linear fit slopes
for A" at frequencies of 0.9, 1.0 and 1.1 MHz are
0.29, 0.66, and 0.87, respectively. They are signifi-
cantly higher than the corresponding slopes for ultra-
sonic amplitude, which are —0.07, —0.19, and
—0.2, as shown in Fig.10.

Table 1 summarizes the linear fit slope and
standard error o of linear parameter A, and nonlinear
parameter 8’ for the signal detected by the linear and
nonlinear ultrasonic detection. In the simulation, the
standard error ¢ of linear fit curve for A; is 0.16,
0.16, and 0.18 at input frequencies of 0.9, 1.0, and
1.1 MHz, which is smaller than corresponding o val-
ues of 0.30, 0.29, and 0.52 for ,8’. This indicates
that linear ultrasonic detection has a better degree of
linear fitting due to the smaller value of 6. The lin-
ear fit slopes of 8" are 0.25, 0.38, 0.92 for input fre-
quencies of 0.9, 1.0 and 1.1 MHz, respectively,
which are larger than the slopes of A,. However,
since ' is calculated by A,/A7, it was found that
the increase rate of 1/A7 induced by the ultrasonic
amplitude is greater than that of 3'. Consequently,
the increase in B’ is primary attributed to the de-
crease in A, indicating that the linear ultrasonic sen-

sitivity is higher than nonlinear ultrasonic sensitivi-
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ty. Experimental results of CFRP laminate are con-
sistent with simulation results presented in Table 2.
The phenomenon differs from the published re-

sults'®’

. The reason may be that the dimension of
matrix crack and delamination exceeds the sensitive
range of nonlinear ultrasonic detection. The larger
size of impact damage makes the ultrasonic wave
mainly reflect rather than distort when it propagates
through the damaged surface. Furthermore, CFRP
laminate has a large number of interfaces and intensi-
fiers, and second harmonic wave with longer short
wavelength is more susceptible to be reflected by
the interface and intensifiers, making it difficult to

accumulate.

Table 2 Linear-fit slope and standard error of ultrason-

ic detection at different input frequencies

Input frequency/ Simulation Experiment
MHz A g A, g
0.9 Slope  —0.11 0.25 —0.07  0.29
o 0.16 0.30 0.03 0.18
r Slope  —0.12  0.38 —0.19  0.66
o 0.16 0.29 0.15 0.88
11 Slope  —0.14  0.92 —0.20 0.87
o 0.18 0.52 0.29 1.00

Compared with linear ultrasonic, nonlinear ul-
trasonic needs more complex data processing. In
terms of bandwidth, nonlinear ultrasonic needs to
detect higher harmonics, indicating that a higher
bandwidth is required for ultrasonic sensors and in-
struments. Furthermore, the fundamental wave is
over 100 times greater than the second harmonic
wave in terms of amplitude, as shown in Figs.3(c)
and 9(c). Thus in this research, the linear ultrason-
ic detection is generally superior to the nonlinear al-
ternative for the detection of impact damage in a
crossply CFRP.

4 Conclusions

A finite element model of CFRP laminate is
constructed to assess the impact damage by analyz-
ing linear and nonlinear ultrasonic parameters. All
the simulation results are solidly validated via exper-
iments. The main finding of this research can be

summarized as follows:

(1) The number of impact damage can be ef-
fectively evaluated using linear and nonlinear ultra-
sonic detections.

(2) The fundamental amplitude of ultrasonic
wave decreases linearly, whereas the nonlinear pa-
rameter increases with the growth number of impact
damage.

(3) The increase in input frequency of ultrason-
ic waves can improve both the linear and nonlinear
ultrasonic sensitivities.

(4) Compared with the nonlinear ultrasonic,
the linear ultrasonic technique is more suitable to as-
sess the number of impact damage in a CFRP lami-
nate because of its advantages with respect to the lin-
ear-fit slope, complexity of data processing, and re-

quirement of the instrument.
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