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Abstract: Discrete defects in thick composites are difficult to detect for the small size and the structure
noise that appears in multilayer composites. In this paper, a nonlinear method, called recurrence
analysis, has been used for characterizing discrete defects in thick section Carbon Fiber Reinforced
Polymer (CFRP) with complex lay-up. A 10 mm thick CFRP specimen with nearly zero porosity
was selected, and blind holes with different diameters were artificially constructed in the specimen.
The second half of the backscattered signal was analyzed by recurrence analysis for areas with or
without a defect. The recurrence plot (RP) visualized the chaotic behavior of the ultrasonic pulse,
and the statistical results of recurrence quantification analysis (RQA) characterized the instability of
the signal and the effect of defects. The results show that the RQA variable differences are related
to the size of blind holes, which give a probable detection of discrete geometric changes in thick
multilayer composites.

Keywords: thick multilayer composites; discrete defects; ultrasonic pulse echo; nondestructive
testing (NDT); recurrence plot (RP); recurrence quantification analysis (RQA); statistical results;
chaotic behavior

1. Introduction

Carbon Fiber Reinforced Polymer (CFRP) is one of the most widely used multilayer composites
in aerospace due to its specific features, such as high ratio of strength to weight, high modulus,
and high fatigue resistance. Discrete defects, like larger voids, delaminations, and cracks can occur
during manufacturing or service process, and they may result in a significant loss of mechanical
properties [1]. Thus, early defect detection is essential to avoid serious problems that are caused by
defects. Nondestructive testing (NDT) has been employed to characterize discrete defects in composite
structures for many years [2,3]. As an important NDT method, ultrasonic testing has been widely used
in the evaluation of defects in CFRP. Li et al. [4] used the ultrasonic arrays technique to improve the
characterization of side drilled holes in a 19 mm thick CFRP block, in which the holes were 1.5 mm in
diameter and 16 mm in length and down to a depth of 16 mm. Ibrahim et al. [5] performed single-sided
technique of contact pulse-echo inspection on CFRP specimen with thickness of 10 mm, to study the
effect of crack in the middle of the specimen, while the length of the crack is approximately 25 mm.
Smith et al. [6] have successfully applied a two-dimensional fast Fourier transform (2D-FFT) method
to B-scan images for detecting out of plane fiber waviness in structures that are as thick as 18 mm.
Most researches of inspecting thick CFRP were focused on defects with large sizes, however defects,
such as larger voids or micro-cracks, may be smaller than 1 mm. It is not yet able to specify limitations
for discrete defects in thick section CFRP. More reliable and quantitative studies are required [3].
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Unlike the signals of metallic materials, there are no clearly identifiable defect echoes in the
signal of multilayer composites, since the fiber layer with a different direction may also cause a
reflected ultrasonic echo [7]. Although ultrasonic inspection can be performed in a variety of physical
configurations, for example, the ultrasonic array, pulse-echo inspection is most straightforward and
practical among all of the ultrasonic techniques. The detection of discrete defects is mainly based on
signal processing of the backscattered signal, which is between the front surface echo and the back
wall echo in a typical ultrasonic signal, as shown in Figure 1. Due to the layered structure with a
layer thickness that is close to the wavelength of the ultrasonic pulse, the backscattered signal will
exhibit resonance noise that is continuously attenuated. Dominguez [8] believes that the frequency
continuity and amplitude degradation of backscattered signals will be destroyed for local defects,
which can be detected by time-frequency analysis and time-energy analysis. This method is effective
for thin CFRP. However, as the thickness of the material increases, defects may occur in the portion
where the resonance noise has been attenuated, and the defect echoes are mixed with echoes that
are caused by the material structure. The amplitude and energy of the backscattered signal are low,
while the signal-to-noise ratio (SNR) of the defect is also low. Thus, the defect echo in the second
half of the backscattered signal of the thick section CFRP cannot be well distinguished by traditional
time-frequency analysis or time-energy analysis.
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Figure 1. Schematic diagram of the pulse-echo method and an A-scan signal of Carbon Fiber Reinforced
Polymer (CFRP) with interior defects and layers with different direction.

In order to solve the problem of characterizing defects in composites, model driven methods,
such as ultrasonic pulse-echo modeling and structural modelling of composites, have been researched.
A generalized parametric ultrasonic echo model and algorithms for accurately estimating the
parameters have been presented in literature [9]. In Part II of the study, the advantage of the
model-based estimation method in ultrasonic applications has been explored [10]. Using model-based
methods, the ultrasonic signal waveform consisting of multiple overlapping echoes from within thin
multilayer structures has been successfully reconstructed [11]. However, thick multilayer composites
have large number of layers and diverse layering methods, and they are difficult to be described by a
generic model. A data processing method that is capable of dealing with nonlinearity in ultrasound
signals would be more useful and suitable for thick multilayer composites for now.

Recurrence analysis has been applied in a wide range of fields, including weather analysis,
biological medicine, economic analysis, signal processing, and so on [12,13]. Recently, recurrence
analysis has proven to be useful in the ultrasonic testing of porous materials. Using recurrence
quantification analysis (RQA), Carrion A. et al. [14] propose the ultrasonic signal modality as a new
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approach for damage evaluation in concrete, and the results show that one of the RQA variables is more
sensitive to damage in spoiled series than other NDT techniques. They also adopt recurrence analysis
for the characterization of scattering material with different porosity and propose the measurement
of predictability as an indicator of percentages of porosity [15]. Besides, Brandt has used RQA in
ultrasonic testing of CFRP [16,17] for the assessment of porosity. The works focus on structures, where
the evaluation of the back wall echo from the opposite side of the ultrasonic probe is not able to
made, and try to find the relationship between RQA variables and porosity to get an equivalent back
wall echo.

For porosity that is distributed throughout the volume, recurrence analysis of the entire time series
yields good results, while discrete defects are locally distributed in the composite. The nonlinearity of
ultrasonic pulses has been proven to be sensitive to distributed voids, while the recurrence analysis
method may also be useful in characterizing the nonlinearity of discrete defects and needs to be
experimentally studied. Therefore, in this paper, a 10 mm thick CERP specimen with 80 layers and zero
porosity was tested while using the ultrasonic pulse echo method. Blind holes with different diameters
that are smaller than or equal to 1 mm at depth of 6 mm were artificially conducted in the specimen
and the signals were analyzed by the recurrence analysis method. The statistics of RQA variables
were used to characterize the stability of backscattered signals for inspection of discrete defects with
small sizes.

2. Methodology

If the data is aperiodic and does not recognize simple rules of their time dependence, then an
approximate repetition of certain events, called a recurrence, can help us build more complex rules [18].
The recurrence analysis of the dynamics of a system is conducted in a phase space that was constructed
with delayed vectors. A sequence of scalar measurements x(f;), n =1,2,..., N can be extended to a
vector by the Takens delay method [19]:

—
Xn = (xn—(m—l)rr Xn—(m=2)tr """ 1 Xn—1, Xn) 1

where T is the time lag and m is the embedding dimension. The values of m and T determine the fact
of whether the required information can be obtained from the original time series, while improper
parameters will seriously distort the analysis seriously. The common selection method of embedded
dimension m is based on false nearest neighborhood, and the selection method of delay time 7 is the
average mutual information method, according to reference [20].

A method for visualizing recurrences is called a recurrence plot (RP) and Eckmann et al. have
introduced it [21]. Compute the matrix

Rij=0(e—|lx; —xjll),i,j =1,2,...,n =(m—1) - T )

where O is the Heaviside step function (i.e.,, ©(x) = 0if x < 0, and ®(x) = 1 otherwise), ||| is the
Euclidean distance between the two vectors, ¢ is a tolerance parameter to be chosen, and x; is the
delayed vectors of some embedding dimension. Darken all of the nonzero values in the recurrence
matrix R;; and the RP is attained, as shown in Figure 2, in which many special structures exist.
According to the macroscopic structures of the RP, the characteristics of plots refer to the different
dynamics of system. Figure 2a is a homogeneous RP, which is shown as a uniform distribution of
single recurrence dots, and it represents a typical stationary system, such as a random time series.
Figure 2b is a period RP, which is shown as a long diagonal structure, and it represents a periodic
oscillation system. Figure 2c is the RP of a chaotic system, shorter diagonal lines, small blocks, and
single dots can be found as the suggest of chaos [22].

There are also microscopic features, such as single dots, diagonal lines, and vertical and horizontal
lines in the RP. The appearance of single dots indicates that the corresponding state does not last or
greatly fluctuates. Diagonal lines consist of a series of adjacent recurrence dots, and most of them
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are parallel to the main diagonal line. A diagonal line represent that the system track is similar in
the same direction within a certain time period, and its length represents the degree of determination
or predictability. Vertical or horizontal lines represent time segments that remain unchanged or
change very slowly, and they are typical behaviors of the state of the laminate, which can reveal the

discontinuity of the signal.
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Figure 2. Different types of signals and their RPs. (a) white noise; (b) a periodic signal (cosine wave);
and, (c) a chaotic system (the Lorenz system).

Usually, the macrostructure of RP can help us to directly observe the differences in the general
structure of the system, while the results are significantly affected by the individual subjective
judgment. Therefore, it is necessary to conduct a quantitative analysis that is based on microstructure.
The statistical method RQA is more persuasive. In general, RP analysis provides a visual inspection of
the matrix in Equation (2), and RQA analysis provides statistical variables that are based on diagonal,
vertical, or horizontal lines formed by recurrence dots in the matrix.

Based on the diagonal lines in the RP, Zbilut and Webber put forward some quantities to measure
the complexity of the system [23]:

1.  Recurrence rate (RR)

1 N
RR(e) = NN Y. Ri;(e) 3)
i#j=1
counts the black dots in the RP excluding the main diagonal line. RR is a measure of the relative
density of recurrence points in the recurrence matrix.

2. RQA variables that are based on diagonal lines

N
HZ IHp(1)
DET = —"— 4)
L Ry

i,j=1

Percent determinism (DET), the ratio of recurrence points that form diagonal lines to all recurrence
points, while the length of diagonal lines should be larger than Iy, Usually, liin = 2. Hp(I) is the
histogram of the lengths of the diagonal structures in the RP.

There are not only diagonal lines in RP, but also vertical and horizontal line segments. From these
structures, Marwan et al. [20] proposed extended recurrence quantization variables:
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RQA variables that are based on vertical and horizontal lines

N

LAM = Zfmin (5)

The definition of the laminarity (LAM) is similar to the definition of DET and it represents the
percentage of recurrence points in vertical structures. Analogously, Hy (!) is the histogram of lengths
of vertical lines with vy, as the minimal length of vertical lines in RP. Usually vpin = 2.

Figure 3 shows the overall framework of recurrence analysis.
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Figure 3. The framework of recurrence analysis.

3. Experiment

3.1. Material and Test Set-Up

The ultrasonic measurement device is mainly composed of an industrial personal computer,
an ultrasonic acquisition card, an ultrasonic probe, and a set of position adjustment mechanism.
Figure 4 shows the system. The ultrasonic probe is the OLYMPUS immersion plane probe (I3-0708-R,
Resolution Series) with a center frequency of 7.5 MHz. The ultrasonic acquisition card model is
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PCIUT3100 and the card can achieve the function of ultrasonic pulse transmission/reception at a
sampling rate of 100 MHz. The IPC is ADVANTECH IPC-6608. Once the specimen is flattened to
the fixture, the adjustment mechanism is used to adjust the vertical position of the probe to make the
ultrasonic waveform clear. Subsequently, the vertical position of the probe should remain the same,
while the horizontal position of the probe adjusted while using the adjustment mechanism to detect
different areas of the specimen.

Mechanical
scanner

Ultrasonic
Probe

Specimen

(a) (b)

Figure 4. Ultrasonic testing system(a) zoom of the probe onto scanned specimen (b) the whole
testing system.

The experimental material is a thick section CFRP specimen that is provided by an aircraft
manufacturing company. The reinforcement is carbon fiber and the matrix is epoxy. The number of
plies of the specimen is 80 and the average thickness of each ply is 0.125 mm. The material is assembled
in different periodic stacking sequences of fiber directions (45°/0°) to form multilayer structures, as
shown in Figure 5. According to the NDT report that was provided by the manufacturer, the porosity of
the thick section of the CFRP specimen is nearly zero, which is tested by using an industrial ultrasonic
immersion scanner. The purpose of choosing such a zero porosity specimen is to eliminate the effect
of the original manufacturing defects in CFRP, so that the test results of the simulated defects can be
more reliable.

0.5mm 0.7mm 1mm

Figure 5. Lay-up of multidirectional [454/0/45,/0/45]4s CFRP, total thickness 10 mm.
3.2. Test Method

The flat bottom holes of different diameters have been drilled to simulate discrete defects in CFRP,
as shown in Figure 5. The depth is 4mm from the opposite surface of the ultrasonic probe for all
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artificial defects. Defect-free areas and areas with defects of different sizes have been detected multiple

times by the ultrasonic pulse echo method, as shown in Table 1.

Table 1. Arrangement of experiments.

Experiment Set  Defect Diameter (mm)  Test Times
Defect-free-1 0 100
Defect-free-2 0 100
Defect-free-3 0 100

Defective-1 0.5 100
Defective-2 0.7 100
Defective-3 1 100

4. Results and Discussion

4.1. Recurrence Analysis of Defect-Free Areas

The purpose of this paper is to evaluate the discrete defects in thick multilayer CFRP by recurrence
analysis of the second half of backscattered signals. The signal modality is affected by not only defects,
but also material structures. Therefore, an area without artificial defects in the specimen has been
analyzed first. Four signals have been randomly selected, and the second half of backscattered signals
was magnified, as shown in Figure 6. The first half of each signal has the same resonance noise
structure and large amplitude, while the second half has smaller amplitude and seem to be different

from each other.
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Figure 6. Ultrasonic signals randomly selected in results of experiment set Defect-free-1. (a) signal 1

(b) signal 2 (c) signal 3 (d) signal 4.
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For further recurrence analysis of the signal, the mutual information method has been used for
determination of the delay time (Lag). The relationship between the mutual information value and
Lag has been obtained, as shown in the Figure 7a. The first local minimum of the mutual information
value was the optimal time delay value. As a result, the optimal delay time 7 = 3.

Next, the false nearest neighbor algorithm has been used to obtain the embedding dimension.
Figure 7b shows the relationship between the ratio of false nearest neighbors and the value of the
embedded dimension. The embedding dimension is considered to be the best when the ratio of false
nearest neighbors is close to zero. Thus, the optimal embedding dimension m = 5.
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Figure 7. (a) The relationship between the mutual information value and the delay time (Lag). (b) The
relationship between the ratio of false nearest neighbors and the value of embedded dimension.

It has been verified by calculation that the embedding dimension and the delay time of all signals
are the same. Nonoptimal embedding parameters may cause many small blocks or even diagonal lines
perpendicular to the main diagonal line [24], which should be carefully checked in the RP.

A lot of methods could be used to select the threshold, which need to be determined according to
specific problems. The most commonly used threshold is that with a fixed value. In order to find the
statistical behavior of the RQA parameters, while both the DET and LAM are variables that are based
on the total amount of recurrence points according to Equations (4) and (5), the recurrence point rate
RR needs to be determined first. Usually, RR takes 0.1; the threshold should be adjusted so that the
statistical mean of RRs of all signals is 0.1. The results show that the requirement can be met when the
threshold is 0.28 for defect-free signals.

The RPs of the second half of the four signals were calculated using the parameters above, as
shown in Figure 8. It can be seen that the structures of the figures are similar and mainly composed
of some special structures: short diagonal lines, small black blocks, and vertical and horizontal lines.
According to the meaning of structures in RP, short diagonal lines and small blocks can be regarded
as the suggestion of chaos. Short diagonal lines indicate that the periodic behavior of the ultrasonic
pulse only lasts for a short time, and small black blocks represent different states of the ultrasonic
pulse. Ultrasonic pulses travel the material thickness from the front surface echo to the back wall echo
twice and may reflect multiple times in the material. Thus, it is reasonable to the existence of chaotic
components in the ultrasonic signal, especially those with large number of plies and complex lay-up.
Besides, vertical or horizontal lines represent time segments that remain unchanged or change very
slowly, and they are typical behaviors of the state of the laminate. This is consistent with the multilayer
structure of the composite, but the vertical lines do not exactly correspond to the lay-up of the material.
One possible reason is related to the wavelength of the ultrasonic pulse. For the frequency 7.5 MHz,
the wavelength of the ultrasonic pulse is approximately 0.4 mm, which is larger than the thickness of
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the fiber layer 0.1 mm. Thus, some detailed vertical structures may be missing. Although not able to
get all of the details of the material structure, recurrence analysis can reveal the modality of the signal
and it is sufficient for the detection of discrete defects.

3
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Figure 8. Recurrence plots (RPs) of the second half of backscattered signals of Defect-free-1. (a) signal 1
(b) signal 2 (c) signal 3 (d) signal 4.

The density of recurrence points indicates the structure of recurrence matrix and it may be a
representation of instability of the signal. Analyze the first and the second half of all 100 Defect-free-1
signals separately. The RRs were calculated while using the same embedding dimension and delay
used in RPs. The threshold was chosen so that the mean value of RRs of all 100 results equal 0.1, and
the statistical results are shown in Figure 9. The median (50%) is a reflection of the concentration trend.
Medians of both parts of the backscattered signal are approximately equal to 0.1, the mean of all RRs.
The interquartile range (IQR, 75-25%) indicates the dispersion of variables in the statistics, and it can
be a good representation of the robustness of the signal. The IQR of the first half is 0.0093, which
is far less than the value of the second half 0.0468. A large IQR indicates that the instability of the
second half of the backscattered signal might be due to multiple reflections of the ultrasonic pulse in
the multilayered structure.
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Figure 9. Box charts of recurrence rate (RR) of 100 Defect-free-1 signals: (a) the first half and (b) the
second half.

Apply the method onto signals that were acquired in experiment sets Defect-free-1, Defect-free-2,
and Defect-free-3. The RQA variables of the second half of backscattered signals were calculated using
the same embedding dimension and delay above, while the threshold was chosen so that the mean
value of RRs of all results equal to 0.1. The statistics of RR, DET, and LAM were shown in Figure 10.
The median and IQR of RQA variables of different defect-free areas remain basically unchanged, while
the max and min values vary greatly. When considering that the selected defect-free parts of the
specimen have the same structure, the median and IQR of RQA variables are proper for characterizing
the behavior of ultrasonic pulses in composite.
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Figure 10. Cont.
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Figure 10. Statistical results of recurrence quantification analysis (RQA) variables of defect-free areas;
(a) RR; (b) percent determinism (DET); and, (c) laminarity (LAM).

4.2. Recurrence Analysis of Defect Areas

According to the RPs of defect-free areas in Figure 8, chaotic behavior has been found in the
ultrasonic signal. Despite the low porosity of the specimen, scattering and data noise may exist and
form the feeble differences of cases in Figure 8, together with chaos. The statistical results of the RQA
variables in Figure 10 reveal that the difference in RPs of different defect-free areas are in a relatively
constant range, and the range can be described with the median and IQR of RQA variables. In other
words, each value in the range of RQA variables represents a state of the system and the defect-free
ultrasonic pulse echo system can be described by a set of RQA statistics: RRpnegian = 0.1, RRigr ~ 0.4;
DET nedian = 0.79, DET1QR = 0.45; LAMpedian = 0.85, and LAMjqRr =~ 0.4.

In order to discover the effect of defects on the states of the ultrasonic pulse echo system, the areas
where the defects of 0.5 mm, 0.7 mm, and 1 mm were located were tested and the time series are shown
in Figure 11. The signals of 0Omm were from experiment set Defect-free-1, while those of 0.5 mm from
Defective-1, 0.7 mm from Defective-2, and 1 mm from Defective-3. No recognizable defect echo could
be found in the waveform either. The RPs of the second half of each signal were calculated and the
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results are shown in Figure 12. The plots have similar structures and they are mainly composed of
diagonal lines and white bands. It can be inferred that the reflections of ultrasonic pulse caused by
discrete defects in the thick CFRP do not appear to be local echo with a high amplitude in the time
domain waveform. The effect of the defect is not the form of changing the structure of the signal.
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Figure 11. Ultrasonic signals of defect areas with different diameter: (a) 0 mm; (b) 0.5 mm; (c) 0.7 mm;
and, (d) 1 mm.
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Figure 12. RPs of the second half of backscattered signals of defect areas with different diameter:
(a) 0 mm; (b) 0.5 mm; (c) 0.7 mm; and, (d) 1 mm.

Calculate the RQA variables of the second half of the defect areas with the same embedding
dimension and delay in 4.1, and the threshold was chosen so that the mean value of RRs of all
results equal to 0.1. The statistics of RR, DET, and LAM are shown in Figure 13. In Figure 13a, the
RRpyedian Of different defect diameter are approximately equal, while the RRjgr decreases as the defect
size increases and tend to be constant to 0.01, which is much smaller than the defect-free RRjgr of
0.04. In Figure 13b, DETqR of different defect diameter are approximately equal while the DET egian
decreases as the defect size increases. The decrease is rather small and the DET,4;an tend to be
constant around 0.75 which is sufficiently different from the value of defect-free areas. The defect size
here is 0.7 mm, which is about twice the wavelength of the ultrasonic pulse. The same trend can be
seen in the statistics of LAM in Figure 13c.

When comparing with results of defect-free areas in Figure 10, the statistical values of the RQA
variables of defective areas are different and related to the size of the defect. For defect-free areas,
the second half of backscattered signals is rather instable and shows chaotic characteristics. As the
defect size increases, no significant change in chaotic characteristics is found, while the instability of
the signal due to scattering and data noise is weakening. That is, the effect of defects on the signal
modality is like a stabilizer, which makes the chaotic structure of the signal clearer. The larger the
defect size, the more obvious the stabilization effect until the defect size is about twice the wavelength
of the ultrasonic pulse, and in this paper, defects of 0.7 mm and 1 mm can be distinguished in the
results of RQA, while 0.5 mm cannot.

In summary, using statistics of RQA variables, it is able to characterize the instability of the signal
and reveal the effect of discrete geometry variation in the form of blind holes. The chaotic structure
of the signal is more stable due to the presence of simulated defects and it is related to the size of
the defect.
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Figure 13. Statistical results of RQA variables of defect and defect-free areas: (a) RR; (b) DET; and,

(c) LAM.
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5. Conclusions

In this paper, a nonlinear method has been proposed for charactering discrete defects in thick
multilayer composites. The second half of the backscattered signal is rather irregular, while the RP
is able to reveal the unstable chaotic behavior of ultrasonic pulse and the median and IQR of RQA
variables can be used for the description of system states. The method shows the possibility to detect
blind holes of small diameter from ultrasonic pulsed-echo inspections. The maximum identifiable
defect size may be related to the center frequency of the probe, which needs to be proved by future
experiments of different probes and sizes of defects. The results of the nonlinear method and RQA
variables can be used as a reference to detect the finite holes of minimum diameter 1 mm at depth of
5-10 mm in thick composites

It is necessary to detect the defect-free areas in the specimen under the uniform test conditions
each time the method is used and the previously obtained defect-free data cannot be used as a standard,
since the existence of the defect is discriminated with RQA statistics in comparison to those of the
defect-free region. Besides, there is a gap between the blind holds and the real discrete defects.
The proposed method is not currently capable of detecting real internal defects that are typical of
composites with a considerable level of confidence. An artificial specimen with defects made with
embedded thin defects or small thin entrapped voids can be produced in further work for the detection
of larger voids or small delamination using recurrence analysis.
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