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Abstract: Diffuse wave inspection benefits from multiple scattering and is suitable for the
nondestructive testing of complex structures with high sensitivity. This paper aims to localize the defect
in a cross-ply carbon fiber reinforced polymer composite with the diffuse wave field experimentally
based on the Locadiff technique. Firstly, the wave diffusivity and dissipation parameters are
determined from the diffuse waveforms. Great dissipation is found for this composite plate due to its
strong viscoelasticity, which makes the amplitude attenuate fast in a short propagation distance. The
signal-to-noise ratios degrade significantly at off-axis directions so that only measurements along the
X and Y axes are chosen. Secondly, the decorrelation coefficients are determined using the stretching
technique. The decorrelation coefficients decrease initially due to the interaction between the wave
fields and the defect and subsequently increase due to the low signal-to-noise ratio at the later time.
Based on these data, a sensitivity time domain is chosen to center at t = 50 µs. Together with the defect
sensitivity kernel calculated under constant diffusion property assumption, the defect is localized
at [270 mm, 265 mm] compared to [300 mm, 280 mm] in the final reference state. This method is
promising for early damage detection in fiber reinforced composite structures.

Keywords: diffuse ultrasonic waves; cross-ply fiber reinforced composite; defect localization

1. Introduction

Fiber reinforced polymer composites are becoming increasingly important in modern industries
due to their high specific strength-weight ratio, anti-corrosion properties, and recyclability. They are
manufactured using different processes such as resin transfer molding, extrusion, and automated
tape placement, according to different property requirements. Recently, additive manufacturing,
combined with various reinforcement control methods (e.g., standing-wave field [1], magnetic field [2],
rotational deposition [3]), has come to be considered a cost-efficient method for composite design
and manufacturing. During these processes, defects such as voids, cracks, and delaminations may be
introduced into the part and lead to structure failure in service.

Defect localization and characterization are critical in modern lightweight structures made of fiber
reinforced composites. The early detection of these defects is beneficial to the structural integrity and
maintenance. Different methods have been exploited in recent years, including pulse-thermography [4],
ultrasonic [5], X ray, acoustic emission [6,7], and electric resistance variation [8,9]. Among all these
methods, ultrasonic testing is considered to be promising for in-situ or online inspection. Localization
sensitivity can be improved through a higher ultrasonic frequency, but with regards heterogeneous
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materials such as concretes, biology tissues, and fiber reinforced composites, wave propagation becomes
more complicated with increasing frequency. A full understanding of such process and proper signal
processing methods is required to overcome or even benefit from scattering and attenuation phenomena.

The complex internal fiber distribution results in multiple scattering in the fiber reinforced
composite. In such mediums, the whole waveform can be separated into the direct (ballistic, the first
arrival) wave part and the diffuse wave part [10]. The direct wave is often strongly attenuated and
only exists for a short distance that corresponds to the transport mean free path [11]. Subsequently, the
energy of the direct waves rapidly converts into late-arriving diffuse waves [12]. The conventional
ultrasonic inspection methods tend to lower the frequency to prevent the difficulties brought by
attenuation and scattering. They often rely on the information from the direct wave part including the
C scan method [13] and the Lamb wave inspection method [5]. The former has been widely accepted in
aerospace industry to check defect existence in composite structures with considerable capital cost, and
the latter is suitable for thin plate structures and can improve inspection efficiency. Nevertheless, careful
interpretation of different propagation modes and boundary reflections/refractions are required [14].
By contrast, the diffuse wave is repeatable and independent of the direct wave path [15], and it
can also be applied to structure inspection. Being treated as ambient noise [16] for a long time, the
diffuse wave is found to contain valuable information, especially in seismology and civil engineering.
Weaver and Lobkis [17] showed that the cross-correlation of two diffuse wave fields from the same
excitation is equal to the direct response of one transducer to an impulse applied to the other. More
recently, there has been a growing interest in using Green’s function recovery technique to study the
temperature effect on subsurface velocity variation in the lunar environment [18], to improve the
near-surface ultrasonic array imaging resolution [19], etc. By comparing diffuse waves before and after
external perturbations, time-lapse monitoring such as stress change [20], temperature variation [21],
and progressive damage [22] can be achieved locally from only one fixed transmitter-receiver pair.
Meanwhile, cross-correlation techniques with different stability and computational costs [16] have been
developed under various names (e.g., cross-spectral moving-window technique (CSMWT), doublet
method, stretching method, coda wave interferometry (CWI)) in different research communities.
In 2002, Snieder et al. [23] showed that, together with the sensitivity kernel, the CWI technique can
be expanded to have a full-field velocity perturbation. Similarly, Rossetto et al. [24] introduced an
innovative technique called Locadiff for weak change inspection including emerging defects. Prior
knowledge of the materials or exact wave propagation distance is not necessary with this method,
which could be important for anisotropic structures [25]. Locadiff has been applied successfully for
crack localization in pre-cracked concrete specimens under four point bending [12] with a spatial
resolution of a few centimeters. The correlation/decorrelation coefficients are influenced by crack- and
deformation-induced geometry changes. On-site detection of three dimensional multiple pre-existing
cracks is also realizable for an aeronautical wind tunnel [26]. Combing the Locadiff and CWI
techniques [23] together, both the microstructure and velocity variation fields can be obtained to better
understand the mechanical behavior of natural rock samples [27].

Because of its great potential for structural health monitoring and nondestructive evaluation in
complex structures, diffuse wave inspection has been investigated for fiber reinforced composites as
well. Zhu et al. [28] have used coda waves to determine the internal stress in a polymer composite.
Livings et al. [29] have explored the sensitivity of diffuse wave correlation coefficients, amplitude
spectrum, and phase spectrum under different fatigue cycles for unidirectional carbon fiber reinforced
polymer composites ([90/45/-45/906]S). Waveform variation is not only caused by the fatigue cycle
number, but also by the gain change, couplant type, excitation source type, frequency, etc. Although
diffuse wave analysis can detect fatigue induced micro-cracks theoretically, precautions should
be taken for all these experimental factors. Patra et al. [30] have applied a modified stretching
technique to evaluate the progressive damage state of woven carbon fiber composites online under
high-cycle-low-load fatigue loading. The precursor damage index (PDI), which is defined as the
cumulative sum of the stretch parameters, can indicate the local formation of micro-scale defects. The
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sudden slope change of the PDI represents the stress state change from concentration to relaxation
during defect generation. Recently, Pascal et al. [31] applied coda wave interferometry to monitor
micro crack propagation in a polypropylene sulfide based carbon fiber composite with a layering
sequence of [0◦/90◦, -45◦/45◦, 0◦/90◦, -45◦/45◦]s during a four point bending test. The relative velocity
evolution can be derived from waveform correlations, which indicates the damage state.

To date, few attempts have been made to investigate defect localization in fiber reinforced
composites with diffuse wave inspection. The present work aims to understand this procedure
experimentally for a single defect localization in a cross-ply fiber reinforced structure. We will first
review the Locadiff technique based on diffuse wave field. Then, the experiment results will be
presented and analyzed.

2. Theoretical background

During diffuse wave propagation in a non-homogeneous material, the energy I(S, R, t) of a diffuse
wave in a defined frequency for a source I0 can be described by the diffusion equation [32]:

∂I(S, R, t)
∂t

−D∆I(S, R, t) + kI(S, R, t) = I0, (1)

where D is the wave diffusivity, k is the dissipation parameter, t is the time, I(S, R, t) is the energy
propagated from a source S to a receiver R. Equation (1) describes the spatio-temporal variation
of the diffuse wave field. A more accurate description can be obtained from the radiative transfer
equation [33].

Supposing the waveforms ϕA(S, R, t) and ϕB(S, R, t) can be obtained before and after a defect
appearance during experiments, they are related with the energy through Equation (2) [24,34]:

〈ϕA(S, R, t)ϕB(S, R, t)〉 = I(S, R, t) −
cσ
2

∫ t

0
I(S, x, u)I(x, R, t− u)du, (2)

in which c is the wave velocity, σ is the scattering cross-section, and x is the defect location. It can be
normalized into Equation (3):

〈ϕA(S,R,t)ϕB(S,R,t)〉
√
〈ϕA

2(S,R,t)〉〈ϕB2(S,R,t)〉
= CC(S, R, x, t) = 1−DC(S, R, x, t) = 1− cσ

2

∫ t
0 I(S,x,u)I(x,R,t−u)du

I(S,R,t) , (3)

in which CC(S, R, x, t) is the correlation coefficient and DC(S, R, x, t) is the decorrelation coefficient.
They all depend on the time and the positions of the source, the receiver, and the defect location.
DC(S, R, x, t) = 0 when no defect presents (σ = 0) and DC(S, R, x, t) = 1 when the two waveforms
are absolutely different (e.g., with large cracks). The decorrelation coefficient is related to the defect
sensitivity kernel function K(S, R, x, t) using Equations (4) and (5) [35]:

DC(S, R, x, t) =
cσ
2

K(S, R, x, t), (4)

in which

K(S, R, x, t) =

∫ t
0 I(S, x, u)I(x, R, t− u)du

I(S, R, t)
(5)

Equation (5) does not have an analytical form in general and should be calculated numerically [33].
Once DC(S, R, x, t) and K(S, R, x, t) are obtained, the defect location can be predicted from different

inversion algorithms, e.g., the linear least square inversion method [35] and the Monte Carlo Markov
chain method [36]. Here a classical grid search method is used to find the most likely defect position
using the cost function below:

e(x) =
∑
S,R

DC(S, R, x, t)2

ε2 −
(
∑

S,R DC(S, R, x, t)K(S, R, x, t))2

ε2∑
S,R K(S, R, x, t)2 , (6)

The probability density of the defect appearance at x is defined in Equation (7):

p(x) =
1
C

exp(−
e(x)
2ε2 ), (7)
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where ε is a fluctuation parameter for the measured decorrelations and C is a normalization constant.

3. Experiments

A [0◦/90◦]12 carbon fiber reinforced epoxy composite laminate made using a hot press process
with unidirectional prepregs (Toray) is studied here; the experimental set-up is shown in Figure 1a. The
plate is 510 mm × 510 mm × 3 mm in dimension. Since the thickness is small compared to the length
and width dimensions, we will treat the plate as a two-dimensional model based on Equation (1).
Due to the high attenuation of ultrasonic waves in the composite plate (4.3 dB/cm at 5 MHz [37]), the
pitch-catch configuration is chosen and the gain is 17 dB. The high-pass filter is 1 MHz, while the
low-pass filter is 10 MHz. The longitudinal transducer (A551S 5 MHz, Olympus, Inc., Tokyo, Japan) is
excited using a pulsed source from a signal generator (Shantou Goworld Display Co., Ltd., Shantou,
China). The waveform is recorded using a same type longitudinal transducer through an oscilloscope
(TBS1202B, Tektronix, Inc., Beaverton, OR, USA) connected to a personal computer. The ultrasonic
sensors are fixed to the plate by 3D printed fixtures with springs inside to apply constant forces on the
sensors. A high viscosity couplant can provide good wave transmission and a traditional honey is
applied. The defect is simulated using a circular piezoelectric medium attached to the composite plate
surface [38]. Signals are amplified and averaged over 10 acquisitions for each source-receiver pair to
minimize noises such as the rapid changes of capacitances between conductors due to flexing, twisting,
or transient impacts on cables. Furthermore, since an important signal variation has been observed
with a minor sensor movement, the defect is attached and detached repeatedly while keeping each
source (S)-receiver (Rn, n = 1–4) pair fixed during signal recording (Figure 1b).
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Figure 1. (a) Experimental set-upand (b) measurement scheme.

A typical waveform from S-R1 is presented in Figure 2. No first arrival time variation can be
observed using an amplitude threshold picker [39]. The wave diffusivity and the dissipation parameter
can be decided from the waveform envelope through the Hilbert transform based on Equation (1)
that D = 100 m2/s and k = 3 × 105 /s. The dissipation parameter k is an indication of viscoelasticity,
which describes the exponential decay at late times. It is much larger than that of concrete with
5500/s [26]. These values fit well with waveforms in 0◦ and 90◦ directions. In contrast, the waveforms
from off-axis directions (30◦ and 60◦) have poor signal-to-noise ratios, as shown in Figure 3. It can be
difficult for the diffusion property to be decided in those directions, which makes measurement with
an arbitrary sensor location unreliable. Only the measurements along the X and Y axes are chosen
here, and a constant diffusion property is assumed during the defect sensitivity kernel calculation
under the measurement scheme in Figure 1b. The first arrival time is about 10 µs and gives a group
velocity of 8000 m/s along the X and Y axes. In fact, the directivity of the group velocity [40] does not
interfere with the defect localization procedure according to Equation (6). The transport mean free
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path L* = 2D/c ≈ 0.025 m is less than the transmitter-receiver pair distance 0.08 m, which ensures the
ultrasonic wave is multiple scattered. The wave diffusivity is a characteristic of the microstructure
which relates to the arrival time of the maximum energy density and decreases with frequency. A large
variation of D has been found for concrete, from 10 m2/s [32] to 70 m2/s [26], because of its internal
structure variation and frequency sensitivity to the diffuse wave. This can be expected as well for fiber
reinforced composites. Quiviger et al. found that D varies from 17 to 10 m2/s, while the crack size
increases from 1cm to 5.5 cm [32]. However, the defect generated here is weak enough that D remains
unchanged. This mimics an early stage surface crack initiation.
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4. Results and Discussion

4.1. Decorrelation Coefficient and Defect Sensitive Window

According to Equation (3), the correlation and decorrelation coefficients can be determined from
the waveforms with and without a defect. The stretching method demonstrates great stability to
external noise and is applied here [16]. The decorrelation coefficients can be calculated according to
Equation (8):

DC(ε) = 1−CC(ε) = 1−

∫ t2
t1 hk[t(1− ε)]h0[t]dt√∫ t2

t1 h2
k [t(1− ε)]dt

∫ t2
t1 h2

0[t]dt
, (8)

in which the window length T = t2 − t1 is set to 10 µs and the beginning of the time window t1 is shifted
sequentially with a time step of 5 µs each time. The stretching factor ε is chosen to vary from −0.015 to
0.015, from which the decorrelation coefficient is decided when reaching the minimum (Figure 4). The
total results for all decorrelation coefficients varied with time are shown in Figure 5. They all increase
with time as a growing interaction between the diffuse wave field and the defect takes place. The
maximum coefficients are found when t1 = 45 µs, which is chosen for the defect localization study.
S-R1 and S-R2 are more sensitive to the defect compared to that of S-R3 and S-R4 due to their different
positions relative to the defect. After t1 = 45 µs, the decorrelation coefficients decrease because of the
reflection part interference and signal attenuation.

Appl. Sci. 2019, 9, x 6 of 11 

4. Results and Discussion 

4.1. Decorrelation Coefficient and Defect Sensitive Window 

According to Equation (3), the correlation and decorrelation coefficients can be determined 
from the waveforms with and without a defect. The stretching method demonstrates great stability 
to external noise and is applied here [16]. The decorrelation coefficients can be calculated according 
to Equation (8): 𝐷𝐶(𝜀) = 1 − 𝐶𝐶(𝜀) = 1 −  ೖ[௧(ଵିఌ)]బ[௧]ௗ௧మభට ೖమ[௧(ଵିఌ)]ௗ௧మభ  బమ[௧]ௗ௧మభ , (8) 

in which the window length T = t2- t1 is set to 10 μs and the beginning of the time window t1 is shifted 
sequentially with a time step of 5μs each time. The stretching factor 𝜀 is chosen to vary from -0.015 
to 0.015, from which the decorrelation coefficient is decided when reaching the minimum (Figure 4). 
The total results for all decorrelation coefficients varied with time are shown in Figure 5. They all 
increase with time as a growing interaction between the diffuse wave field and the defect takes 
place. The maximum coefficients are found when t1 = 45 μs, which is chosen for the defect 
localization study. S-R1 and S-R2 are more sensitive to the defect compared to that of S-R3 and S-R4 
due to their different positions relative to the defect. After t1 = 45 μs, the decorrelation coefficients 
decrease because of the reflection part interference and signal attenuation.  

 
Figure 4. Decorrelation coefficient calculation example for the waveforms presented in Figure 2 
when t1 = 45 μs (decorrelation coefficient = 0.0679 when ε = 0.0026). 

Figure 4. Decorrelation coefficient calculation example for the waveforms presented in Figure 2 when
t1 = 45 µs (decorrelation coefficient = 0.0679 when ε = 0.0026).



Appl. Sci. 2019, 9, 2334 7 of 11

Appl. Sci. 2019, 9, x 7 of 11 

 
Figure 5. Decorrelation coefficients varied according to time. 

4.2. Kernel Function  

The defect sensitivity kernel represents the probability of a wave sent from location S to pass at 
location x and then to arrive at location R after period of time t [11]. Considering the source images 
due to the four straight boundaries of the plate, the detection diameter Zdetection is 260 mm when t = 45 
μs, as shown in Figure 6 based on Equation (5). The diffuse wave field is mostly sensitive to the 
defect in this range. In fact, the diffusion model simplifies the energy distribution and neglects the 
diffuse field-defect interaction after t = 65 μs, as previously shown in Figure 2. All the pressure 
amplitudes are equal to zero in that period. The whole space is then discretized into 300 × 300 
elements for the possible location of the defect, and a further mesh refinement gives no more 
localization resolution improvement. 

 

Figure 6. Sensitivity kernels and detection zone. 

Figure 5. Decorrelation coefficients varied according to time.

4.2. Kernel Function

The defect sensitivity kernel represents the probability of a wave sent from location S to pass at
location x and then to arrive at location R after period of time t [11]. Considering the source images due
to the four straight boundaries of the plate, the detection diameter Zdetection is 260 mm when t = 45 µs, as
shown in Figure 6 based on Equation (5). The diffuse wave field is mostly sensitive to the defect in this
range. In fact, the diffusion model simplifies the energy distribution and neglects the diffuse field-defect
interaction after t = 65 µs, as previously shown in Figure 2. All the pressure amplitudes are equal to
zero in that period. The whole space is then discretized into 300 × 300 elements for the possible location
of the defect, and a further mesh refinement gives no more localization resolution improvement.
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4.3. Defect Localization and Error Discussion

Once the decorrelation coefficients and kernel function have been calculated in the defined time
domain, the localization is found to be in [270 mm, 265 mm] based on Equations (4)–(7), as shown in
Figure 7. A further comparison is made among different time windows in Figure 8. The localization
error varies from 13.5% to 6.7%. It decreases initially due to the increasing interaction between the
diffuse wave and the defect. The direct reflection wave is estimated to arrive at the defect position at

tre f lection =
255+(255−80)

8000 = 53 µs. Subsequently, the localization error increases because of the lowering
sensitivity of the waveform to the defect shown in Figure 5, which may be caused by the reflection
and attenuation. Although they suffer a lot from attenuation, which limits the inspection domain, a
meaningful signal can still be extracted.
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In addition to the severe signal-to-noise ratio degradation due to viscoelasticity, the moderate
defect localization deviation mainly comes from two aspects. Theoretically, wave diffusivity and
dissipation parameters are assumed constant in the kernel calculation model, which varies according
to the directional angles. This approximation contributes to the error in the kernel calculation and
grid search procedure in Equation (6). Experimentally, the signal obtained from each pair is the
averaged information from the sensor’s field of view. Localization sensitivity may be lost to some
extent so that error is introduced as well. The sensor diameter and distribution could be optimized in
the future between the direction sensitivity and inspection efficiency in order to obtain high defect
localization precision.

5. Conclusions

Fiber reinforced polymer composites can possess complex structures from macroscopic to
microscopic scales, which makes their quality assurance difficult. Diffuse wave inspection relies on
the multiple scattering process containing rich structure information. It gives a new insight into
high frequency ultrasonic inspection for such viscoelastic, inhomogeneous, and anisotropic structures.
The diffuse wave field is attenuated fast, while the decorrelation coefficient decreases first with
increasing sensitivity to the defect and increases later because of signal-to-noise ratio degradation.
Wave diffusivity is assumed constant under the measurement scheme only along the X and Y axes.
The most defect sensitive time window is decided in the range of 45–55 µs. Limited by the sensor
diameter and waveform attenuation, the defect is found to locate at [270 mm, 265 mm] compared to
[300 mm, 280 mm] in the intact state in the given window. This method is promising for early crack
detection in various advanced composites in three dimensions. Since the diffuse wave is the statistical
summation of random walk ray-paths [23], more experimental studies are expected for different fiber
structures. Further investigation of how to distinguish signals from noises in diffuse waves is expected
in viscoelastic media, which could be critical for defect localization.
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