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Abstract: In the study, based on the model of acoustic emission during the destruction of a composite
material by shear force according to the Von Mises criterion, the effect of non-uniformity of the
destruction process on the generated acoustic emission signal is simulated. The study under the
accepted modeling conditions allows us to determine the patterns of changes in the amplitude
envelope of acoustic emission signals at various stages of developing processes. In theoretical and
experimental studies of acoustic emission signals when searching for patterns in their parameter
changes and developing methods for monitoring or diagnosing the state of composite materials, the
problem lies in the interpretation of recorded information. This issue arises from the complexity
and diversity of processes occurring in the material structure at micro and macro levels, and the
high sensitivity of the acoustic emission method to these processes, wherein structural changes
lead to observable alterations in the characteristics of acoustic emissions. Solving this problem
requires both theoretical and experimental studies to understand the influence of various factors
on the characteristics of the generated acoustic emission. The results of the presented study can be
used to assess the condition of composite materials and structures, such as bridges, e.g., in terms of
defectiveness, property dispersion, damage during operation, and other characteristics.

Keywords: composite material; fracture; acoustic emission; signal amplitude; non-uniformity of the
destruction process; Von Mises criterion

1. Introduction

Composite materials (CM) are widely utilized in various industries such as aviation,
civil construction, and bridge construction [1-3]. Particularly in bridge construction [4,5]
they demonstrate effectiveness due to outstanding characteristics, including high strength
and durability. These materials not only contribute to reducing the weight of structures
but also enhance their resilience to various environmental factors, which is critical for
ensuring the reliability of infrastructure. The extensive use of CM is attributed to their
physical-mechanical characteristics. They exhibit high stiffness and mechanical strength,
have good damping properties, and possess high impact toughness. Additionally, their
low coefficient of thermal expansion, wear resistance, high flexibility, corrosion resistance,
and ability to maintain properties at high temperatures are crucial features [6-8]. These
properties have made composite materials a key element in creating robust, lightweight,
and durable structures across various applications.

However, CM are prone to brittle failure. The initiation of defects at micro and sub-
micro levels and the accumulation of such damage may lead to severe destruction, loss of
the material load-bearing capacity, and catastrophic product failures. Also, these processes
can occur with high speed. Therefore, it is necessary to monitor the condition of the
elements and assess the risks posed by the developing damage processes.
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Traditional methods of product condition monitoring, such as visual inspection, color
testing, ultrasonic testing, X-ray radiography and tomography, infrared thermography,
and others, are aimed at detecting and localizing damages [9-12] with the possibility
of performing a quantitative assessment. At the same time, to increase the reliabil-
ity of methods for assessing the defects in CM and to follow the developing of under-
lying processes, as well as predicting the behavior and residual life a broad array of
theoretical [13-15] and experimental [16-18] research is being carried out on the destruction
processes of CM. The research focuses on finding criteria for assessing the condition and
predicting the state of CM prior to failure. Various methods of obtaining information about
the processes developing in the material structure under loading are employed. One such
method is the acoustic emission (AE) method [19-22], which has a high sensitivity to the
processes of deformation and destruction of materials at the sub-micro, micro, and macro
levels. Theoretical studies, however, do not delve into the processes of AE signal forma-
tion. When the destruction of CM elements occurs, numerical modeling using the finite
element method is employed to simulate stress changes (stress waves) that cause surface
displacements resulting in AE waves [23-25].

In the investigation of destruction processes of composites various models are em-
ployed which include the phase field damage model [26], smeared damage model [27],
and discrete damage model [28]. However, the fiber bundle model (FBM), widely used
to represent CM, has gained popularity and finds an application also in the study of CM
destruction under actions of tension and shear force [29-32].

The analysis of the CM destruction process using the FBM is founded on several
principles. A discrete set of fibers (cells) exhibits linear elastic behavior with a constant
Young’s modulus and fails in a brittle manner. The destruction of cells occurs sequentially
and immediately upon reaching their limit strength. The local load at which cells are
destroyed is assumed to be a random variable described by a specific probability density
distribution function. When a cell is destroyed, the redistribution of the applied load to the
remaining cells is determined. Typically, two scenarios are analyzed: equal load sharing
(ELS), where the load is equally distributed among other cells in the material upon cell
destruction, and local load sharing (LLS), where the load is redistributed only to the nearest,
i.e., neighboring cells.

This research aims to identify patterns of destruction and to determine the time of
complete CM destruction. It involves studying changes in the number of destroyed and
remaining elements, alterations in stresses during CM element destruction, variations in
the distribution of destruction avalanches, changes in the time of complete composite
destruction under the influence of various factors, and other relevant parameters.

To analyse the destruction process of a composite material expressions were derived
in [29] to calculate the number of remaining elements and accumulated AE energy. This
study demonstrates that the patterns of their changes follow power laws until the mo-
ment nearing the complete destruction of the CM. In article [33] the destruction of a
two-component system is explored, examining the distribution of the number of destroyed
elements and determining the transition from brittle to ductile destruction of the material.
In [34] the energy balance of the destruction process under the condition of uniform load
distribution while using different distributions of destruction threshold levels is investi-
gated. It is determined that as the critical point of destruction is approached the elastic
energy is always greater than the total damage energy. This allows for the prediction of
material destruction considering the relationship between the peak of elastic energy and
the moment of destruction. The dynamics of avalanche fracture for a high-dimensional
FBM are studied in [35], revealing that the average profile time of avalanche destruction de-
velopment depends on the system dimension, varying from a highly asymmetric shape to
a symmetric parabola. In study [36] the authors assumed a CM with a random distribution
of elements and varying levels of interaction between matrix and fibers. These resulted in
distribution densities of intact fibers over time, which depend on the applied force and the
system size. Patterns in the change of elastic energy for different applied load levels during
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the destruction of CM elements were observed, as well as patterns in the time interval
between two maxima of elastic energy variations. In analyzing the CM destruction process
article [37] explores patterns in the change of failure time measured from threshold levels
of initial destruction and various noise levels that were introduced into the destruction
model. The study includes an analysis of the waiting time distribution for various fiber
density distributions and the distribution of destruction avalanche sizes.

Study [32] explores patterns in changes of equivalent stresses (according to the logical
“OR” and Von Mises criteria) and follows the number of remaining elements during the
development of the material destruction process under shear force. In [38] the expressions
for the number of remaining elements and the rate of AE energy release are presented.
However, these expressions are applicable only when approaching complete material de-
struction. At the moment of destruction the studied functions are discontinuous. This
limitation prevented obtaining an expression for the AE signal, i.e., a signal whose parame-
ter changes can be used to develop methods for monitoring and predicting CM destruction.
Articles [39-41] report investigations of the CM destruction process by shear force and the
AE signal formation under the influence of various factors influencing the FBM. The authors
applied the “OR” rule and the Von Mises criterion to describe CM destruction. Expressions
for the number of remaining elements over time during CM destruction and, consequently,
the generated AE signal were obtained. It was demonstrated that the continuity of the CM
destruction process is accompanied by the formation of a continuous AE signal. The in-
fluence of various factors like loading speed or CM properties on the amplitude of the
generated AE signals have been analyzed [39,40] and their influence on energy parameters
likewise [41]. Patterns in the change of AE signal parameters under the influence of the
studied factors were also obtained.

These studies revealed that, for a constant speed of the destruction process, the gen-
erated AE signal is a pulse signal with an accelerated increase in leading-edge amplitude
and relaxation decrease in trailing-edge amplitude. This is due to the continuity of the
destruction process at a constant speed. However, experimental AE signals [42,43] exhibit
a complex envelope shape with surges and drops in amplitude, which may be attributed to
the non-uniformity of the CM destruction process. To reliably interpret AE information
and to ensure the robustness of methods for monitoring and diagnosing the CM condition,
it is crucial to analyze how the non-uniformity of the CM destruction process influences
the acoustic emission based on the Von Mises criterion.

In this work, we obtained analytical descriptions of AE signals formed during CM
destruction by shear force, using the Von Mises criterion to define the failure of the CM
in the form of bundles of fibers. The influence of various factors like rate of composite
deformation, physical and mechanical characteristics of the composite, dispersion of com-
posite properties, and the area of composite destruction on the parameters of generated AE
signals have been investigated. Patterns in changes of the AE parameters were identified,
forming the basis for the development of diagnostic tools and methods for monitoring the
condition of a CM.

Simultaneously, the conducted experimental studies demonstrate that AE signals
have a complex shape, evidently due to the non-uniformity of the destruction process.
Conducting experimental studies on dynamic shifts through the processing of recorded
signals additionally substantiates our understanding of composite material failure and
contributes a scientific basis to the analysis of AE signals. From the perspective of the
reliability of interpreting AE information and the robustness of methods for monitoring and
diagnosing the condition of CM, it is crucial to analyze the influence of the non-uniformity
of the CM destruction process during damage formation on the acoustic emission according
to the Von Mises criterion.



J. Compos. Sci. 2024, 8, 235

40f11

2. Analysis
2.1. Simulation Conditions

This current development builds on previous investigations of the influence of loading
speed on AE during the destruction of a composite by the authors [40], in which the
governing formulas were derived. The investigation of the non-uniformity of the CM
destruction according to the Von Mises criterion during changes in the developing process
speed will be conducted in three stages. In the first stage of modeling, we will calculate
and construct a pattern of equivalent stress changes over time t according to the Von Mises
criterion. The adopted modeling parameter is the strain rate and the change of stress over
time is described by the following expression,

1— at

1—+vV1—+Vat

on(t) = at- 0.5 <2—2M+at310g(1+“t>>—ati 2 1_0(;/@+log<1+ W) , (1)

where 0, (t) is the equivalent stress change on CM elements over time with a linear input
of strain € = at, where « is the strain rate. For the assumed time instant tj, at which the
destruction of CM begins, we calculate the corresponding stress o(ty). We carry out the
calculation according to the expression

3 3 _ —
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In the second stage of modeling, we calculate the change in the number of remaining
CM elements and the amplitude of AE signals over time as the process of CM destruction
progresses according to the expressions

_ t rlom(t)]—o(t)
N(t) = Np-e v fy € odt, 3)

U(t) = Upoolom(t) — o(ty)] - e"om=etoll o~y el @
where 0, (t) and o(t() are respectively the equivalent stress change in the CM elements
over time and the threshold stress at f( (the initial time of CM destruction process); Uy is
the maximum possible displacement during the rapid CM destruction consisting of Ny
elements; vy and r are constants depending on the physical and mechanical characteristics
of the CM.

From a kinetic point of view the fracture process consists of two stages, crack initiation
and its propagation through the material. However, due to material dispersion properties,
crack development can occur with inhibition or acceleration, i.e., with rate change of the
destruction, specifically of stress. In the third stage, we simulate the change of strain rate
« by increasing or decreasing it locally at certain points in time. Taking into account the
linearity of the change of the AE signal amplitude with respect to & according to [40], we
will calculate and plot the dependence of AE signal amplitudes over time as a proportional
percentage increase or decrease in signal amplitude at the instants of local changes of «.

The simulation will be carried out in relative units with the following parameter
values: loading speed & = 30; physical and mechanical characteristics: ¥y = 100,000,
# = 10,000; initial time of CM destruction fy = 0.001. The time interval At; between AE
signal amplitudes is chosen to be Af, = 1-1077.

2.2. Simulation Results

The calculation results, according to (1), for a linear strain input and the adopted
parameters are shown in Figure 1. They are presented in terms of change in equivalent
stress according to the Von Mises criterion given in relative units. From Figure 1, it can
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be observed that for a linear deformation input the change of stress over time exhibits a
non-linear character.
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Figure 1. Equivalent stresses &y, over time f for deformation rate & = 30, Equation (1). Stresses during
CM destruction calculated according to the Von Mises criterion.

Using expression (2) we calculate the stress at the initial time of CM destruction
fo = 0.001, that is at the beginning of the destruction process, which gives us the corre-
sponding value of the initial destruction stress &y = 0.023884393144868957 in relative units.
For readability, this value can be approximated as ¢y (0.001) = 0.023884. The stress value is
dimensionless as it has been normalized for the modeling purposes.

For the given value of threshold stress level &, the number of remaining CM elements
and the AE signal amplitude over time were calculated using expressions (3) and (4).
The results of calculations in relative units are given in Figure 2. Dependencies in Figure 2
are presented as N(t) = N(t)/Np and U(t) = U(t)/U.

The obtained results indicate that, under the adopted modeling conditions, with the
continuity of the CM destruction process (Figure 2a) a continuous AE signal is formed
(Figure 2b). The AE signal exhibits an accelerated increase in the leading edge amplitude
and an exponential decrease in the trailing edge amplitude.

U
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0.0
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0

0.00100
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0.00101 0.00102 0.00103 0.00104 f 0.00100 0.00101 0.00102 0.00103 0.00104 1

(a) (b)

Figure 2. Number of remaining elements over time (a) and AE signal amplitude (b) during the
destruction of a CM by transverse force, for deformation rate & = 30 and an initial time of destruction
Fo = 0.001.
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Next, we model the non-uniformity of the destruction process of the composite with a
local increase or decrease of speed a. The variation of the speed is introduced at the final
stages of the destruction development at specific instances f; where i = 1,2...n, so that
&r = & + Ai&;, where Ag; is local change of speed. In this case, we will assume that the
change of stress occurs continuously. For this calculation, we will limit ourselves to the
simplest case, a proportional percentage increase or decrease of signal amplitude at the
moments of a local speed variation &;, which is than returned to the original speed of the
process development. The changes in speed are assumed to occur during the final stages
of destruction development. We calculate the percentage increase of AE signal amplitude
according to the equations obtained in [40].

Figure 3 shows the results of the AE signal amplitude for four different variations of
the rate of the development process. Specifically, speed is increased by A&y = 2, A&y = 3,
or decreased by Ay = —2, A#; = —3 at a point in time f; = 1.0095 - 10-3.

Figure 3 shows that, under the adopted modeling conditions, a local increase (advance)
or decrease (inhibition) in the rate of development of the destruction process in the final
stage leads to surges or drops in AE signal amplitude at the trailing edge.

U U
12 124
94 9
6 64
34 34
1 1
0 T 1 T T T T T ~ 0 1 T T T ~
0.00100 0.00101 0.00102 0.00103 0.00104 f 0.00100 0.00101 0.00102 0.00103 0.00104
(a) (b)
U U
12 4 124
9 91
6 6
3 3
7 1
f 1
0 rl T T T ~ 0 j T j T ) T ~
0.00100 0.00101 0.00102 0.00103 0.00104¢ 0.00100 0.00101 0.00102 0.00103 0.00104
(c) (d)

Figure 3. AE signals over time with increasing and decreasing rates of destruction of CM elements
in the final stage of the development process. Speed changes at f; = 1.0095 - 1073 by (a) Ai; = 2,
(b) Adq =3, (¢) Ad; = -2, (d) Az = —3.
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The results of AE signal modeling with a sequential increase and decrease of the local
development rate of the destruction process at successive time moments are shown in
Figure 4. The local speed change, for the corresponding times of the process development,
isf; = 1.0092-1073, A&y = 3; F, = 1.009 - 1073, Adi, = —2; I3 = 1.0098 - 1073, Adz = 2;
f, =1.0103-1073, Aiiy = —2; f5 = 1.0108 - 1073, Ads = 2.

The obtained results show that the non-uniformity of the destruction process of the
composite material at the final stage leads to a jagged trailing edge of the signal. Modeling
the non-uniformity of destruction at the initial and final stages of the process with different
scenarios and times of local speed variations shows similar results.

~
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12 4 \1 :
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9 - /
ls
6 /
P
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0.00000 0.00001 0.00002 0.00003

Figure 4. AE signal over time with a sequential increase and decrease in the rate of destruction of CM
elements in the final stage of development process. Local speed changes, at times f; = 1.0092 - 1073,
ARy = 3;F, = 1.009-1073, AGy = —2; f3 = 1.0098 - 1073, A&z = 2; I, = 1.0103-1073, Ady = —2;
5 = 1.0108 - 1073, Ads = 2.

3. Discussion of Research Results

Experimental studies of AE signals during CM destruction [42,43] reveal the complex-
ity of the AE signal shape, characterized by spikes and drops in amplitude at both the initial
and final stages of the progression of the processes. For a reliable interpretation of the AE
information and the development of methods for monitoring and diagnosing the condition
of CM, it is crucial to analyze the influence of the non-uniform destruction process on the
acoustic emission during this process, particularly according to the Von Mises criterion.

The results of our study, similar to those in [40], demonstrate that at a constant
deformation rate, the CM destruction process according to the Von Mises criterion is
continuous, showing a continuous decrease in the number of remaining elements over time
(Figure 2a). Concurrently, a continuous AE signal pulse is formed (Figure 2b), characterized
by an accelerated increase in leading-edge amplitude and an exponential decrease in
trailing-edge amplitude. For this case the signal exhibits a smooth shape.

From a kinetic standpoint the dispersion of material properties implies that crack
development may occur unevenly, exhibiting deceleration over time for more durable
elements or acceleration over time for less durable elements. Simulation results with a local
variation in the process speed at specific time instances reveal the following.

1.  Ashort-term increase in local process speed in the final stage leads to a surge (jump) in
the generated AE signal amplitude at the trailing edge (Figure 3a). Moreover, a greater
increase in local process speed results in a proportionally larger surge in generated
AE signal amplitude (Figure 3b).
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2. Conversely, a short-term decrease in local process speed in the final stage leads to
a drop in generated AE signal amplitude at the trailing edge (Figure 3c). Again,
the magnitude of the speed decrease and the related AE signal amplitude drop are in
proportion. (Figure 3d).

The results of modeling of the AE signal for a sequential increase and decrease in the
local destruction rate at successive moments in the final stage of the process show that the
trailing edge of the signal exhibits a jagged shape with spikes and drops in signal amplitude
at the moments of local speed change (Figure 4).

Figure 5a illustrates the experimental AE signal recorded during the testing of a VK6
hard alloy sample subjected to a transverse force. The VK6 alloy is a sintered carbide alloy
which belongs to the group of dispersion-strengthened composite materials. The sample
had a cylindrical shape (Figure 5b) with a thickness of 4 mm and a diameter of 8 mm.
An incision was made on the sample at a distance of 2 mm from the edge, with a width
of 0.1 mm and a depth of 1.5 mm. The tests were conducted using a universal machine
FP-10, with the sample secured in a special device within the grips of the testing machine.
An AE system was employed to record signals, utilizing special software. The AE signal
was captured by a sensor, amplified, converted into a digital code, and recorded on a
personal computer. Subsequently, the signal underwent processing and graphic display
(Figure 5b). The AE system featured the following parameters: AE sensor with a bandwidth
of 100 kHz-2 MHz and uneven amplitude-frequency response +3 dB, a signal amplifier with
a bandwidth of 100 kHz-2 MHz, uneven amplitude-frequency response +3 dB, sensitivity
of 51V, and a dynamic range of 60 dB. A 14-bit analog-to-digital converter was used with a
sensitivity of 1.22 mV per low-order unit and a sampling interval of 5 ps.

0.9 +

0.6 +

0.3 1

0.0

|

__J 5

‘I—'—DN—I" w—b‘-b

3085

T
3090

30'95 ' 31'00 3105 1 (IMS) 6
(a) (b)

Figure 5. AE signal (a) recorded during destruction of sample VK6 hard alloy by shear force with
a deformation rate of 5 mm/min. Installation diagram (b) for experimental studies of AE: 1—AE
sensor; 2—signal amplifier; 3—A-D converter; 4—personal computer; 5—software; 6—support for
installing the test sample; 7—sample; P is the transverse force applied to the sample.

The conducted studies show a high degree of correlation between the calculated
results of the modeled AE signal when changing the speed of the developing process and
the experimental AE signal (Figures 4 and 5a). It is clearly visible that the graph of the
experimental AE signal (Figure 5a) shows spikes and drops in amplitude on the trailing
edge of the AE signal. Similar changes in the signal, indicating a change in the speed of
the destruction process, are reproduced in the modeled results (Figure 4). Consequently,
the spikes and drops in amplitude in the experimental data may indicate the moments
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when the destruction process accelerates or decelerates, which corresponds to the dynamics
shown on the modeled graph. This allows us to assert that the model effectively reflects
the behavior of the real destruction process captured by experimental methods.

Analyzing the increases or decreases in emission amplitude at various stages of the
developing process can be used to assess the state of the material including defectiveness,
dispersion of properties, and other characteristics. Such an analysis will enhance the
reliability of methods for controlling, monitoring, and diagnosing the condition of materials
and products manufactured from composite materials.

4. Conclusions

The modeling AE signals during the destruction of a composite by shear force based
on the Von Mises criterion and considering a non-uniformity in the developing process has
been discussed. It was determined that at a constant rate of destruction development an
AE signal is formed, which resembles a pulse. The signal exhibits an accelerated increase in
leading-edge amplitude and an exponential decrease in trailing-edge amplitude. In this
case, the AE signal has a smooth shape. However, when there is non-uniformity in the
development of the destruction, which may be attributed to the degree of dispersion
of CM properties, the shape of the AE signal becomes distorted. Modeling of the non-
uniformity in the developing destruction, assuming that the generated AE signal amplitude
is proportional to the rate of stress change according to the pattern defined in [40], showed
that acceleration of the developing process in the final stage leads to surges in the generated
AE signal amplitude at the trailing edge. In this case, the greater the acceleration, the greater
surge in the AE signal amplitude. Correspondingly, inhibition of the developing process at
the final stage leads to a drop in the generated AE signal amplitude at the trailing edge.
In this case, the lower the speed of the developing process, the greater the drop in the AE
signal amplitude. The simulation results also demonstrated that successive acceleration
or inhibition of the developing process in the final stage results in the appearance of a
jagged trailing edge in the generated AE signal. It was also shown that the simulation
results correspond well with the experimental AE signals recorded during the destruction
of samples made of VK6 hard alloy by shear force.

The analysis of amplitude increments or decreases at various stages of the develop-
ing process can be utilized to assess the state of the material, including factors such as
defectiveness, properties dispersion, damage during operation, and other characteristics.
Conducting such analyses is of interest as it has the potential to enhance the reliability of
inspection, monitoring, and diagnostic methods for assessing the condition of materials
and products made of composite materials.
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