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In this paper, the tensile tests of SiCp/Al composites were carried out, and the acoustic
emission (AE) method was used to monitor the damage progress. The collected signals
were analyzed in time-frequency domain. The AE signals were analyzed by principal
component analysis (PCA) and fuzzy clustering method (FCM) to characterize the damage
mode and failure mechanism of SiCp/Al composites. Three main damage modes of SiCp/
Al composites were identified by FCM clustering: SiC/Al interface debonding, Al fracture
and SiC particle fracture. After the tensile test, the fracture surface was analyzed by
scanning electron microscope (SEM). The results of SEM and energy spectrum analysis
confirmed the results of AE. The research results of this paper provide experimental
support for the design and engineering application of SiCp/Al composites.
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analysis

1 INTRODUCTION

SiCp/Al composites have high specific strength, high specific modulus, excellent thermal
conductivity and wear resistance, low coefficient of thermal expansion and other excellent
properties, which make them popular in military, automotive, microelectronic packaging,
aerospace and other fields (Chen et al., 2009a; Xu et al., 2021; Cui et al., 2022; Dong et al.,
2022; Lu et al., 2022). The study of the relationship between the macro mechanical properties and the
micro structure of metal matrix composites can further reveal the internal strengthening mechanism
of particle reinforced composites, which has important theoretical and practical significance for the
design of particle reinforced composites and giving full play to the potential advantages of particle
strengthening.

Many literatures have reported the testing and characterization of mechanical properties of SiCp/
Al composites, and many important results and conclusions have been obtained (Christin, 2002;
Chen et al., 2009b; Qian et al., 2015; Chen and Zhang, 2019; Sun et al., 2020; Di Caprio et al., 2021;
Pereira et al., 2021). There are many studies on the friction properties of SiCp/Al composites.
Lattanzi et al. (2022) studied the effect of Ni and Zr additions on hardness, elastic modulus and wear
performance of Al-SiCp composite. Deng et al. (2020) conducted a comprehensive study on flank
wear progression of polycrystalline diamond micro-tool during micro end-milling of SiCp/Al
composites. (Zhu et al., 2019) studied the effects of particle size and surface modification of SiC
on the wear behavior of high volume fraction Al/SiCp composites. Some scholars have studied the
tensile and compressive properties of SiCp/Al composites. Yuan et al. (2021) studied the damage
behavior and mechanism of SiCp/Al composites under biaxial tension. Shen et al. (2020) studied the
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damage mechanism of 17vol% SiCp/Al composite under uniaxial
tensile stress. Lee et al. (2018) studied the effects of SiC particulate
size on dynamic compressive properties in 7075-T6 Al-SiCp
composites. Zhang et al. (2018) conducted simulation on
anisotropic load transfer and stress distribution in sicp/Al
composites subjected to tensile loading. Other scholars have
studied the fracture and damage mechanical behavior of SiCp/
Al composites. Yu et al. (2021) conducted experimental and finite
element method (FEM) study of cutting mechanism and damage
behavior of ceramic particles in orthogonal cutting SiCp/Al
composites. Pereira et al. (2021) conducted microstructural,
mechanical, and facture characterization of metal matrix
composite manufactured by accumulative roll bonding. Gao
et al. (2019) studied strengthening and fracture behaviors in
SiCp/Al composites with network particle distribution
architecture. There are few reports on the judgment and

identification of particle, matrix and interface failure modes in
SiCp/Al composites, and the related experimental work is less
involved.

Acoustic emission (AE) technology is widely used in
mechanical property testing and failure analysis of materials
because it can monitor the internal information in the process
of material damage and fracture in real time (Loutas et al., 2017;
Burud and Kishen, 2021; Wu and Kim, 2021). (Hao et al., 2019a;
Zhao et al., 2019a; Zhao et al., 2019b; Hao et al., 2020) conducted
experiments on failure of 3D braiding composite shafts using
acoustic emission. (Hao et al., 2019b; Tang et al., 2020; Hao et al.,
2021) conducted experiments on damage analysis of cylindrical
lithium-ion cells under three-points bending using acoustic
emission. (Thirukkumaran and Mukhopadhyay, 2021)
characterized the damage mechanism during drilling of Al-5%
SiC metal matrix composite using acoustic emission. AE counts,
energy, peak amplitude, and root mean square voltage (AERMS)
were correlated with cutting parameters (spindle speed and feed
rate). The Fast Fourier Transform (FFT) and Continuous
Wavelet Transform (CWT) of AE signals could identify the
predominant peak frequency and time-frequency spectrum.
The relationship between tool wear and AE parameter
(wavelet coefficient) for different tool geometries was studied.
Wavelet packet transform (WPT) was utilized to extract various
AE source features present in the signals. (Mummery et al., 1993)
used acoustic emission in tensile testing of particulate-reinforced
metal matrix composites, they used the size and number of
emissions as a function of strain. This has been shown to be
simply related to the rate of void nucleation at the reinforcing
phase. Both particle fracture and particle/matrix decohesion
mechanisms can be detected. Void nucleation was observed
from the onset of plastic deformation and a linear relationship
between damage initiation rate and strain was found. The rate of
emission increased with reinforcing particle size and volume
fraction but was independent of matrix alloy composition and
heat treatment. These results show that the failure strain of

TABLE 1 | Chemical composition of 2009 Al alloy powder.

Components Cu Mg Fe Si O Al

wt% 3.2–4.4 1.0–1.6 <0.1 <0.1 <0.1 Bal.

FIGURE 1 | Geometric dimension of the specimen (Unit: mm).

FIGURE 2 | Photos of samples.

FIGURE 3 | Stress-strain curves of samples.
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particulate metal matrix composites is not controlled solely by the
onset of void nucleation at the reinforcing phase. Local failure
processes in the matrix are shown to promote void coalescence
and dominate the ductility. (Neu and Roman, 1994) used AE to

monitor damage in metal-matrix composites subjected to
thermomechanical fatigue. Pacheco et al. (1998) studied the
effects of matrix and fiber properties on the mechanical
behavior and AE in continuous fiber reinforced metal matrix
composites.

AE technology has been widely used in particle reinforced
metal matrix composites. However, the quantitative relationship
between particle fracture, matrix fracture, interfacial debonding
and AE parameters in particle reinforced metal matrix
composites is still an open question. In this paper, the tensile
tests of SiCp/Al composites were carried out, and the AE method
was used to monitor the damage progress. The collected signals
were analyzed in time-frequency domain. The AE signals were
analyzed by principal component analysis (PCA) and fuzzy
clustering method (FCM) to characterize the damage mode
and failure mechanism of SiCp/Al composites. Three main
damage modes of SiCp/Al composites were identified by FCM
clustering: SiC/Al interface debonding, Al fracture and SiC
particle fracture. After the tensile test, the fracture surface was
analyzed by scanning electron microscope (SEM). The results of
SEM and energy spectrum analysis confirmed the results of
acoustic emission.

2 EXPERIMENTAL DETAILS

2.1 Samples
The material used in this paper is 15% SiCp/2009Al
composite. The matrix of the composite is 2009 Al, and its
alloy composition is listed in Table 1. Selection of reinforcing
particles α- SiC, where the particle size is 8 µm and the volume
fraction is 15%. The preparation process of composite
materials adopts powder metallurgy method, and its
process flow is as follows: firstly, 2009 aluminum alloy
powder is prepared by supersonic gas atomization method.
Then, SiC powder and 2009Al powder are finely mixed, and
the mixed composite powder is put into the package. After
vacuum degassing, hot isostatic pressing is carried out. Then
the hot isostatic pressing ingot is hot extruded on a extruder
with an extrusion ratio of 9:1.

The geometric diagram of the sample is shown in Figure 1.
The gauge length is 24 mm, the width is 6 mm and the thickness is
2 mm. The sample prepared after processing is shown in
Figure 2.

2.2 Experimental Setups
In this paper, the tensile properties of SiCp/Al composites
were tested by universal testing machine, and the loading rate
was 0.5 mm/min. Attach a strain gauge to the sample and use
the uT7110Y static strain instrument to obtain the strain data
during loading. The sampling frequency is 2 Hz. At the same
time, the acoustic emission signal is collected and analyzed by
DS5-32B full information acoustic emission signal analyzer.
The acquisition accuracy is 16 bit, the sampling rate is 3 MHz,
and the sampling time interval is 0.3333 μ s. The threshold
trigger mode is adopted, and the channel threshold value is
100 mV. The diameter of the acoustic emission sensor is

FIGURE 4 | Force/energy/hits/duration time. (A) sample 1; (B) sample 2;
(C) sample 3.
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19 mm. Before the experiment, fix the sensor in the middle of
the sample with insulating tape to reduce the waveform loss.
Silicone grease coupling agent is coated between the sensor
and the sample to reduce the omission of acoustic emission

signal information. The sensor is connected to the equipment
with 60 dB smart AE preamplifier. The data of each
experimental device is transmitted to the data acquisition
system on the corresponding computer.

FIGURE 5 | Waveform and continuous wavelet transform diagram. (A) T = 247.6698 s; (B) T = 739.7531 s.
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3 RESULTS AND DISCUSSION

The load data obtained by the universal testing machine is
converted into engineering stress data through calculation, the
strain data obtained by the strain gauge is processed, and the
stress-strain curve of each sample is drawn, as shown in Figure 3.
The average yield strength of the studied materials is 258 MPa,
the average tensile strength is 438 MPa, and the average
elongation is 4.167%.

AE signal characteristic parameter analysis is a common
method to study damage signals. This method extracts the
characteristic parameters of time domain or frequency
domain waveform, such as impact number, amplitude,
energy, rise time, duration, ring count, peak frequency, etc.,

characterizes the characteristics of acoustic emission source
according to the change trend of characteristic parameters,
and then explains the damage state of samples. The
significance of common AE signal characteristic parameters
is introduced below:

1) Hit: any signal that exceeds the threshold and causes the
channel to obtain data is called an impact, which reflects the
total amount and frequency of AE activity and is commonly
used for AE activity evaluation.

2) Amplitude: the maximum amplitude value of the signal
waveform, which is related to the size of AE events and is
not affected by the threshold. It directly determines the

TABLE 2 | Pearson correlation coefficient of characteristic parameters of AE signal of sample 1.

Amplitude Duration Rise
Time

Ringing
Count

Rise
Count

Energy Centroid
Frequency

Peak
Frequency

Amplitude 1.000 0.636 0.252 0.791 0.299 0.673 0.402 0.440
Duration 0.636 1.000 0.342 0.836 0.080 0.931 0.141 0.021
Rise time 0.252 0.342 1.000 0.132 0.530 0.198 -0.033 -0.097
Ringing count 0.791 0.836 0.132 1.000 0.107 0.942 0.307 0.247
Rise count 0.299 0.080 0.530 0.107 1.000 0.030 0.217 0.316
Energy 0.673 0.931 0.198 0.942 0.030 1.000 0.222 0.130
Centroid
frequency

0.402 0.141 -0.033 0.307 0.217 0.222 1.000 0.799

Peak frequency 0.440 0.021 -0.097 0.247 0.316 0.130 0.799 1.000

TABLE 3 | Common factor variance of characteristic parameter (sample 1).

Amplitude Duration Rise
Time

Ringing
Count

Rise
Count

Energy Centroid
Frequency

Peak
Frequency

Initial value 1 1 1 1 1 1 1 1
Extract
value

0.775 0.916 0.841 0.941 0.832 0.957 0.834 0.916

FIGURE 6 | Eigenvalues of principal component analysis.

FIGURE 7 | Factor rotation space graph.
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testability of AE events. It is commonly used for wave
source type identification and intensity measurement.

3) Duration: the time interval between the first time the AE
signal crosses the threshold and the last time the AE signal
exceeds the threshold in a complete AE event. Similar to ring
counting, it is often used for special wave source types and
noise identification, and can reflect the strength and frequency
of the signal.

4) Rise time: the time interval that the signal reaches the
maximum amplitude after crossing the threshold for the
first time. Due to the influence of propagation, its physical
meaning is not clear, but it is often used for
electromechanical noise identification in AE signal
analysis.

5) Ringing count: ringing pulse counting across threshold, which
is often used to evaluate the activity of AE signal.

6) Energy: the area under the envelope of AE signal, which
reflects the relative energy and intensity of the event and is
insensitive to the threshold, propagation characteristics and
working frequency.

7) Centroid frequency: the frequency of the energy center of
gravity of AE signal after Fourier transform. This frequency is
usually used to study the range of damaged frequency band.

8) Peak frequency: the frequency corresponding to the peak
point in the frequency domain of AE signal. The
distribution of peak frequency can roughly reflect the
occurrence of different types of damage.

The hits, energy and duration extracted from the characteristic
parameters of AE signal are shown in Figure 4. The time domain
analysis of AE signal shows that the experimental process is
divided into two stages. In the early stage of the first stage, the hits
of AE signal increases slowly, the energy is very low and the
duration is very short. In the middle of the first stage, the number
of hits increases rapidly, the energy increases suddenly, and the
duration increases suddenly, which may indicate the beginning of
internal damage of the sample. In the later stage of the first stage,
the hits increase slows down, the energy decreases and the
duration decreases. In the second stage, the number of hits
increases rapidly, indicating that a large amount of damage
may be occurring in the sample at this time. In the later stage
of the second stage, the energy increases suddenly and reaches the
peak, and the duration increases suddenly and reaches the peak,
which corresponds to the final fracture of the sample.

AE signals from the first group of experiments are extracted
for continuous wavelet transform analysis, as shown in Figure 5.
In this paper, the complex Morlet wavelet transform cmor3-3 is
selected for analysis because it has a good balance between time
and frequency localization, and it provides smooth and
continuous amplitude. Energy, duration and time-frequency

TABLE 4 | Correlation coefficient between principal components and
characteristic parameters (sample 1).

Components

1 2 3

Amplitude 0.876 0.090 0.008
Duration 0.854 −0.431 −0.023
Rise time 0.330 −0.158 0.841
Ringing count 0.927 −0.205 −0.199
Rise count 0.313 0.382 0.767
Energy 0.896 −0.351 −0.179
Centroid frequency 0.487 0.747 −0.196
Peak frequency 0.432 0.840 −0.152

FIGURE 8 | FCM clustering diagram of PCA results.

TABLE 5 | 20–80% principal component range table (sample 1).

Component 1 Component 2 Component 3

Cluster 1 −0.810, −0.470 −0.964, −0.730 −0.394, −0.145
Cluster 2 −0.273, 0.147 0.489, 1.103 −0.982, −0.681
Cluster 3 0.110, 0.634 −1.185, 1.164 1.021, 1.855

FIGURE 9 | Damage mode classification diagram of sample 1
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analysis show that when t = 247.6698 s, the frequency of AE signal
is not higher than 400 kHz, the energy is 4,387.94 mV * ms, and
the duration is 32,560.33 μ s. This corresponds to the AE signal
sent when the damage in the sample begins. When t = 739.7531 s,
the frequency of AE signal fluctuates between 20 and 600 kHz, the
energy reaches 18,872.57 mV * ms, and the duration reaches
55,945.33 μ s. This corresponds to the continuous AE signal
emitted when the sample breaks.

The amplitude, duration, rise time, ring count, energy, hits,
centroid frequency and peak frequency of AE signals in the first
group of experiments were selected for principal component
analysis. On the basis of maintaining the integrity of
information, a simple visual analysis is provided to describe
the characteristics of AE signals.

Table 2 shows the Pearson correlation coefficients of the
characteristic parameters of the AE signal of sample 1. It can
be seen from Table 2 that some characteristic parameters have
very good correlation (ex: Energy vs. Duration, Energy vs.
Ringing count, Amplitude vs. Ringing Count). On the other
hand, the correlation coefficient is almost ZERO for some
other parameters (Rise Count vs. Duration, Rise time vs.
Centroid frequency, Energy vs. Rise count). Kmo test result is
0.601 and Bartlett sphericity test result is 0.000. Therefore, the
above characteristic parameters are applicable to principal
component analysis.

The characteristic parameters of 8 AE signals were analyzed by
principal component analysis. Table 3 shows the common factor
variance of principal component analysis of 8 characteristic

parameters of sample 1. It can be seen from Table 3 that these
eight variables have high commonality, and most of the information
in the variables can be extracted by factors, so the PCA results are
effective.

Figure 6 shows that the characteristic value of the first three
components is greater than 1, and the cumulative contribution rate of
the first three components is 87.643%, which represents the overall
characteristics of AE signal. Therefore, sample 1 can only select the
first three components as the main components of PCA.

The purpose of principal component analysis is not only to
extract common factors and reduce dimension, but also to get the
practical significance of each common factor, so as to make a
scientific analysis of practical problems. In order to make the
coefficients in the factor load matrix more significant, the initial
factor load matrix is rotated. The rotation does not change the
overall result of principal component analysis, but affects the load
distribution of each factor on each variable and the contribution
rate of each factor. After rotation, it is easier to get the actual
meaning of each common factor. The extracted three
components are analyzed, and the spatial diagram of factor
rotation is shown in Figure 7. The composition correlation
table of 8 AE characteristic parameters is shown in Table 4.

It can be seen that the amplitude and duration ofAE signal 1 and 4
are mainly positively correlated with AE signal in time domain; The
peak frequency and centroid frequency of AE signal have a great
influence on principal component 2; The rise time and rise count of
AE signal have the greatest impact on principal component 3,
reflecting the waveform shape characteristics.

FIGURE 10 | SEM secondary electron micrographs of fracture surface of specimens.
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The internal damage of Al/SiC particles during FCM loading is
analyzed by clustering, and the internal damage of SiC particles is
obtained. The results of FCM analysis are shown in Figure 8.

Considering the factor of data dispersion, in order to characterize
the overall level of clustering, take the score of 20–80% principal
component value of clustering for statistics. The greater the

FIGURE 11 | EDS analysis results of regions identified in Figure 11.
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absolute value of the principal component value of a cluster, the
greater the influence of this principal component on clustering.
The statistical results are shown in Table 5.

Cluster 1: the absolute value of principal component 1 is large and
negative, that is, it is a strong negative correlation; The absolute value
of principal component 2 is large, which has a strong negative
correlation; The absolute value of principal component 3 is small,
which is a weak negative correlation.

Cluster 2: the value of principal component 1 is −0.273–0.147,
that is, the difference of each characteristic parameter is small,
which is at the average level; The value of principal component 2
is large and positive, which is a strong positive correlation; The
absolute value of principal component 3 is large and has a strong
negative correlation.

Cluster 3: the value of principal component 1 is large and positive,
that is, it is a strong positive correlation. The distribution of principal
component 2 is discrete at the medium level; The value of principal
component 3 has a strong positive correlation.

The distribution of the three clusters on the time axis is shown in
Figure 9. It can be seen from Figure 9 that cluster 1 runs through the
whole loading process, and the number of AE hits is the largest in the
whole loading process. Therefore, cluster 1 is Al-matrix fracture, and
the main characteristics of AE signal are low frequency, short
duration, low energy, amplitude and ringing count. Cluster 2
starts to appear later than cluster 1, and its AE hits are lower
than cluster 1. Therefore, cluster 2 is SiC/Al interface decohesion,
which is characterized by short rise time, low rise count and high
frequency. Cluster 3 starts to appear later than the other two
classifications. Therefore, cluster 3 is SiC fracture, with high AE
signal energy, amplitude and ring count, long duration, long rise time,
high rise count and discrete frequency distribution.

The SEM secondary electron micrographs of fracture surface
of specimens are shown in Figure 10. Three damage modes were
observed in these SEM images: SiC/Al interface decohesion, Al
fracture and SiC particle fracture. The energy dispersive X-ray
spectroscopy (EDS) analysis results of regions identified in
Figure 10 (Figure 11) show that the main surface elements
are silicon, aluminum, carbon and magnesium. The content of
silicon is higher than that of aluminum, which proves that the
main component of the selected area is silicon carbide.

4 CONCLUSION

In this paper, the tensile tests of SiCp/Al composites were
carried out on the universal testing machine, and the AE
method was used to monitor the damage progress. The

collected signals were analyzed in time-frequency domain.
At the same time, the AE signals were analyzed by PCA and
FCM to characterize the damage mode and mechanism of
SiCp/Al composites. Three main damage modes of SiCp/Al
composites were identified by FCM clustering: SiC/Al
interface debonding, Al fracture and SiC particle fracture.
After the tensile test, the fracture surface was analyzed by
SEM. The results of SEM image and energy spectrum analysis
confirmed the results of acoustic emission analysis. The
results show that cluster 1 runs through the whole loading
process, and the number of AE hits is the largest in the whole
loading process. Therefore, cluster 1 is Al-matrix fracture, and
the main characteristics of AE signal are low frequency, short
duration, low energy, amplitude and ringing count. Cluster 2
starts to appear later than cluster 1, and its AE hits are lower
than cluster 1. Therefore, cluster 2 is SiC/Al interface
decohesion, which is characterized by short rise time, low
rise count and high frequency. Cluster 3 starts to appear later
than the other two classifications. Therefore, cluster 3 is SiC
fracture, with high AE signal energy, amplitude and ring
count, long duration, long rise time, high rise count and
discrete frequency distribution (Mummery et al., 1993).
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