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Abstract: The paper presents an experimental study on regularities of postcritical deformation of
carbon-fiber-reinforced plastic (CFRP) under static +45° tension. The employed test method is
based on ASTM D3518. Displacement and strain fields were identified by a digital image correlation
method (DIC) using a VIC-3D contactless optical video system. Acoustic emission signals were
obtained using an AMSY-6 system. The surface analysis of samples was carried out using a CarlZeiss
SteREO Discovery. V12 optical stereomicroscope and a DinoLite microscope. Three experimental test
types were considered: active loading, deformation with unloadings, and tension under additional
torsion vibrations with various amplitudes. Loading diagrams were constructed; they showed a
number of stages in the damage accumulation process. It was analyzed how heterogeneous strain
fields develop; a neck development during softening process was observed. It was noted that the
loading system rigidity influences the failure moment. The research considered various shear strain
calculation methods using a “virtual extensometer” instrument. Composite mechanical properties
were obtained. A shear modulus reduction during a plastic strain increase was revealed. The acoustic
emission signals were analyzed; three characteristic frequency bands were observed. Most of the
contribution to cumulative energy was made by matrix cracking. A reduction of the number of AE
signals associated with the violation of adhesion between the fibers and the matrix during postcritical
deformation was observed. The research identified basic surface defects. An appearance of the
defects corresponds with their identification by the AE system. It was revealed that the presence of
additional torsion vibration leads to an increase in the softening stage length. It was concluded that
due regard for the postcritical deformation stage and the loading system rigidity is reasonable during
the structure strength analysis.

Keywords: postcritical deformation; composite; digital image correlation; acoustic emission; stability

1. Introduction

A prediction of destruction processes and an assessment of a structure’s survivability
and safety require studying the issues of structural damage accumulation during deforma-
tion. These processes lead to the appearance of a nonlinear relationship between stresses
and strains at the macro level. If structural defects are well-developed, the realization of
the postcritical stage is possible. It is characterized by a stress decrease during increasing
strains. Various areas of this stage correspond to the various construction destruction stages.
Experimental and theoretical studies of the postcritical deformation stage were carried out
in the works [1-6].

An important feature of this stage is the possibility of stability loss at various points.
For example, under “soft” loading conditions with a permanently increasing force, de-
struction will occur when the stresses reach ultimate strength. On the other hand, in the
case of “hard” kinematic loading, the implementation of the complete stress—strain curve
is possible. Generally, the stability loss moment depends on the stiffness of the loading
system (bodies that transmit the load), as was shown in the papers [6-10]. A number of
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works [11-14] demonstrated the effect of the increasing stability of the softening process in
the additional vibrations presence.

Various materials undergo postcritical deformation: metals [15-17], rocks [18,19],
concretes [20-22], polymer composites [23-25], etc. In addition, the softening effect is
observed in the in-plane shear response of polymer composites [26-29]. However, this
stage has not been studied in detail. We can conclude that postcritical stage experimental
investigation is relevant.

Compared to traditional metals and alloys, CFRP have equal or higher physical
and mechanical properties. CFPR are introduced into high-loaded constructions of the
aviation, rocket, and automotive industries, where the issues of weight, strength, durability,
functionality, and cost are relevant [30,31].

Researchers give preference to the non-contact optical video system VIC-3D during
performing shear tests in accordance with various ASTM [32,33]. There is a research [34]
that presents static tests with the results of unloadings for thermoplastic composite samples
prepared in accordance with ASTM D3039. Registration of deformations on the samples
surface was carried out using the GOM-Aramis DIC system. Another research [35] carried
out an analysis of CFRP behavior under shear by various methods (ASTM D3518, ASTM
D5379, and ASTM D7078) using a video system. Strungar et al. [36] presented experimental
studies of the 3D reinforced composites” shear properties in accordance with ASTM D5379.
It was established that the video system usage gives an advantage over strain gauge because
it allows one to see the development of the inhomogeneous strains.

In addition, a convenient method for incipient and developing structural damages
identification is the acoustic emission (AE) method based on the registration of elastic
waves that arise during the deformation and the local structure rearrangement [37,38]. The
advantage of the AE method is the tracking possibility for internal damage and effective
information provision for understanding the failure process. Furthermore, it is necessary to
identify the composites structural destruction mechanisms. The researchers revealed the
characteristic frequency ranges of the AE signals and their correspondence to the various
damage accumulation mechanisms in the polymer composites (a matrix cracking: the
lowest frequencies; fiber breaks: the highest frequencies; an adhesion failure between the
fiber and the matrix: medium range) [39—47]. It should be noted that a limited number
of works address the study of the composites postcritical deformation stage with the
AE method.

Based on the above review, we consider that the study of the postcritical deformation
regularities of polymer composites under in-plane shear is relevant. In particular, it is
necessary to study the softening process stability and the influence of additional vibrations.

2. Material and Methods
2.1. Material

The flat samples with layout [+45];¢ made on the basis of VKU-60 prepreg and VSE
1212 polymer matrix. The samples were cut from a single plate made by autoclave molding
at a temperature of 175 °C and a pressure of 500 kPa. After molding, the plate was kept at
120 °C for 6 h to eliminate residual stresses and post-polymerization effects. The samples
corresponded to the ASTM D3518 with the working area size of 200 mm X 25 mm.

2.2. Equipment

Experimental studies were carried out using the large-scale research facilities “Com-
plex 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 National Research Polytechnic University (PNRPU).

Tensile tests were carried out using the Instron 8802 (100 kN)—a universal ser-
vohydraulic testing system with a movable grip speed of 2 mm/min. The loading was
recorded by a local cell up to 100 kN. The loading measurement accuracy is 0.5%. The
testing system includes a FastTrack controller with a feedback function, which allows a re-
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searcher to compensate the sample stiffness loss during the test. The WaveMatrix software
allows implementing complex loading modes. The tensile test was set in the software in a
stepwise manner.

Displacements and strains of the specimen surface were recorded using the VIC-3D
contactless optical video system and the digital image correlation (DIC) method. A video
recording of the deformation process was carried out using camera Prosilica 50 mm. The
recording frequency was 1 frame for every 0.05 kN load change or 1 frame per 10 s with
the maximum frequency of 5 Hz. The camera resolution was 16 MP. The use of the video
system required the synchronization of the experimental data with the loading process. The
software of the VIC-3D video system provides the usage of various correlation criteria for
the mathematical assessment of the digital image correspondence. The normalized sum of
squared difference criterion (NSSD) was used. This criterion is less sensitive to the sample
illumination (brightness) changes during deformation and provides the best combination
of the time frames and the results accuracy. During postprocessing, the VIC-3D system was
used to calculate the strains using the Lagrange finite strain tensor.

The acoustic emission signals were recorded using the AMSY-6 system (Vallen Systeme
GmbH, Wolfratshausen, Germany). We employed one wideband sensor AE144A (Fujicera,
Fujinomiya, Japan) with a frequency range of 100-500 kHz and a preamplifier with a gain
of 34 dB. The sensor was attached to the sample using a rubber fixture. The data sampling
frequency was 10 MHz, and the threshold value for recording AE signals was 40 dB. The
following parameters were considered informative: the energy parameter, the duration
of the AE signals, and the frequency of the spectral maximum (characteristic of the fast
Fourier transform). The energy parameter of AE signals was calculated using a special
software option in energy units (eu), 1 eu = 10714 V2.s. To record the applied load and
displacement, the AMSY-6 and the video system were synchronized with the test system
controller using a 16-bit high-speed NI USB-6251 ADC unit.

After testing, the researchers used a CarlZeiss SteREO Discovery. V12 stereomicro-
scope with ZEN software in order to determine the sample surface defects. We employed
a DinoLite microscope with 10x magnification mounted on a tripod and DinoCapture
2.0 software with the aim to track the surface changes during the tests. The photos of the
diagnostic systems and the sample in the testing machine grips are shown in Figure 1.

Figure 1. Sample in the testing machine grips and the diagnostic systems.

2.3. Methods

Ten CFRP samples were tested; they were divided into three groups. In the first group
(two samples), tensile tests were carried out until the samples failure (or until the load
reduction to 0.5 kN) with the movable traverse speed of 2 mm/min. VIC-3D and AMSY-6
were used as additional diagnostic systems.
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In the second group (four samples), loading was performed with a number of unload-
ings. The testing process can be represented as two steps: the first is the active loading up
to the determined by an operator point; the second is the transition to the unloading down
to the threshold load value of 0.25 kN, with the automatic transition to step 1. Tests were
also carried out using a video system and an acoustic emission signal recording system. In
two cases, a DinoLite microscope was used.

In the third group (four samples), the sample was actively loaded to failure with
the involvement of additional torsion vibrations. For three samples, the rotation angle
amplitudes were 0.25, 0.5, and 1 degrees, respectively, and vibrations were applied at a
frequency of 20 Hz at the maximum-load-reaching moment. For one sample, vibrations
with an amplitude of 0.5 degrees were applied from the start of the test. The experimental
research program is presented in Table 1.

Table 1. Experimental program. AL, active loading; UL, loading with unloadings; V, loading with
torsion vibrations.

Sample Number Experiment Type VIC-3D AMSY-6 DinoLite
1 + + -
2 AL + + -
3 + + -
4 + + -
5 UL + + +
6 + + +
7 - + -
8 - + -
9 v - - -
10 - + -

3. Results and Discussion
3.1. Active Loading and Postcritical Deformation Regularities
3.1.1. Loading Curves

Loading curves (Figure 2) were built using the load and the traverse displacement
data. We can see the postcritical deformation stage at the macro level (load decrease with
displacement growth). Nonequilibrium load decline areas are shown as dashed lines.
One unloading on sample 2 was performed with the displacement ~16 mm; an elasto-
plastic material behavior was revealed. Curves may be conditionally divided into six stages:
I—elastic deformation; II—almost linear hardening up to the maximum load value;
III—initial postcritical deformation with the neck occurring (fast stage); IV—stabilization
of postcritical deformation with neck development (slow stage); V—intensive softening,
which leads to the nonequilibrium damage accumulation and is able to cause full damage
(fast stage); VI—final sample separation with slow load decrease (fibers are drawn from
the matrix). We can assume that there is a correlation between the loading stages and the
various damage accumulation mechanisms.

3.1.2. Shear Strain Calculation

According to the recommendations of ASTM D3518, the shear strains determination
requires usage of two strain gauges installed in the sample center in directions parallel
and perpendicular to the sample axis to measure longitudinal and transverse strain. Shear
strain is defined as the difference between longitudinal and transverse strain. The VIC-3D
software allows simulating strain gauges with the use of “virtual extensometer” tool. In
addition, it is possible to switch to a coordinate system rotated by 45° associated with the
reinforcement axes and to directly obtain the shear strain field. It is assumed that the use
of the “rectangular area” tool is efficient for this purpose. Due to the neck formation on
the sample, there occurs a significant localization of strains. The application of the video
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system facilitates the data averaging in a given area, which provides the more accurate
strain measurement.

Various strain analysis tools are shown in Figure 3a on the right. A virtual pair of
extensometers EgE; was installed at the point where the sample was fractured (at the neck
center). Additionally, the “rectangular area” tool R was placed in this area to average the
shear strain field in the rotated coordinate system. Pairs of virtual extensometers were
also installed over the entire surface of the sample both closer and further from the neck
(EzE3, E4Es, and EgEy). For comparison, material stress—strain curves were built, shown in
Figure 3a on the left. It is noted that the material located at a distance from the localization
place practically did not pass to the postcritical stage. The use of the “rectangular area”
tool allows getting the softening stage but only to a certain extent. This happened due
to the presence of weakly deformed zones under separation area. The application of the
pair of EgE; extensometers allows obtaining an extended softening stage. Due to this,
further calculations will be carried out following a similar method. The disadvantage of
this method is the partial loss of data associated with the delamination of the paint applied
to the surface.

1250, Sample 1 i M, IV MVI
[ 1 ]
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1 [} ] 11
1 // [ i
8 - 1 /, 1 ] 11
5 [ 7’ ] 1
N ! 77 1 1 n
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Figure 2. Loading diagrams with the noted stages: I, elastic; II, linear hardening up to maximum
load; III, initial postcritical deformation with the neck occurring; IV, stabilization of postcritical
deformation with neck development; V, intensive softening, which leads to the nonequilibrium
damage accumulation; VI, final sample separation.

Figure 3b represents the fields of transverse strains ex, longitudinal strains ¢y, shear
strains ey, and shear strains er"txy in the rotated coordinate system for point 4 on the
stress—strain curve. The significant inhomogeneity of the strain field in the narrowing area
is noted. The shear strain fields e™'y for points 1-4 on the stress—strain curve are shown
in Figure 3c. It is evident there is a significant heterogeneity and localization of strains in
the form of strips located along the composite reinforcement lines. In addition, we note
that there are individual spots of strain localization; this can be due to the CFRP weaving
structure influence and a certain characteristic size of a periodicity cell.

3.1.3. True Stress—Strain Curve

Some researchers assume that the postcritical stage is associated with a cross-sectional
area change, leading to the load decrease. To confirm the presence of a softening stage, let
us construct a stress—strain curve in true stresses Tire. Instead of dividing the load F by
the doubled initial cross-sectional area Sy, we divide it by the doubled current value of the
cross-sectional area S¢yyrent, Which was calculated using the transverse strain ey, according

to the formula
N F _ F )
frue 2Scurrent 2(1 + Sxx)SO .
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It was assumed that the thickness of the sample changed slightly. Figure 4 shows
stress—strain curves constructed with the use of engineering and true stresses. A significant
difference in stresses is noted; however, the postcritical stage of deformation was observed
in both cases.

Shear stress, MPa
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Figure 3. Choice of shear strain calculation method: (a) Stress—strain curves that are built following
various methods (on the left); “virtual extensometers” location on the sample surface (on the right);
(b) strains fields for point 4 on the stress—strain curve; (c) shear strains field evolution in the rotated
coordinate system for the points 1-4 on the stress—strain curve.

3.1.4. Acoustic Emission Signals Analysis

Figure 5a shows that the energy parameter of the acoustic emission signals is dependent
(for each second) on the displacement; the graphs are combined with the loading diagrams.
The first sharp increase of the energy parameter value occurred at the load value ~6 kN.
This moment corresponds to the transition from the elastic deformation (stage I) to the linear
hardening (stage II). Subsequently, the energy parameter peaks were recorded at the load of 8 to
10 kN without visible changes in the loading diagram. During the postcritical deformation, the
energy parameter value increases at fast stages Il and V; the energy parameter maximum value
corresponds with the sample macro-destruction moment.
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Figure 5. Analysis of acoustic emission signals (active loading): (a) Typical distribution diagram
for the energy parameter of AE signals versus displacement; (b) typical distribution diagram of
AE signals frequency parameter versus displacement; (c) typical diagram of cumulative energy

dependence on displacement for various AE signals frequencies; (d) typical distribution diagram

of AE signals durability parameter versus displacement. All the diagrams are accompanied by

load diagram.

Figure 5b shows the distribution diagram of the acoustic emission signal frequencies
versus displacement. All the signals can be combined into three groups with frequency
ranges 50-100 kHz, 190-240 kHz, and 250-350 kHz. According to the previous researches,
we can assume correspondence of these ranges to the matrix cracking, delamination, and
interfacial de-bonding and fibers breaking. Other frequency ranges were not considered

due to the low number of signals.
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The diagram of the cumulative energy value dependence on the displacement is
shown in Figure 5c. The cumulative energy was obtained for all signals and for the three
frequencies ranges introduced. Most of the contribution to cumulative energy was made by
matrix cracking: up to ~290% of the maximum load value. Then, the fiber breaks occurred.
This effect can be explained by a reversal of the fibers in the composite. A cumulation
energy value leap is related to the macro-destruction of the sample and can be explained
by multiple fibers breaks.

It was noted that an acoustic emission signal had an increased duration effect (Figure 5d).
The maximum duration values correspond to stages IIl and V of fast load decrease.

3.1.5. Typical Defects after Failure

The analysis of defects occurring on the sample surface after failure was carried out
using the optical stereomicroscope (Figure 6). Characteristic damages for the farthest from
the neck sample parts are delaminations between the braiding tapes (1, 2), which occurred
both near the edge and closer to the center. Moreover, interlayer delamination (6) is visible
on the side surfaces. Violations of adhesion between fibers and matrix inside the tape (5)
occurred closer to the neck. Breaks of fibers and tapes (3, 4) are visible at the neck center.
The fibers at the neck center are nearly parallel to the sample axis. An explosive failure at
the neck is visible. All the characteristic damages correspond to those detected with the
use of AE technique.

3 mm

(a) (b)

Figure 6. Sample after destruction: (a) Front and side surfaces close up; (b) magnified images of local
areas. Numbers indicate typical damages: 1, 2—delamination between the tapes; 3, 4—breaks of fibers
and tapes; 5—violation of adhesion between fibers and matrix inside the tape; 6—interlayer delamination.

3.2. Unloadings and Postcritical Deformation Stability
3.2.1. Loading Diagrams and Stability Analysis

The loading diagrams are shown in Figure 7a. The dotted lines indicate unloading-
reloading loops; the dashed lines show the nonequilibrium damage accumulation areas.
For specimens 4-6, after unloading, postcritical deformation continued at displacements
smaller than those at the start of unloading. Comparison between the loading diagrams of
samples 1 and 4 (Figure 7b) shows the absence of nonequilibrium damage accumulation
process. We see the so-called S-shaped loading diagram. This effect is explained by the
influence of the sample parts located above and below the neck; they actually constitute
a loading system with limited rigidity. To confirm this fact, loading diagrams for each
of these parts were built. Virtual extensometers Eg and Eg were used, and their location
is shown in Figure 7c on the right. Load diagrams are shown in Figure 7c on the left.
Both these parts entered the softening stage, and then, they practically behaved like elastic
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elements with slightly changing plastic deformation during unloading-reloading. The
damage accumulation processes occurred in the neck area. The postcritical deformation
stability loss occurred at stage V after a sharp increase of the neck area stiffness.

12 + Sample 3 12 Sample 1 (AL)
Sample 4 Sample 4 (UL)
ple b R (g
3 Sample 6 3 5 8
Z z
~ ~
56 + = g6
& &
5] b o}
= =
4 4
2 2
0 } ! 0 t } !
0 5 15 20 25 30 21 23 25 27
Displacement, mm Displacement, mm
(@) (b)
11 +
10
9
8
it 7
6
EE
— 4
3
2
1
D ]

0 1 2 3 4 5 6 7
Deformation, mm

(c)

Figure 7. Loading-unloading curves: (a) Experimental data; (b) comparison between postcritical
stage during active loading and loading-unloading; (c) loading diagrams of the sample parts above
(Eg) and below (Eg) the neck.

3.2.2. Mechanical Properties

The shear modulus and the shear strength were obtained using stress—strain curves,
which were built using the method described in Section 3.1.2. The shear strength was
determined as the stress at the strain value 0.05 (according to the ASTM D3518) and as
maximum shear stress value. When the shear strain value reached 0.05, the test continuation
allowed us to reveal the significant deformation and strength reserves (~90%).

3.2.3. Decrease of Mechanical Characteristics during Postcritical Deformation

It is reasonable to consider the plastic strain value influence on the shear modulus
change and the shape of the unloading-reloading loop. The stress—strain curves obtained
for specimens 4 and 6 are shown in Figure 8a. Six load-reload loops were received for both
samples. For each loop, we calculated the plastic shear strain, shear modulus, unloading-
reloading loop width, height, and their ratio. The results are presented in Table 2. Plastic
deformation increase leads to the elastic modulus reduction; after reaching the ultimate
strength, it decreases by more than three times. Figure 8b shows graphs of the shear
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modulus reduction as compared to the initial value; it occurs due to the plastic shear strain.
We can also note a relative increase in the loop width with a shape change.

220 Sample 4 1.0 ¢
200 = Sample 6 09 T
; 180 0.8 +
% 160 0.7 »
10 oo
i S o5 L
Z 100 5 e
5 80 Dt =r
] 1 @
& 60 0.3 .,
40 0.2 + e® o o
20 0.1 +
0 . t t } t t | 0.0 -
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 010203 04 05 06 0.7
Shear strain Plastic shear strain
(a) (b)
Figure 8. (a) Stress—strain curves; (b) shear modulus dependence on plastic strain.
Table 2. Mechanical characteristics decrease and unloading-reloading loops analysis.
Sample Loop Plastic Shear Relative Shear Loop Loop Height, Height/Width,
Number Number Strain Modulus G'/Gy Width MPa MPa
1 0.0057 0.6893 0.0172 99.9 5808
2 0.0242 0.4725 0.0286 114.1 3990
4 3 0.0939 0.3154 0.0574 152.4 2655
4 0.2138 0.2661 0.0831 186.8 2248
5 0.2794 0.2427 0.0808 163.5 2024
6 0.3983 0.1911 0.0851 136.9 1609
1 0.2410 0.2829 0.0788 178.0 2259
2 0.3035 0.2728 0.0751 161.6 2152
6 3 0.3673 0.2403 0.0761 144.2 1895
4 0.4442 0.2103 0.0794 131.5 1656
5 0.5517 0.1890 0.0843 122.4 1452
6 0.6534 0.1765 0.0839 117.8 1404

3.2.4. Analysis of Acoustic Emission Signals

Figure 9a shows the dependence of the AE signal energy parameter on time. A small
number of signals during the unloading-reloading loop was detected. They resembled Kaiser
effect observed on rocks [48]. The maximum sharp corresponds to the multiple fiber breaks.

Distribution diagram of the AE signal frequencies versus time is shown in Figure 9b.
We noted almost a complete absence of the 190-240 kHz range signals after the transition
to stage IV. Due to the presence of a number of unloadings, the violation of adhesion
between the fibers and the matrix is completed earlier if compared with active loading. The
characteristic frequency ranges are similar to those described in Section 3.1.4.

Figure 9c shows dependences of AE cumulative energy on time. The cumulative
energy started increasing in the third unloading-reloading loop for signals in the frequency
range 50-100 kHz (similar to the sample subjected to active loading without unloading).
Results are similar to those described in Section 3.1.4.

Increased duration effect was noted for AE signals (Figure 9d). Maximum duration
values correspond to the Il and V fast load decrease stages.
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Figure 9. Acoustic emission signals analysis (loading with unloadings): (a) Typical distribution
diagram of AE signal energy parameter versus time; (b) typical distribution diagram of AE signal
frequency parameter versus time; (c) typical diagram of cumulative energy dependence on time for
various AE signal frequencies; (d) typical distribution diagram of AE signal durability parameter
versus time. All the diagrams are shown with load dependence on time.

3.2.5. Surface Defects Development during Tension

The investigation of the surface defects development during tension was carried
out with the use of the optical microscope DinoLite. The loading diagram is shown in
Figure 10a; the sample surface pictures for the points 1-12 are shown in Figure 10b. Only
delaminations between the tapes occurred until the maximum load value (1-5). Then, as
the neck developed (stages Il and IV), violations between the fibers and matrix inside the
tape were found (6-8). A significant reinforcement system rotation was noted. During
the transition to the intensive softening (stage V), all connections between the tapes were
broken in the strain localization area (9-10). After that, the dynamic fibers destruction
followed, leading to sharp load decrease (10-11). Then, the final sample separation occurred
with a slow load decrease (stage VI) and with fibers being drawn from the matrix. We
noted that the appearance of the defects on the sample surface corresponds with their
identification by the AE system.
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Figure 10. The surface defects development during the tension: (a) Loading diagram; (b) surface
pictures corresponding to points 1-12 on the loading diagram.

3.3. Additional Vibrations Influence
3.3.1. Loading Diagrams

Figure 11a shows the obtained loading diagrams (the dashed line shows the areas of
nonequilibrium damage accumulation, accompanied by load decrease). Their comparison
with the active loading diagram (Figure 11b) reveals a noticeable increase in the duration of
neck development stage IV; a transition to an almost horizontal line was noted. However,
the further dynamic sample destruction became more sudden, and stage VI was not
realized. The torsional vibrations amplitude increase in the considered range, as well as
their application from the start of the test, did not have a significant effect.

3.3.2. Analysis of Acoustic Emission Signals

Dependence of the AE signal energy on displacement is shown in Figure 12a. A burst
of AE energy was noted during the transition from elastic deformation to linear hardening.
Results are similar to those described in Section 3.1.4.

Distribution diagram of the AE signal frequencies versus displacement is shown
in Figure 12b. AE signals are also grouped into the three ranges described earlier in
Section 3.1.4. and Section 3.2.4. There is an almost complete absence of AE signals in
190-240 kHz frequency range (corresponding to a decrease of adhesion between fiber and
matrix) at the softening stage.



Polymers 2022, 14, 4502 13 of 16

Dependences of the AE cumulative energy on displacement are shown in Figure 12c.
In the presence of additional vibration effects, the share of energy released during the fibers
destruction increased. We observed a linear increase in cumulative energy from the middle
of stage II to the beginning of stage V.

Dependence of the AE signal duration on displacement is shown in Figure 12d. At the
postcritical deformation stage, an AE signal duration increased by 2-3 times.
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Figure 11. Loading diagrams with additional torsion vibrations: (a) Experimental data; (b) compari-
son between postcritical stage during active loading and loading with additional vibrations.
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Figure 12. Analysis of acoustic emission signals (loading with additional torsion vibrations): (a) Typi-
cal distribution diagram of AE signal energy parameter versus displacement; (b) typical distribution
diagram of AE signal frequency parameter versus displacement; (c) typical diagram of cumulative
energy dependence on displacement for various AE signal frequencies; (d) typical distribution dia-
gram of AE signals durability parameter versus displacement. All the diagrams are accompanied by
load diagrams.
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4. Conclusions

This work carried out an experimental study of the postcritical deformation regularities
of the CFRP under in-plane shear. The test method is based on ASTM D3518. Three types of
tests were considered: active loading, loading with unloadings, and loading with additional
torsion vibrations.

The research revealed deformation process staging. The neck formation on the sample
and the presence of plastic deformations were noted. The method for the shear strain
determination was chosen with the use of the VIC-3D video system. The advantage of
the video system employment in comparison with strain gauges was noted. The research
revealed a significant localization of shear strains in the neck area. It was demonstrated
that the softening stage retains even when plotting the stress—strain curve in true stresses.
Acoustic emission signals were analyzed using the AMSY-6 system. The presence of three
characteristic frequency ranges was noted. The main contribution to the cumulative energy
was made by the matrix destruction. The analysis of the sample surface defects was
carried out using optical microscopes. We noted the presence of delaminations between
the composite tapes, interlayer delaminations, fiber breaks, and adhesion failures between
the fibers and the matrix inside the tapes.

The stability of postcritical deformation was confirmed by carrying out a number of
unloadings. We noted the influence of the loading system stiffness (sample parts above
and below the neck). The material mechanical characteristics were calculated: significant
deformation and strength reserves were revealed. The shear modulus decrease dependence
on the plastic shear strain was demonstrated. A correspondence between the deformation
stages and defects occurrence was determined with the use of optical microscope.

We have studied the influence of additional torsion vibrations on postcritical stage
implementation. It was shown that vibrations led to the deformation resource increase
for the composite. We observed a reduction of the number of signals associated with the
violation of adhesion between the fibers and the matrix during postcritical deformation.
This effect is especially pronounced in the presence of vibrations.

We conclude that it is rational and expedient to take into account the postcritical stage
of deformation and the loading system stiffness during a structure’s strength analysis to
identify additional strength and deformation reserves.

Author Contributions: Conceptualization, A.M., O.S. and V.W.; methodology, E.S. and E.L.; software,
E.S. and E.L; validation, VW.; formal analysis, A.M., O.S. and V.W,; investigation, A.M., E.S., E.L.
and O.S,; resources, E.L.; data curation, A.M.; writing—original draft preparation, A.M. and O.S.;
writing—review and editing, AM., E.S., E.L., O.S. and V.W.,; visualization, A.M.; supervision, V.W.
and A.M.; project administration, V.W.; funding acquisition, V.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was carried out with the support of the Russian Science Foundation (Project
No 22-19-00765) at the Perm National Research Polytechnic University.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nguyen, H.T,; Caner, E.C.; Bazant, Z.P. Conversion of explicit microplane model with boundaries to a constitutive subroutine for
implicit finite element programs. Int. |. Numer. Methods Eng. 2021, 122, 1563-1577. [CrossRef]

Nguyen, H.T,; Donmez, A.A.; Bazant, Z.P. Structural strength scaling law for fracture of plastic-hardening metals and testing of
fracture properties. Extrem. Mech. Lett. 2021, 43, 101141. [CrossRef]

Hu, Z.; Wang, K. Evolution of Dynamic Recrystallization in 5CrNiMoV Steel during Hot Forming. Adv. Mater. Sci. Eng. 2020,

References
1.
2.
3.
2020, 4732683. [CrossRef]
4.

Sokolkin, Y.V,; Vil'deman, V.E. Post-critical deformation and failure of composite materials. Mech. Compos. Mater. 1993, 29,

120-126. [CrossRef]


http://doi.org/10.1002/nme.6590
http://doi.org/10.1016/j.eml.2020.101141
http://doi.org/10.1155/2020/4732683
http://doi.org/10.1007/BF00696441

Polymers 2022, 14, 4502 15 of 16

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Vil'deman, V.E.; Sokolkin, Y.V.; Tashkinov, A.A. Boundary-value problem in the mechanics of the deformation and failure of
damaged bodies with yielded zones. J. Appl. Mech. Tech. Phys. 1995, 36, 903-911. [CrossRef]

Wildemann, V.E. On the solutions of elastic-plastic problems with contact-type boundary conditions for solids with loss-of-
strength zones. J. Appl. Math. Mech. 1998, 62, 281-288. [CrossRef]

Chausov, M.G.; Maruschak, P.O.; Hutsaylyuk, V.; Sniezek, L.; Pylypenko, A.P. Effect of complex combined loading mode on the
fracture toughness of titanium alloys. Vacuum 2018, 147, 51-57. [CrossRef]

Wildemann, V.E.; Chausov, M.G. Conditions for material strain softening under special configuration sample tension. Ind. Lab.
2007, 73, 55-59.

Tretyakov, M.P; Tretyakova, T.V.; Wildemann, V.E. Influence of the loading system stiffness on the jerky flow in Al-Mg alloy at
inelastic and postcritical deformation stages. Procedia Struct. Integr. 2021, 33, 1089-1094. [CrossRef]

Chausov, N.G.; Vojtyuk, D.G.; Pilipenko, A.P.; Kuzmenko, A.M. Setup for testing materials with plotting complete stress-strain
diagrams. Strength Mater. 2004, 36, 532-537. [CrossRef]

Wildemann, V.E.; Tretyakov, M.P.; Lomakin, E.V. Effect of vibration stabilization of the process of postcritical deformation. Dokl.
Physics. 2016, 61, 147-151. [CrossRef]

Kapica, P.L. Mayatnik s vibriruyushchim podvesom. Sov. Phys. Uspekhi. 1951, 44, 7-20.

Seyranian, A.A.; Seyranian, A.P. Chelomei’s problem of the stabilization of a statically unstable rod by means of a vibration. J.
Appl. Math. Mech. 2008, 72, 649-652. [CrossRef]

Wildemann, V.; Staroverov, O. Influence of additional vibration loads on the processes of deformation and fracture of composite
tubular samples. IOP Conf. Ser. Mat. Sci. Eng. 2021, 1129, 012012. [CrossRef]

Fedorenko, A.; Fedulov, B.; Kuzminova, Y.; Evlashin, S.; Staroverov, O.; Tretyakov, M.; Lomakin, E.; Akhatov, I. Anisotropy of
Mechanical Properties and Residual Stress in Additively Manufactured 316L Specimens. Materials 2021, 14, 7176. [CrossRef]
Vildeman, V.E.; Lomakin, E.V,; Tretyakova, T.V.; Tretyakov, M.P. Supercritical Deformation and Fracture of Bodies with Concentra-
tors under Plane Stress State Conditions. Mech. Solids. 2017, 52, 488-494. [CrossRef]

Fomin, S.; Izbash, Y.; Bondarenko, Y.; Butenko, S.; Plakhotnikova, I. Complete “stress-strain” diagrams of rolled steel beams.
MATEC Web. Conf. 2018, 230, 02008. [CrossRef]

Liu, C.Y,; Wang, Y.; Zhang, X.P; Du, L.Z. Rock Brittleness Evaluation Method Based on the Complete Stress-Strain Curve. Frat. Ed
Integrita Strutt. 2019, 13, 557-567. [CrossRef]

Chanyshev, A.L; Belousova, O.E. Interpretation of zonal disintegration of the rock mass around openings. Phys. Mesomech. 2009,
12, 89-99.

Yang, X.; Wu, T,; Liu, X. Stress-Strain Model for Lightweight Aggregate Concrete Reinforced with Carbon-Polypropylene Hybrid
Fibers. Polymers 2022, 14, 1675. [CrossRef]

Zhang, R.; Guo, L.; Li, W. Combining Thermal Loading System with Acoustic Emission Technology to Acquire the Complete
Stress-Deformation Response of Plain Concrete in Direct Tension. Materials 2021, 14, 602. [CrossRef] [PubMed]

Zhao, M.; Zhang, B.; Shang, P.; Fu, Y.; Zhang, X.; Zhao, S. Complete Stress-Strain Curves of Self-Compacting Steel Fiber Reinforced
Expanded-Shale Lightweight Concrete under Uniaxial Compression. Materials 2019, 12, 2979. [CrossRef] [PubMed]

Semenyuk, N.P.,; Trach, V.M. Stability and postcritical behavior of cylindrical composite shells with local imperfections under
external pressure. Int. Appl. Mech. 2016, 52, 624—634. [CrossRef]

Camanho, PP; Davila, C.G.; De Moura, M.F. Numerical Simulation of Mixed-Mode Progressive Delamination in Composite
Materials. J. Compos. Mater. 2003, 37, 1415-1438. [CrossRef]

Beghini, A.; Bazant, Z.P.; Waas, A.M.; Basu, S. Postcritical imperfection sensitivity of sandwich or homogenized orthotropic
columns soft in shear and in transverse deformation. Int. J. Solids Struct. 2006, 43, 5501-5524. [CrossRef]

Van Paepegem, W.; De Baere, 1.; Degrieck, ]J. Modelling the nonlinear shear stress—strain response of glass fibre-reinforced
composites. Part I Exp. Results. Compos. Sci. Technol. 2006, 66, 1455-1464. [CrossRef]

O’Higgins, R.M.; McCarthy, C.T.; McCarthy, M. A. Identification of Damage and Plasticity Parameters for Continuum Damage
Mechanics Modelling of Carbon and Glass Fibre-Reinforced Composite Materials. Strain 2011, 47, 105-115. [CrossRef]

Choi, ].-H.; Jang, J.; Shim, W.; Cho, J.-M.; Yoon, S.-J.; Choi, C.-H.; Han, H.N.; Yu, W.-R. Identification of Damage and Plasticity
Parameters for Continuum Damage Mechanics Modelling of Carbon and Glass Fibre-Reinforced Composite Materials. Compos.
Struct. 2019, 229, 111392. [CrossRef]

Liang, Y.; Wang, H.; Gu, X. Identification of Damage and Plasticity Parameters for Continuum Damage Mechanics Modelling of
Carbon and Glass Fibre-Reinforced Composite Materials. Polym. Test. 2013, 32, 594-601. [CrossRef]

Guo, R; Xian, G,; Li, E; Li, C.; Hong, B. Hygrothermal resistance of pultruded carbon, glass and carbon/glass hybrid fiber
reinforced epoxy composites. Constr. Build. Mater. 2022, 315, 125710. [CrossRef]

Hong, B.; Xian, G.; Li, H. Comparative Study of the Durability Behaviors of Epoxy- and Polyurethane-Based CFRP Plates
Subjected to the Combined Effects of Sustained Bending and Water/Seawater Immersion. Polymers. 2017, 9, 603. [CrossRef]
[PubMed]

Strungar, E.; Lobanov, D.; Wildemann, V. Evaluation of the Sensitivity of Various Reinforcement Patterns for Structural Carbon
Fibers to Open Holes during Tensile Tests. Polymers. 2021, 13, 4287. [CrossRef] [PubMed]

Guo, R;; Xian, G.; Li, C. Effect of fiber hybridization types on the mechanical properties of carbon/glass fiber reinforced polymer
composite rod. Mech. Adv. Mat. Struct. 2021, 1-3. [CrossRef]


http://doi.org/10.1007/BF02369389
http://doi.org/10.1016/S0021-8928(98)00036-7
http://doi.org/10.1016/j.vacuum.2017.10.010
http://doi.org/10.1016/j.prostr.2021.10.121
http://doi.org/10.1023/B:STOM.0000048404.91503.89
http://doi.org/10.1134/S1028335816030125
http://doi.org/10.1016/j.jappmathmech.2009.01.013
http://doi.org/10.1088/1757-899X/1129/1/012012
http://doi.org/10.3390/ma14237176
http://doi.org/10.3103/S002565441705003X
http://doi.org/10.1051/matecconf/201823002008
http://doi.org/10.3221/IGF-ESIS.49.52
http://doi.org/10.3390/polym14091675
http://doi.org/10.3390/ma14030602
http://www.ncbi.nlm.nih.gov/pubmed/33525439
http://doi.org/10.3390/ma12182979
http://www.ncbi.nlm.nih.gov/pubmed/31540130
http://doi.org/10.1007/s10778-016-0783-1
http://doi.org/10.1177/0021998303034505
http://doi.org/10.1016/j.ijsolstr.2005.07.040
http://doi.org/10.1016/j.compscitech.2005.04.014
http://doi.org/10.1111/j.1475-1305.2009.00649.x
http://doi.org/10.1016/j.compstruct.2019.111392
http://doi.org/10.1016/j.polymertesting.2013.01.015
http://doi.org/10.1016/j.conbuildmat.2021.125710
http://doi.org/10.3390/polym9110603
http://www.ncbi.nlm.nih.gov/pubmed/30965906
http://doi.org/10.3390/polym13244287
http://www.ncbi.nlm.nih.gov/pubmed/34960835
http://doi.org/10.1080/15376494.2021.1974620

Polymers 2022, 14, 4502 16 of 16

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

N2tz

composites. Eng. Fail. Anal. 2022, 136, 1061333. [CrossRef]

Choi, J.; Jang, J.; Shim, W.; Cho, J.; Yoon, S.; Choi, C.; Han, H.; Yu, W. Determination of the in-plane shear modulus of unidirectional
carbon fiber- T reinforced plastics using digital image correlation and finite-element analysis. Compos. Struct. 2019, 229, 111392.
[CrossRef]

Strungar, E.M.; Yankin, A.S.; Zubova, E.M.; Babushkin, A.V.; Dushko, A.N. Experimental study of shear properties of 3D woven
composite using digital image correlation and acoustic emission. Acta Mech. Sin. 2020, 36, 448—459. [CrossRef]

Pollock, A.A. Acoustic Emission Inspection, Metals Handbook, 9th ed.; ASM International: Almere, The Netherlands,
1989; pp. 278-294.

Schofield, B.; Barreis, B.; Kurala, A. Acoustic emission under applied stress WADC Technical Report. Lessels Assoc. 1958, 58, 38.
Arumugam, V.; Saravanakumar, K.; Santulli, C. Damage characterization of stiffened glass-epoxy laminates under tensile loading
with acoustic emission monitoring. Compos. B. Eng. 2018, 147, 22-32. [CrossRef]

Barile, C.; Casavola, C.; Pappalettera, G.; Vimalathithan., PX. Damage characterization in composite materials using acoustic
emission signal-based and parameter-based data. Compos. B. Eng. 2019, 178, 107469. [CrossRef]

Beheshtizadeh, N.; Mostafapour, A.; Davoodi, S. Three point bending test of glass/epoxy composite health monitoring by acoustic
emission. Alex. Eng. J. 2019, 58, 567-578. [CrossRef]

Dia, A.; Dieng, L.; Gaillet, L.; Gning, P.B. Damage detection of a hybrid composite laminate aluminum/glass under quasi-static
and fatigue loadings by acoustic emission technique. Heliyon 2019, 5, e01414. [CrossRef] [PubMed]

Savino, R.; Criscuolo, L.; Di Martino, G.D.; Mungiguerra, S. Aero-thermo-chemical characterization of ultra-high-temperature
ceramics for aerospace applications. J. Eur. Ceram. Soc. 2018, 38, 2937-2953. [CrossRef]

Saravanakumar, K.; Arumugam, V. Effect of milled glass fibers on quasi-static indentation and tensile behavior of tapered
laminates under acoustic emission monitoring. Eng. Frac. Mech. 2018, 201, 36—46. [CrossRef]

Tabrizi, L.E.; Kefal, A.; Zanjani, J.; Akalin, C.; Yildiz, M. Experimental and numerical investigation on fracture behavior of
glass/carbon fiber hybrid composites using acoustic emission method and refined zigzag theory. Compos. Struct. 2019, 223,110971.
[CrossRef]

Sapozhnikov, S.B.; Zhikharev, M.V.; Zubova, E.M. Ultra-low cycle three-point bending fatigue of glass fabric reinforced plastic.
Compos. Struct. 2022, 286, 115293. [CrossRef]

Lobanov, D.S.; Lunegova, E.M.; Mugatarov, A.I. Influence of preliminary thermal aging on the residual interlayer strength and
staging of damage accumulation in structural carbon plastic. PNRPU Mech. Bull. 2021, 1, 41-51. [CrossRef]

Kaiser, J. Untersuchungen Uber dem Auftreten Gerduschen Beim Zugversuch. Ph.D. Thesis, Technische Hochschule, Munich,
Germany, 1950.


http://doi.org/10.1016/j.engfailanal.2022.106133
http://doi.org/10.1016/j.compstruct.2019.111392
http://doi.org/10.1007/s10409-019-00921-7
http://doi.org/10.1016/j.compositesb.2018.04.031
http://doi.org/10.1016/j.compositesb.2019.107469
http://doi.org/10.1016/j.aej.2019.03.006
http://doi.org/10.1016/j.heliyon.2019.e01414
http://www.ncbi.nlm.nih.gov/pubmed/30976690
http://doi.org/10.1016/j.jeurceramsoc.2017.12.043
http://doi.org/10.1016/j.engfracmech.2018.09.001
http://doi.org/10.1016/j.compstruct.2019.110971
http://doi.org/10.1016/j.compstruct.2022.115293
http://doi.org/10.15593/perm.mech/2021.1.05

	Introduction 
	Material and Methods 
	Material 
	Equipment 
	Methods 

	Results and Discussion 
	Active Loading and Postcritical Deformation Regularities 
	Loading Curves 
	Shear Strain Calculation 
	True Stress–Strain Curve 
	Acoustic Emission Signals Analysis 
	Typical Defects after Failure 

	Unloadings and Postcritical Deformation Stability 
	Loading Diagrams and Stability Analysis 
	Mechanical Properties 
	Decrease of Mechanical Characteristics during Postcritical Deformation 
	Analysis of Acoustic Emission Signals 
	Surface Defects Development during Tension 

	Additional Vibrations Influence 
	Loading Diagrams 
	Analysis of Acoustic Emission Signals 


	Conclusions 
	References

