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Creating conditions to implement equilibrium processes of damage accumulation under a predictable scenario enables control
over the failure of structural elements in critical states. It improves safety and reduces the probability of catastrophic behavior
in case of accidents. Equilibrium damage accumulation in some cases leads to a falling part (called a postcritical stage) on the
material’s stress-strain curve. It must be taken into account to assess the strength and deformation limits of composite
structures. Digital image correlation method, acoustic emission (AE) signals recording, and optical microscopy were used in
this paper to study the deformation and failure processes of an orthogonal-layup composite during tension in various directions
to orthotropy axes. An elastic-plastic deformation model was proposed for the composite in a plane stress condition. The
evolution of strain fields and neck formation were analyzed. The staging of the postcritical deformation process was described.
AE signals obtained during tests were studied; characteristic damage types of a material were defined. The rationality and
necessity of polymer composites’ postcritical deformation stage taken into account in refined strength analysis of structures
were concluded.
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1. Introduction

Prediction of failure processes, evaluation of durability and
safety of structures made of polymer composites require
studies of damage accumulation during deformation pro-
cesses [1-3]. They lead to a non-linear behavior on stress-
strain curves [4-6]. Moreover, if structural defects are suf-
ficiently developed, the postcritical stage (also called the
necking stage or softening stage) may be implemented,
characterized by stress reduction during strain increase [7-
10]. Various areas of this stage correspond to certain damage
mechanisms. Their understanding allows predicting the
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composite’s behavior under various loading conditions
using computational methods [11-14].

The postcritical stage occurs in various materials: metals
[15,16], rocks [17,18], and concretes [19-23]. Besides, the
postcritical strain stage is taken into account in many co-
hesive zone models [24-26]. The softening stage is observed
in polymer composites when the matrix is predominantly
deformed [25-29]. Particular interest is to study the behavior
of layered composites during in-plane shear [30-33].

Postcritical deformation of metals is accompanied by
significant plastic deformations, which lead to localization
in the form of a neck on the specimen work part. This
phenomenon greatly complicates the stress-strain curve
obtaining and data recorded in experiments interpretation.
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Experimental and theoretical studies of strain localization in
the neck give an insight into physical and mechanical pro-
cesses resulting in failure [34,35]. Few papers are dedicated
to the neck investigation in composites [36,37].

To study specific features of material deformation in the
presence of heterogencous strain fields, various modern
analysis systems can be used. Many researchers prefer vi-
sual image correlation three-dimensional (VIC-3D) con-
tactless optical video systems more than strain gauges due to
their ability to obtain displacements and strain fields all over
the sample surface [32,38,39]. The VIC-3D was used to
study the elastic-plastic deformation of polymer composites
in Refs. [40-44].

The postcritical deformation stage is caused by multiple
damage accumulation in the material structure. Hence, the
acoustic emission (AE) signal recording method, based on
the recording of elastic waves occurring in deformation and
local restructuring, is reasonable to use in damage de-
termination, especially in polymer composites [45-47]. The
AE method allows the investigation of damage accumula-
tion processes and the definition of optimal test parameters
(such as strain rate, and frequency), which have a significant
influence on failure processes. This method provides a more
accurate evaluation of composite materials’ behavior and
prevention of possible accidents [48-52]. However, a small
number of papers are dedicated to the composites’ post-
critical stage study with AE signals recording [36].

This paper represents an experimental study of postcritical
deformation regularities of carbon-fiber reinforced plastic
with orthogonal layup. Tension tests were carried out on
specimens cut out in various directions. Stress-strain curves
were built, showing that the postcritical stage implements
during in-plane shear. An elastic-plastic model based on the
deformation plasticity theory was proposed for the con-
sidered composite taking into account the identified reg-
ularities. The optical video system was used to analyze the
evolution of heterogeneous strain fields and the neck for-
mation process. The AE signal recording method found
characteristic defects taking place during deformation pro-
cesses. A conclusion was made on the necessity and ra-
tionality of studying the postcritical deformation stage of
polymer composites.

2. Material and methods

To manufacture specimens, a plate was made by autoclave
molding ( ~ 2 mm thick) composed of 16 layers of prepreg
carbon fiber VKU-60 (VIAM, Russian Federation) based on
carbon fabric and epoxy binder. The specimens L = 150 mm
long and b ~ 23 mm wide (the gage length 50 mm, grip
parts 50 mm) were cut from this plate using Zund GL-2500
plotter in two directions: along carbon threads (Type-0) and
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at 45° to them (Type-45).

Experimental studies were carried out using the large-
scale research facilities “Complex of testing and diagnostic
equipment for studying properties of structural and func-
tional materials under complex thermomechanical loading”
at the Center of Experimental Mechanics of the Perm Na-
tional Research Polytechnic University (PNRPU).

The tension tests were carried out using Instron 5982
(£100 kN) electromechanical testing system by loading at a
constant movable grip rate of 2 mm min™', together with the
VIC-3D optical strain field and movement analysis video
system and AMSY-6 AE signal recording system. Testing
and measurement systems were synchronized during tests
using NI USB-6251 16-bit high-rate analog to digital con-
verter (ADC) unit.

The deformation process was recorded using two Prosilica
50 mm cameras (4872 x 3248, 16 Mp). The frame frequency
was 3 fps. VIC-3D software enables using various correla-
tion criteria for mathematical evaluation of digital image
correspondence. We used the criterion of standardized sum
of squares of differences with zero mean since it is the least
sensitive to illumination changes during tests, which ensures
the best combination of time frames and accuracy of results.
The Lagrange finite strain tensor was used during post-
processing for calculations. Oy axis was directed along the
specimen (along the loading axis), and Ox was perpendi-
cular to the loading axis in the specimen plane. An
additional software module “virtual extensometer” was used
in loading and stress-strain curves construction to track
mutual movement between two points on the specimen
surface.

The accuracy of the contactless optical system is defined
by the specifications of lenses and digital cameras, namely,
the matrix sensitivity, resolution, and permitted frame fre-
quency. The specimen surface, camera configuration, and
calibration also affect the resulting experimental data. Ac-
cording to the tests carried out in Ref. [53], a conclusion was
made that the VIC-3D system can obtain displacements with
an accuracy comparable to that of the strain gauges, with the
possible deviation from the true value about 0.15%.

AE signals were recorded by the Vallen AMSY-6 system.
To record signals, we used AE144A and AE105A wide-band
sensors with  frequency bands of 100-500 and
450-1150 kHz, respectively, with a pre-amplifier with an
amplification coefficient of 34 dB. The sensors were at-
tached to the specimen using a fastening system. The data
sampling frequency was 10 kHz, the threshold value of AE
signal recording was 40 dB. The energy parameter, AE
signal duration, spectral maximum frequency, and peak
amplitude were used as informative parameters (character-
istics of fast Fourier transform). The energy parameter of
AE signals was calculated using a special software option in
energy units (eu), 1 eu = 107* J. After tension tests the



V. Wildemann, et al. Acta Mech. Sin., Vol. 41, 423468 (2025)

samples’ surfaces were analyzed using CarlZeiss SteREO
Discovery.V12 (ZEN software) digital stereo microscope.

Tension tests of Type-0 and Type-45 specimens were
carried out according to ASTM D3039 and ASTM D3518,
respectively. Longitudinal strains &,, and transverse strains
&, were calculated using the “virtual extensometer” tool.
Loading diagrams (axial loading P dependence on dis-
placement u) and stress-strain curves (normal (tangential)
stress o () dependence on longitudinal (shear) strains ¢ (y))
were built. Elastic characteristics of the composite material
were identified (Young’s modulus E, Poisson ratio v, shear
modulus G). Stress-strain curves were also built using true
stresses oy (Tre) to take into account the changes in the
cross-section area. We assumed that the change in thickness
could be neglected, therefore, true stresses were calculated
according to the formula

_p _ P |
Tuwwe = Jb(T+en) T~ 2Rb(1Fe L) 1

The investigation is limited by experimental regularities
obtaining and model building on their basis. Stress-strain
curves were introduced to simplify the composite’s me-
chanical behavior presentation (considered as homogeneous
material, allowing the model building). Registration of
strains was carried out using an additional module of VIC-
3D software “virtual extensometer”. The main advantages of
using the “virtual extensometer” are non-contact registration
of deformations, no mechanical impact on the surface of the
specimen, and the possibility of using several “virtual ex-
tensometers” on one specimen, both in longitudinal and
transverse directions, which leads to an increase in the ac-
curacy of the recorded deformations. The disadvantage of
VIC-3D is the partial loss of data associated with the dela-
mination of the applied the surface paint. Only two variants
of specimens’ orientation were considered: along the carbon
threads and at 45° to them. We assume that the composite’s
behavior is independent of the strain rate, so all the loadings
are static. According to many studies, such as Refs. [54,55],
we relate the peak frequency ranges to the certain fracture
mechanisms. Low frequencies correspond to matrix crack-
ing, medium frequencies to delamination, and high fre-
quencies to fiber fracture.

3. Results and discussions

3.1 Loading diagrams and stress-strain curves

Loading diagrams of Type-0 and Type-45 specimens were
built using the test system data (built-in displacement sen-
sor) and the video system data (Fig. 1). The initial part of
Type-0 samples loading curves built without VIC-3D data
has a non-linear section. This peculiarity is explained by the
mutual displacement of test machine parts previously being
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Figure 1 Loading curves built using built-in displacement sensor (dotted
line) and VIC-3D data (solid line): (a) for the samples of Type-0; (b) for the
samples of Type-45.

in a non-loaded state. A significant difference in displace-
ments with equal loads was caused by not only the change in
displacement measurement tool but also the rigidity of the
testing machine. Therefore, the difference in displacements
was lower for Type-45 specimens than for Type-0 specimens
(the first ones were significantly less rigid). On the other
hand, the loading diagrams obtained with VIC-3D were less
complete due to paint spalling during the softening process.

Figure 2 presents the stress-strain curves (a) and (c) and
the dependencies of transverse strain on longitudinal strain
for Type-0 specimen tests (b). The stress-strain curves for
Type-45 specimens (in-plane shear) were built in true and
engineering stresses. The deviation between true and en-
gineering stresses for Type-0 specimens was below 0.3 MPa.

The average Young’s modulus was 65.2+1.4 GPa, the
Poisson coefficient was 0.075+0.016, the shear modulus was
4.42+0.09 GPa. Different mechanical behavior was noted
during tension along reinforcement threads and at 45° to
them. In the first case, the failure occurred in an elastic-
brittle manner (linear deformation until failure and no re-
sidual strains). It is explained by the most of the load is
taken by the reinforcement fibers, whose behavior is linear-
elastic up to the destruction moment. The fracture of several
threads induces the nonequilibrium failure process and sharp
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Figure 2 Composite’s stress-strain curves: (a) along the reinforcement;
(b) corresponding dependencies of transverse strains on longitudinal ones;
(c) during in-plane shear in engineering (solid lines) and true (dashed lines)
stresses.

load drop. In the second case, the postcritical deformation
stage was implemented, even when the stress-strain curve
was built using true stresses. This happens because the ex-
ternal load is taken by the matrix during in-plane shear. The
matrix behavior can be elastic-plastic, moreover, multiple
matrix cracking occurs, causing many slight load drops,
summarizing into the external load’s falling and postcritical
deformation implementation. The previous study [36] con-
firms that the composite’s behavior can be elastic-plastic
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during in-plane shear. Moreover, the relationship between
transverse and longitudinal strains was non-linear, reflecting
the change in the Poisson ratio. These peculiarities must be
taken into account in functions defining the mechanical
behavior of the material.

Thus, according to the test results, it can be noted that the
stacking scheme affects the degree of realization of the
subcritical stage of deformation. Also, according to the
previously obtained results, it can be noted that the reali-
zation of the subcritical stage of deformation depends on the
geometry of the specimens, in particular, the length of the
working part (i.e., the stiffness of the loading system [28]).
Also, the influence of the loading rate on the realization of
the subcritical stage of deformation is shown in Ref. [29].

3.2  Orthogonal-layup composite’s elastic-plastic model

Elastic-plastic model for orthogonal-layup composite in
plane stress state can be written as a relationship between
strains ¢, &» and y, with stresses oy;, o and 1), using
compliance coefficients S,»j-) [56]. In the coordinate system
related to orthotropy axes (with the directions of reinforce-
ment threads):

0 .0
Sy S 0
e 11 512 o1
Ent=|s> sg 0 [0t (2)
Y12 712
0 0 s¥

Let us note that the compliance coefficients may depend
on the type of the stress-strain state. Therefore, they are
functions, whose definition requires a set of standard tests.
When the coordinate system rotates in the plane of layers to
angle ¢ strain-stress relationship will look as follows:

&1 511 812 S16|| P11
£ 812 82 S6[j oot (3)
" kY S S, -
T2 16 526 Se6)| 7,

The changed compliance coefficients are found using the
formulas below (designations for simplification are s—sing,
c—CosY:

e _ A0, 4.0 0, .0).2.2
Su=cspts 522+(2512+366>‘ ¢,
S12= (S4+C4)51g‘L (S1q+5202’5606)5252a

2.0 2.0 0, .0\ .2_ 2
2c7s)—2s s22+(2s12+s66)(s —c )]sc,
- 4.0, 4.0 0, .0).22 )
Sp=sste 522+(2S12+S66)S ¢,

2,0_n2.0_ (50, 0Y 2_ 2
257811~ 2¢"Sy (2312+s66)(s c )}sc,

2

- 2_ 2 22
Se6 = (s —c )s606+(4s101+4s202*8s1%¥ c”.

In a particular case when the rotation angle ¢ = 45°:

816 =

S26 =
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e e _I( o0, 0 0, .0
511_Szz_Z(S11+522+2512+S66)a
« 1o, o0 0_.0
5= 2(311+S22+2S12’S66)’

I ¥
S16 = 526 = 7(S117S22)s

&)

e 0,0 _~ 0
Se6 = S111 5227 281
We can write these equations for the tension tests in

various directions. For the tension along the reinforcement
threads (along the orthotropy axis x)):

_ .0
€117 8511911
0
_0_ _S
€20 T 8120117 o ¢1D (6)
S11
712 = 0.

Therefore, the damage functions reflecting the change in
compliance coefficients sl‘} and slg can be obtained from the

uniaxial tension test along the reinforcement direction using
the dependencies between the normal stress o;; and long-
itudinal strain &; and between transverse strain &, and &;.
For the composite considered in this paper, the directions x;
and x, are equal (the fabric is equally strong), so the func-

tions slo1 and S202 are also equal, and no additional test is

required. In case of tension at 45° to the direction of re-
inforcement threads (in-plane shear):

- _o= _1ro. 0 0, 0)=
811_3110-11_Z(Sll+s22+2S12+S66)all’

- _o= _1lro, 0 0__0\=

€2 = 81011 = Z(S11+S22+2S12_S66)Jlla (7)

- = 1 0 0\—

712 = 516011 = j(slfszz)au-

Converting of Eq. (7) lead to
- - _ o0y
1 €2 = S0 - (8

Therefore, the third damage function can be obtained from
a standard static +£45° tension test.

Based on the above, to describe the deformation processes
of the layered composite considered in this paper, it is en-
ough to know three damage functions found from two
standard tests. The material behaves as the elastic-brittle
while tension along the reinforcement direction, so the da-
mage function is piecewise constant (0 until the failure
moment and 1 after it). In accordance with Ref. [7], three
damage functions wg, w,, and wg can be defined as

_ o)
Egy ’

€01
—exlen) = V(1 -0 (e))en & o,(e) = 1 *%, )

11212
TIZ(y]Z) = G(l _wG(Vlz))Vlz <~ wc(ylz) =1- DG;):; .

op(eyy) = El(l ’wE(gn))gn < wgle) =1

Therefore, compliance coefficients are defined as
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o1
11 EI(I_C()E)’
o_ W~
S12 = El(l_CUE)’ (10)
o___1
66" Gl—wg)’

Examples of damage functions obtained in the experiment
are represented in Fig. 3. It seems reasonable to use them to
predict the mechanical behavior of composites with other
reinforcement schemes.
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Figure 3 Experimental damage functions: (a) wg; (b) w,; (¢) wg.
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3.3 Inhomogeneous strain field analysis

During Type-45 specimen tests, the non-linear and post-
critical deformation was accompanied by localization in the
form of the neck. Therefore, it is necessary to study the
material’s behavior in various specimen zones. For this
purpose, the “virtual extensometers” were installed further
away from the neck zone (E0), at the failure site along the
neck (E1), and at both specimen areas (E2). We built three
stress-strain curves using these extensometers (Fig. 4). Up to
the shear strength reaching, all stress-strain curves were
similar. Hence, the deformation process of the material in
the entire specimen volume was relatively homogeneous.
After neck formation, the material in the EQ area was un-
loaded (only the elastic part of strains decreased) during
external load reduction. At the same time, material in the
neck part (E1) showed postcritical behavior, resulting in a
long falling part on the stress-strain curve. The intermediate
stress-strain curve was obtained by using E2 extensometer.
Thus, we recommend building the composite stress-strain
curve by measuring strains in the neck zone. A disadvantage
of this method is a partial loss of data related to the spalling
of paint applied on the specimen surface. To solve this issue,
more viscous paints are recommended. It also must be noted
that specimen parts distanced from the neck act as part of the
loading system during softening process, significantly af-
fecting the stability of the postcritical deformation process
[36]. Therefore, it is relevant to develop novel experimental
methods to obtain the complete stress-strain curves, prob-
ably for specimens with reduced work part.

Figure 5 shows the evolution of the longitudinal strain
field ¢, for points 1-8 on the stress-strain curve from Fig. 4.
The significant inhomogeneity and strain localization in the
form of stripes located along the carbon threads were noted.
Moreover, individual spots of strain localization (due to the
effects of the braiding structure) and periodicity cells of a
certain characteristic size were observed.

The heterogeneous distribution of strains for the Type-0

g (%)-
Langrange
;750
250
5]
S 200 235
S 150
5]
Z 100 —2.80
=
£
S 50
< ~7.95
0 J

0 0.1 0.2 0.3 0.4
Longitudinal strain, &

-13.10

Figure 4 Stress-strain curves constructed using various “virtual ex-
tensometers” locations on the specimen surface.
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specimens (Fig. 6) showed that the damages were localized
along the entire specimen surface. In places where long-
itudinal and transverse fibers crossed, areas with in-
homogeneous distribution of strain were forming during
tension. The observed spots are explained by the fabric
structure. If the thread near the sample surface is oriented
along the loading direction, the fibers take the most of ex-
ternal load, and local strains are less. On the other hand, if
the thread is oriented across the loading direction, the matrix
takes the external load, and local strains are large. The
periodic structure of the fabric reflects the spots of strain
localization observed with the VIC-3D. For the Type-45
specimens, strain fields had an irregular distribution in the
form of stripes oriented at 45° to the loading direction (Fig.
6). Destruction started in zones located closer to the speci-
men center. The strips might also be explained by the fab-
ric’s structure features. In the areas between the parallel
threads, there is more matrix than the fibers, simplifying the
shear between them and causing large strains. However, in
the middle of the threads, the matrix concentration is less, so
the local strain values decrease.

For Type-45 composite specimens, the distribution of g,
strain is analyzed along the line L (Fig. 7) drawn along the
entire specimen. Each curve is represented for points 1-5 on
the stress-strain curve from Fig. 4. The Strain diagram had
periodic maximums and minimums of shear strain. The
maximum difference between strain values in maximum and
minimum points was about 60%, while the curves for var-
ious load levels were similar and could be easily moved to
higher strain levels as the external load increased. The space
between neighboring maximums and minimums is aligned
with the micro-structure of the composite. For the lower
value of the applied load, the strain distribution showed a
relatively regular pattern. However, for the later stages of
testing, it changed to the periodic strain maximums and
minimum distribution in the area of neck formation. While
the applied load was further rising, the distribution changed
from regular to irregular. These results were obtained using
an additional video system tool “line”.

3.4 AE signals analysis

Based on the data obtained by the AE signal recording
system, the parametric analysis was carried out. De-
pendencies of the AE signal energy parameter, peak am-
plitude, peak frequencies of signals, and signal length on
time were built and analyzed.

AE signal peak frequencies (Fig. 8) had several char-
acteristic ranges. Since we used sensors with the ranges
above 100 kHz, AE signals with the frequency below
100 kHz may be non-representative. However, the usage of
two sensors with various bandwidths allowed to expand an
overall band up to the 1150 kHz. Signals for the Type-0
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Figure 5 Evolution of ¢, strain fields.

specimens were observed immediately after the test started,
which may indicate that this type of specimen had the fiber
and matrix destroyed simultaneously. Many signals for both
types of specimens were observed in the high-frequency
band (from 700 to 900 kHz), which may indicate a multiple
fibers break. It can be also noted that the Type-45 specimens
had fewer signals within the range from 200 to 450 kHz.
To evaluate AE signals in the postcritical loading stage,
peak frequency distribution on the loading curve falling part
for the Type-45 specimen was built (Fig. 9). It should be
noted that two separate bands can be distinguished in the
medium frequency band: 370-400 and 410-570 kHz. It
shows that during the postcritical stage material underwent
delamination and fiber slippage accompanied by multiple
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fiber breakages, manifested in the growth of the number of
signals in the high-frequency band. From 210 to 230 s no
low-frequency signals were detected, which may indicate
that the matrix was almost fully fractured by this time. The
distribution of AE signals peak frequencies suggests that
after matrix failure in the neck area material had multiple
delaminations so that fibers started to slip, the matrix and
fiber began to work separately, fiber threads and separate
fibers were failing.

The dependencies between the relative number of signals
and spectral maximum frequencies were built for both
specimen types (Fig. 10). The number of signals in each
band can be estimated for bands distinguished earlier. The
maximum number of signals in both types of specimens was
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Figure 8 The AE signals peak frequency dependencies on time, combined with the loading diagrams: (a) for the Type-0 specimens; (b) for the Type-45
specimens.

observed in the low frequency band. At the same time, in the had significantly fewer signals recorded in the medium band
high frequency band, almost the same number of signals than Type-0 specimens. According to the analysis of the
were recorded. It should be noted that Type-45 specimens spectral maximum frequencies, typical bands were dis-
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Type-45 specimens.

tinguished for each specimen. The other parameters of AE
signals were sorted by the identified band ranges.

Figure 11 represents dependencies of AE signals cumu-
lative energy on time. The red line shows energy recorded in
the lower frequency band. In both specimen types, it is
higher than the energy of the other bands. However, the total
cumulative energy in Type-45 specimens is composed not
only of energy values in the considered bands. This is
caused by an outburst of the signals with high energy be-
yond the distinguished frequency bands.

The nature of energy outbursts was different in specimens
of various types. As the external load was rising in the Type-
0 specimen, the signal energy gradually increased, and the
energy parameter peak coincided with the maximum load
value, followed by the specimen failure. Signals in the Type-
45 specimen differ in the energy level to a greater extent.
The maximum jump was observed near achieving the
maximum load value, but energy parameter outbursts were
recorded in the further postcritical stage. One of them, close
to the maximum, was recorded at the test end.
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Figure 11 Dependencies of the AE signals cumulative energy on time,
combined with the loading diagrams: (a) for the Type-0 specimens; (b) for
the Type-45 specimens.

It should be noted that the level of cumulative energy in
specimens of various types differed insignificantly despite
the fact that the maximum load of the Type-0 specimen was
more than 3 times higher. After reaching the maximum load
and further softening in the Type-45 specimen, the cumu-
lative energy was growing, which showed that the damage
accumulation continued until the test ended. Type-45 spe-
cimen also showed a more intermittent nature of cumulative
energy growth, which indicates that the energy in certain
signals differed greatly during loading.

Figure 12 represents the AE signals’ peak amplitude de-
pendencies on time, also distributed by characteristic fre-
quency bands. The Type-0 specimen showed the amplitude
growth during loading. Signals with the amplitude 75 dB
and higher were observed, followed by the maximum peak
amplitude achieved at the maximum load value. The Type-
45 specimen had the signal amplitude distributed less
evenly. After the beginning of the postcritical stage, the
signal amplitudes decreased, without reaching the maximum
value after the test ended.
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Figure 12 Time dependence of AE signals amplitudes: (a) for the Type-0 specimens in the ranges of low; (b) medium; (c) high frequencies; (d) for the
Type-45 specimens in the ranges of low; (e) medium; (f) high frequencies.

From the amplitude of the signals in the selected fre- signal numbers within low and medium frequency ranges in
quencies, it can be concluded that when the maximum load 200-220 s. The signal amplitudes were also low in this time
is reached in specimen Type-45, fibers are predominantly period. However, the amplitudes of the signals in the high
fractured, and the process of fiber fracture starts after the frequency band were 75 dB and higher, which shows the
first minute, whereas delamination and matrix cracking are presence of multiple fiber failure.
recorded from the beginning of the test. In the Type-0 The duration of AE signals was also analyzed in the
specimen, the signals corresponding to matrix fracture are considered frequency bands. The Type-0 specimens had the
recorded throughout the test, while the signals correspond- signal duration three or more times higher than those re-
ing to fiber fracture increase in amplitude as the maximum corded for the Type-45 specimens in the same bands (Fig.
load is approached. 13). The results show that in the investigated material sig-

The Type-45 specimen had a significant reduction of nals from the matrix fracture have the maximum duration.
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Figure 13 Dependence of the AE signals duration on time: (a) for the Type-0 specimens in the ranges of low; (b) medium; (c) high frequencies; (d) for the
Type-45 specimens in the ranges of low; (e) medium; (f) high frequencies.
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However, when approaching the maximum load value, the
duration of fiber breakage signals in the Type-0 specimen
gradually increases and reaches the maximum values before
fracture. The signal duration in the Type-45 specimens went
down as the spectral maximum frequencies increased. The
maximum duration in the Type-0 specimen signals was re-
corded in the low frequency band, and the minimal one was
found in the medium band.

The conclusions made upon the data obtained by the AE
method were confirmed by the analysis of the destroyed
specimen provided with an optical microscope (Fig. 14).
The Type-0 specimen had many destroyed fibers and a
fractured matrix, several fibers were layered in the failure
zone. The Type-45 specimen had elongated fibers, which
were especially clearly seen from the side. The matrix
cracking leads to an inter-layer failure and multiple viola-
tions of adhesion between carbon threads, followed by the
failure of fiber bundles and individual fibers. It can be noted
that the angle between threads decreased after testing and
became more acute.

4. Conclusions

The results of the layered composite postcritical deforma-
tion investigation are presented in this paper. The depen-

Figure 14 The images of destructed specimens: (a) Type-0; (b) Type-45
on top of, (c) Type-45 on the side.
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dence of mechanical behavior on the tension direction was
revealed. Composite behaved as elastic-brittle material
along the reinforcement direction, though the presence of a
softening stage on the stress-strain curve was found out
during tension at the angle of 45° to the carbon threads
orientation. For the case of a plane stress state, the novel
model of layered composite mechanical behavior was pro-
posed, which assumes the use of three damage functions
determined by two standard tests. The analysis of in-
homogeneous displacement and strain fields was carried out
by the DIC method. The dependence of strain localization
nature on reinforcement orientation was observed. The in-
fluence of the loading system rigidity on the softening
process stability was noted. The analysis of the AE signals
recorded during the tests was carried out. Three character-
istic ranges of peak frequencies were determined, corre-
sponding to the matrix destruction, adhesion between matrix
and fiber violation, and fiber failure. The relationship be-
tween the tested sample type and the nature of the dis-
tribution of amplitudes, duration, and energy of AE signals
was revealed. The typical defects were determined by an
optical microscope, confirming the AE signals analysis re-
sults. Based on the above, we conclude that the postcritical
deformation stage should be taken into account in the
structure’s strength analysis to ensure reliability and safety.
It is important to carry out further investigation of post-
critical deformation of layered composites with various re-
inforcement schemes.
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