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Abstract: Local defected resonance (LDR) is a recently-developed non-destructive testing method, which identifies

damage by detecting the vibrational response of the structural surface under the wideband ultrasonic excitation. The

concept of LDR is studied and applied for damage imaging of delamination in composite laminates. Aiming at the

problem of poor anti-noise ability and inaccurate damage identification in traditional detection process, an LDR-based

multi-frequency method is proposed. Experimental results show that the proposed method can realize the localization

and imaging of delamination damage in composite materials.
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0 Introduction

Composite materials are more and more widely
used in advanced engineering structures due to high
specific strength, light weight, resistance to fatigue/
corrosion and flexibility in design'"’. In view of the
particularity of the structure, various defects such as
delamination and debonding are easily generated
during manufacturing and service, which affect the
structural integrity. To assure the structural perfor-
mance of composite components, several NDT
techniques have been developed and implemented
over the last decades, including ultrasonic testing,
eddy currents, acoustic emission, and thermogra-
phy etc.””*.

Local defected resonance (LDR) is a newly de-
veloped acoustic vibration nondestructive testing

technology in recent years'” "’

. The presence of a de-
fect leads to a local decrease in rigidity for a certain
mass of the material and therefore manifests in a par-
ticular characteristic frequency of the defect. A fre-

quency match between the driving ultrasonic wave
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and this characteristic frequency provides a LDR
and results in efficient energy pumping into the de-
fect area'”’. The majority of all LDR-based methods
can be divided into two main groups. The first
group is based on the so-called derivative effects in
acoustic wave-defect interaction. They include, for
instance, nonlinear, thermal, acousto-optic respons-
es also applied for NDE and acoustic imaging of

%91 The second group is mainly combined

damage
with laser vibration measurement technology to ob-
tain the vibration response of the structure surface

HO1  The size and loca-

under wide-band stimulation
tion of the damage are determined by analyzing the
structural mode shapes and identify the LDR modal.

However, some real defects, in particular, de-
lamination in composite laminates plate, the local vi-
bration modes of the defects are complex, and the
detection results are susceptible to noise interfer-
ence. In this paper, a multi-frequency method based
on near-LDR frequency band is proposed and used
to detect defects. The results validate the delamina-

tion assessment capabilities of the methodology.
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1 Experimental Setup

The LLDR based laser vibrometry method is ap-
plied to a case study of composite laminate plates.
Before the experiment, a specimen containing two
delamination, as shown in Fig.1, has been manufac-
tured. The composite plate has an in-plane dimen-
sion of 200 mm X 200 mm with a stacking sequence
of [0,/90,/0,/90,] and the nominal thickness is
1 mm. Delamination was introduced by laying down
a 20 mm X 20 mm X 0.05 mm thick Teflon ply dur-
ing layup. In #1 defect, delamination is placed in
the corner, centering at 3/4 of each side, between
the 2nd and 3rd layers. In #2 defect, delamination is
moved to the middle of the plate, between the 4th
and 5th layers.
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Fig.1 Delamination configuration

The experimental arrangement for NDT sys-
tem is presented graphically in Fig.2. The compos-
ite plates were freely suspended using elastic cords.
A piezoelectric transducer (=5 mm) , attached to
the sample surface, was excited with a broadband
periodic chirp signal with frequency bandwidth 62.5
kHz and forces the sample to vibrate accordingly. In
the conducted experiments, the surface vibration re-
sponse in a rectangular grid containing the delamina-
tion on the top surface of the sample was recorded
by means of a laser Doppler vibrometer (LDV).
The recorded signals are then transformed to the fre-
quency domain using the fast Fourier transform
(FFT) through the Polytec software'*"'. The

LDR corresponds to the resonance of damage area
and modal analysis was used to identify the local res-

onance modes.

Fig.2 Experimental setup

2 Results and Analyses

The defect is first detected using the traditional
modal analysis method, and then the multi-frequen-
cy method is proposed and applied to damage imag-
ing. Finally, the detection results of these two meth-

ods are compared.

2.1 Delamination damage detection based on

modal analysis

Traditional LDR-based laser vibrometry meth-
od detects damage by analyzing the structural modal
at different frequencies to identify the LDR modes
and then images the defects according to the LDR
mode shapes' """, Fig.3 shows four typical modes of
a laminate with delamination under the excitation of
a wideband signal (0—62.5 kHz) in the experiment.
We can find that in low frequency range, it repre-
sents the vibration modal of the whole structure
(Figs. 3 (a) , (b) ). As the frequency increases,
when the frequency associated with the LDR fre-
quency, the local vibration amplitude of the defect
area increases dramatically, which is the LDR mode
(Fig.3(c) ). Under the excitation of other frequen-
cies, the response of structural surface has no obvi-
ous features (Fig.3(d)).

After identifying the LDR mode, the location
and shape information of the defect can be obtained.
Fig. 4 shows the results of #1 delamination, the
depth of defect is 0.75 mm. The fundamental LDR
frequency was found at 40 kHz and the associated
mode shape is illustrated in Fig.4(a). Here, the lo-

cally magnified amplitude can be clearly observed in



30 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 37

(c)f=39.4kHz (d)f=419kHz
Fig.3 Typical vibration mode characteristics of the

specimen

the corner of the plate, where the delamination was
detected. According to the vibration mode, the 2D
defect imaging result is shown in Fig.4(b). The cal-
culated area of the delamination is about 142 mm®,
which is smaller than the actual damage area (400
mm?) , and the defect shape information is inaccu-

rate.

(@)f=40kHz  (b) Damage imaging result
Fig.4 Results of 0.75 mm delamination in CFRP

For the #2 defect with a depth of 0.5 mm at the
center of the composite plate, the same method can
be used to identify the LDR modes and the results
are shown in Fig.5. The first-order LDR mode and
the corresponding LDR frequency is determined at
30.8 kHz. The defect shape is easily recognizable
(see Fig.5(a) ), but it is underestimated. The de-
fect area is calculated to be 130 mm?* approximately,
which is much smaller than the actual damage size,
with a relative error of 67.5%. The results indicate
that only the position of the damage can be obtained
while the damage shape is different from the actual
damage. Subsequently, a second-order LDR mode
occurs at 59 kHz in the high frequency range (Fig.5
(b)). According to the second-order LDR vibration

mode for 2D damage imaging, the damage area is

calculated to be about 355 mm” with a relative error
of 11.3%, which is better than the first-order LDR
imaging result. At the same time, the damage loca-
tion and shape information are more accurate. The
analysis of resonance vibrations in different LDR
modes has shown that the higher-order LDR is
more sensitive to the boundary of the damage than

the fundamental LDR modal.

(a) Vibration modes at the fundamental LDR (30.8 kHz)
and 2D imaging

(b) Vibration modes at the second harmonic LDR (59 kHz)
and 2D imaging

Fig.5 Results of 0.5 mm delamination in CFRP

2.2 Near LDR frequency band multi-frequen-
cy method

By analyzing the spectrum, we find that for a
composite structural laminate containing a delamina-
tion defect, the resonant peak of the LDR is rela-
tively flat, which is different from the spectrum
characteristic corresponding to the overall vibration
mode of the structural at a low frequency. Fig.6 is a
portion of the spectrogram of the measured point lo-
cated in the defect area, and the LLDR resonance
peak is marked. We define the LDR bandwidth Af
as the difference between the frequencies f; and f,
corresponding to V = 0.5V ( —6 dB bandwidth)
on both sides of the resonance peak. The LDR band-
width is calculated to be approximately 3 kHz in this
case, where the structure exhibits a local vibration
mode limited to the defect area. Due to the complex-
ity of delamination and the influence of noise, the
LDR modes corresponding to different frequencies
will not be same, which leads to poor anti-noise abil-

ity of traditional vibration-based methods and the de-
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tection result of the defect is seriously distorted.
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Fig.6 Frequency response of delamination in a CFRP

plate

Based on the LDR effect, under the excitation
of different frequencies in the LDR band, the vibra-
tion response of the measuring point at the defect
dramatically increases compared with the point at
healthy area. Therefore, superimposing the damage
feature of all frequencies distributed in the LDR
band can weaken the influence of single frequency
and evaluate the health status of the point more accu-
rately. Assuming that the velocity response signal of
the point acquired by LDV is F(f), the LDR band
is Af and FFT lines can be calculated by n=Af/r
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easily (r is the frequency resolution). Defining the

damage factor D ,, as follows

SUF()-F(r) ]

i=1

DA/’:
n

where F (/) is the complex conjugate of F (f).
Eq.(1) first calculates the auto-power spectrum of
F(/), and then obtain the root mean square of differ-
ent frequencies located in the LDR band. The ob-
tained damage factor D, reflects the vibration ener-
gy of the measuring point within this bandwidth.
After identifying the LDR mode, the damage
location can be determined and then the spectrum of
the damage point can be obtained. For #1 delamina-
tion, the LDR frequency is found to be 40 kHz, and
the bandwidth of the LDR is calculated about 4 kHz
distributed in the frequency band of 38—42 kHz.
Taking the points on the straight path pass through
the damaged area as sampling, we draw the mode
profile curve of different excitation frequencies in
the LDR band (Fig.7). The defect is distributed in
the x-coordinate in a range of 15—35 mm. We
found that as the excitation frequency changes, the
position and width of the resonance peak change due

to the influence of noise.

—_
(=

o
)

e
=N

<
~

e
o

Normalized amplitude

1 1 1 L

0 10 20 30 40 50
X/ mm

(b) 38.61 kHz

e
o

N g I =
N [=)) o (=
T T T

Normalized amplitude
S
o

1 L 1

0 10 20 30 40 50
X/ mm

(d) 40.66 kHz

e
o

Fig.7 Normalized amplitude profiles of different LDR modes in #1 delamination
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Using the LDR-based multi-frequency meth-
od, we calculate the damage factor D ,, of scan point
on the straight path through the delamination area
according to Eq.(1) and plot the D,, amplitude
curve. The results are shown in Fig.8, which re-
veals the location of defect (15—35 mm). It can be
seen that when the measuring point located in the
defect area, D, increases observably, and the am-
plitude curve of the damage factor is smoother than
the mode profile at mono LDR frequency. It is indi-
cated that the energy magnitude of the measuring
point can accurately determine the health state of the
measuring point.

For composite structures, the surface reflec-
tion signal received by the LDV scanning head is

weak, which leads to the fluctuation of detection re-
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Fig.8 Normalized amplitude of D ,, pass through # 1 de-

lamination

sults. For #2 delamination, the LDR bandwidth cal-
culated from the damage point spectrum is about
5 kHz, distributed in the frequency band of 28—
33 kHz. Arbitrarily taken four different frequencies
in the LDR band, the corresponding mode profile
curve is shown in Fig.9, and the defect is distribut-

ed in the 2—coordinate with a range of 20—40 mm.
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Under the exciting of 30.66 and 31.35 kHz, a
small peak not belonging to the LDR occurs at the
position x = 10 mm outside the defect area. This
could have been expected as the poor quality of the
individual measurement points. For the points on
the same path, the multi-frequency method is used

to calculate D ,, and the amplitude curve is shown in

X/ mm
(d) 32.11 kHz

Fig.9 Normalized amplitude profiles of different LDR modes in #2 delamination

Fig. 10. Compared with the mono-frequency LDR
mode profile curve, the unexpected values at some
frequencies are suppressed. A smooth peak appears
in the defect area of 20—40 mm, which can accu-
rately obtain the health status of the measuring point
and reflects the geometric information of the defect.

After obtaining the spectrum of all measure-
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Fig.10 Normalized amplitude of D, passing through # 2

delamination

ment points in the entire scan area containing two
defects, we calculate the normalization damage fac-
tors at 28—33 kHz and 38—42 kHz. The 2D dam-
age imaging results of two different depth delamina-
tions in the laminate based on D,, are shown in
Fig.11. The actual defect size is marked with a dot-
ted line in Fig.11.

0 20 40 60 80 100 120 140 160
X/ mm
(a) Results of #1 delamination

0 20 40 60 80 100 120 140 160

(b) Results of #2 delammatlon
Fig.11 2D damage imaging based on D,

The area of the detected damage region in ¥#1
delamination is 319 mm” approximately. Comparing
with the traditional mono-frequency mode method,
the relative error of damage area is reduced by
44.2% . The area of the detected damage region in #
2 delamination is 436 mm?® approximately, and the
relative error is 9%. The results of two different
damage imaging methods are shown in Table 1.

The results indicate that using the LDR-based
multi-frequency method can weaken the influence of

single frequency and significantly improve the anti-

Table 1 Results comparison of different imaging method

LDR mode
Error of
Domain Fundamental/ Second-order/ D,
2 2 DA// %
mm mm? !
Actual area 400 400 400
#1 delamination 142 319  20.3
#2 delamination 130 355 436 9

noise ability. The obtained shape information of the

defects 1s more accurate.

3 Conclusions

The method for delamination detection is inves-
tigated in composite laminates plate based on multi-
frequency LLDR. Firstly, the defect is detected using
the traditional modal analysis method and studies
the vibration modal characteristics of the composite
plate under wideband excitation. Aiming at the prob-
lem of poor anti-noise ability and inaccurate defect
area identification, a near LLDR frequency band
multi-frequency method is proposed and used to de-
tect defects. The results of experiment and analysis
indicate that the method can effectively improve the
anti-noise ability of the LDR method and detect the

damage area more accurately.
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