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INTRODUCTION

and corrosion resistance. Recently, interest in the design and application of PCMs based on high strength

thermoplastic binders (High Performance Polymers/HPP) has grown significantly [1-3]. On this way, in addition to
solving the key technological problems of their fabrication, the task of estimating current strength propetties is topical,
primarily under cyclic loading.
Since it is extremely important to reveal the development of localized inelastic strains, caused by scattered damage
accumulation and microcracking in PCMs during fatigue tests, the issue of implementing such research methods is relevant.
Typically, contact crack opening gauges are used for this purpose, but they cannot be implemented or does not provide the
required accuracy in some cases (for a number of reasons). As a worthy alternative, non-contact (remote) techniques are
well suited, including the digital image correlation (DIC) method, which was deployed for studying laminated fiber (fabric)-
reinforced PCMs [4-7].
It is known that laminated reinforced PCMs are designed for operation under severe loads, determined by high strength of
reinforcing fibers. Their failure is associated with the gradual damage accumulation at the interfacial/interlayer boundaries
due to a significant difference in strength properties of the components. At the same time, laminated high strength fiber-
reinforced PCMs (laminates) possess extremely low ductility, greatly limiting the applicability of the DIC method for their
examination. Most investigations in this area were devoted to the classification of damage, as well as the analysis of strain
fields at the stages preceding their failure [8—10].
Mechanical hysteresis loops, which are one of the key characteristics of fatigue failure, can change their both shape and
parameters (depending on the material microstructure) that enables their use for analyzing the behavior of structural
materials, including PCM during fatigue testing. The hysteresis loop areas [11], the secant and the dynamic moduli [12] were
analyzed by many authors for achieving this goal. For assessing the damage development a reduction in loss tangent
(viscoelastic damping factor), width of hysteresis loop, and displacement amplitude, measured in load-controlled fatigue
tests may be also applied [13].
For composite materials the dynamic modulus (also called the apparent or tangent modulus) and the secant modulus (also
known as fatigue modulus [14,15]) and their degradation rate is often associated with the development of cyclic damage in
the specimen and used for predicting fatigue life [16—18]. Although the decrease in both moduli can be induced by damage
accumulation, the decrease in the secant modulus is also caused by the development of inelastic deformations (cyclic creep).
In doing so, the direct link between damage and secant modulus drop is not straight forward in our case. In turn, the
dynamic modulus reflects the stiffness of the specimen, and therefore dynamic modulus characterizes the accumulation of
damage that reduced the stiffness.
Most models, describing the hysteresis behavior under cyclic loading, are based on phenomenological approaches and were
developed for laminated PCMs [19]. In these methods, the damage accumulation mechanisms were not taken into account,
although the corresponding indicators (fatigue stiffness, fatigue strength, residual strength, etc.) were applied to assess their
levels. These parameters depend on many factors, including applied loads, fatigue modes, operating durations, cycling load
frequencies, environmental conditions, etc. [20].
In this study, a DIC-based method for evaluating strength degradation was utilized and tested for both neat PEEK and its
laminated composite reinforced with unidirectional carbon fibers. The investigated parameters were the maximum and
minimum strains, their range in a cycle, as well as both dynamic and secant moduli estimated from mechanical hysteresis
loops. It was expected that these characteristics should reflect the damage degree, enabling to predict the current mechanical
state of the materials. Thus, two opposite cases were considered; near creep behavior being characteristic for low-cyclic
fatigue of neat PEEK, while PEEK-CF laminates experienced fatigue behavior close to high-cyclic fatigue mode.

I ) olymer composite materials (PCMs) are increasingly used in the aircraft industry due to their both specific strength

MATERIALS AND METHODS

wo kinds of materials were investigated:

I 1. Neat PEEK samples were fabricated from the “PEEK Victrex 450G” powder (Victrex plc) with an average
particle size of 16 um. The hot-pressing temperature was 380 °C, the exposure time under compression molding
working pressure of 10 MPa was equal to 30 minutes.

A laminated composite with the “Cetex TC1200” prepreg (Toray), based on a unidirectional tape of the
“HexTow AS4D” carbon fibers with a linear density of 12K, as well as 34 wt.% PEEK as a binder. A thickness of
the prepreg monolayers was ~0.14 mm. Their laying with a total thickness of 2.2 mm was quasi-isotropic and
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symmetrical: [45/0/-45/90]2s. The stack of tapes was laid out in a mold, which was then placed in a thermal press
preheated to T=300 °C with a pressure of 1 MPa. After that, it was heated up to T=385 °C with a heating rate of
1.5°C/min, being then held for 10 min at a temperature of 385 °C. Then the mold was cooled down to T=300 °C
with a cooling rate of 1.5 °C/min. After that, the pressure was released, while the workpiece was pressed out and
then cooled in air down to room temperature.
Structural examinations of neat PEEK were performed using notched samples mechanically fractured after cooling in liquid
nitrogen at a temperature of =197 °C for one hout. The cleaved sutfaces were utilized for visualization of the bulk structure.
A copper film ~10 nm thick was deposited onto the fracture surfaces using a “JEOL JEE-420” vacuum evaporator (JEOL
USA, Inc., Peabody, Massachusetts, USA). Their micrographs (Fig. 1) were acquainted with a “LEO EVO 50” scanning
electron microscope (SEM; Carl Zeiss, Oberkochen, Germany) at an accelerating voltage of 20 kV.

Figure 1: The SEM micrographs of the cleaved neat PEEK surfaces taken at low (a) and high (b) magnifications.

The structure of the composite was investigated with a “Quanta 200 3D” SEM. Samples were cut from a fabricated
workpiece using a polycrystalline diamond end mill. Then, their surfaces were polished with a P2000 grit sandpaper
according to ISO 6344. The micrographs are shown in Fig. 2.

—30

Figure 2: The SEM micrographs of the laminate composite surfaces at low (a) and high (b) magnifications.

Mechanical tests were carried out with a computer-controlled setup, which included a “BiSS UTM 150 kN” servo-hydraulic
machine (Bangalore, India). Strains were assessed by the DIC method. For this purpose, a speckle pattern was deposited on
the specimen surfaces using water-based acrylic paint. A solid white color background was sprayed, while randomly located
black dots were applied over it with grey color paint [21].
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During the tests, the surfaces with speckle patterns were captured using a “PointGrey Grasshopper 50S5M” digital video
camera with a matrix size of 2448x2048 pixels at regular time intervals. The surfaces were illuminated with a “Jinbei EF-
100 LED Sun Light” diode lamp. A controller connected to a computer via a serial port was used to control the testing
machine and a chamber. Both hardware trigger and software developed by the authors were implemented to synchronize
the image capturing process with the joint automated operation of the camera and the testing machine. Then, the recorded
images were processed using the “VIC-2D” software (Correlated Solutions, USA).

Since the fabrication parameters for neat PEEK and the laminates differed, their structure was examined with the help of
the SEMs. Note, that particular defects for neat PEEK might be: porosity, heterogeneity, presence of nonmelted powder
particles, while lack of interlayer and interphase adhesion, pores, fiber deviations and heterogeneity of layer stacking might
be characteristic flaws for the PEEK-CF laminates. The structure of neat PEEK (fig. 1) was characterized as homogeneous
one; no signs of inclusions and porosity were evident. The fracture surface possessed ductile pattern, while neither
heterogeneity nor presence of nonmelted powder particles were found.

The SEM micrographs of the PEEK-CF laminate structure are shown in fig. 2. One can see that the fibers were evenly
distributed in the polymer; there were neither inclusions nor pores in the matrix. There were no gaps between the prepreg
layers as well, which indicates a sufficient level of pressure during samples’ manufacturing as well as uniform stacking of the
plies.

Static tensile tests of “dog-bone” specimens from neat PEEK (Fig. 3) were performed according to ASTM D638 at a cross-
head speed of 1 mm/min and a load sampling frequency of 100 Hz. The number of tested samples was equal to 3.

3.2mm -
:J;‘ 22 mm

Grip area
9.53 mm
#6 mm
g
e &
3
R12.7 mm -
=
318 mm N E
135}
©
g
g Grip area | &
& 10
8 <t
[oN
1 36 mm |
@) (b)

Figure 3: A scheme of the specimens for the static tensile test: “dog-bone” shape specimen for the neat PEEK (a) and open-hole
specimen of the PEEK-CF laminate (b).

Static tension tests of the composite were preformed according to ASTM D5766-11 with the “BiSS UTM 150 kN”” servo-
hydraulic testing machine at a cross-head speed of 1.2 mm/min; the corresponding strain rate was 0.00015 s-!. At least
3 samples were tested. The image capturing was catried out at an image acquisition rate of 1 frame/s. Preliminary static
tensile tests of open—hole specimens (with a central hole) made it possible to preset the correct load level in cyclic testing.
The shape and dimension of the open—hole samples for both static and fatigue tests were similar.

Fatigue tests of neat PEEK were carried out according to ASTM E606 under the tension and load-control mode at an R
(Omin/ Omax) stress factor of 0.1 and a sinusoidal load frequency of 1 Hz. The loading data were recorded in real time at a
measurement (sampling) frequency of 100 Hz. For assessing strains by the DIC method, the sample surfaces were captured
continuously for the first 100 loading cycles and at every 50 cycles after that. So, the image capturing frequency was 0.05 Hz
initially, but it increased up to 1 Hz at the final stage. The image capturing process was carried out at a sampling rate of
5 frames/s, recording about 100 images per loop.

Fatigue tests of the composite were carried out according to ASTM D7615 under the tension and load-control mode at the
R stress factor of 0.1 and at a load frequency of 5 Hz. For all specimens, the maximum stresses in a cycle were taken equal
to 80% of the average value of the ultimate tensile strength of the samples with a central hole. The testing was stopped at
1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, and 5000 cycles, as well as at 5000 cycles after that until failure (according to
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the applied standard). At these points, quasi-static loading and unloading were carried out, capturing the specimen surfaces.
In these cases, complete cycle diagrams were recorded. The number of tested samples was equal to 3. All the static and
fatigue tests carried out at room temperature.

The recorded load-unload diagrams were the basis for drawing mechanical hysteresis loops for both neat PEEK and its
laminated composite, allowing to evaluate their mechanical properties [22]. An analysis of the parameters of each loop make
it possible to assess their degradation upon testing. In the current research, both secant and dynamic moduli, the minimum
and maximum strains in a cycle, as well as its range were determined. The Eqyn dynamic modulus was defined as a slope
from the (Omax, Emax) Maximum point of a hysteresis loop to its (Omin, Emin) minimum. The Eg secant modulus was plotted
as a slope from zero to the (Gmax, €max) Mmaximum point of the hysteresis loop, Fig. 4.

Using the above-described technique and equipment, it was possible to obtain the information on variation in the moduli
and residual strains under cyclic loading.
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Figure 4: Hysteresis loop parameters. Figure 5: A typical stress—strain diagram for neat PEEK under

the quasi-static tension.

TEST RESULTS FOR NEAT PEEK

Static tension
stress—strain diagram registered under the static test of neat PEEK is shown in Fig. 5, while its mechanical
A characteristics are presented in Tab. 1. At the onset of the test, the diagram was almost linear, but it changed into
an inelastic (or forced high-elastic type) then. Near the maximum stress (yield strength or forced elasticity), the
tangent slope decreased sharply, which was typical of semicrystalline polymers. The maximum stress characterized the
formation of a neck. Further rising of strains was associated with the polymer plasticity, i.c., with the conformation of
macromolecules. Thus, inelastic strains were predominant (up to 92% of the total level) during the test.

Ultimate tensile . . 0 Yield strength
strength (MPa) Elastic modulus (GPa)  Elongation at break (%0) 0.2%(MPa)
ouTs E ef Go.2
105£1 4.50£0.20 6315 59.9+0.3

Table 1: The mechanical properties of neat PEEK.

Note that the obtained mechanical properties of neat PEEK agree well with data from the manufacture’s datasheet [23].

Cyclic tests

Testing neat PEEK under the cyclic loads enabled to evaluate the development of residual strains (cyclic creep). The tests
were carried out at different levels of the maximum load in a cycle: at 0.93 of the ultimate tensile strength
(0.93-0uts = 98 MPa), when the N durability was 400 cycles, and at 0.90-ours = 95 MPa, when it was 2974 (significantly
higher). During the tests, strain ranges almost did not change (they were equal to 3.9% and 3.3%, respectively). Typical load
versus strain responses for neat PEEK under fatigue for both load levels are shown in Fig. 6.
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Figure 6: Typical load versus strain responses under fatigue 0.93-ours = 98 MPa (a), 0.90-6urs = 95 MPa (b) under cyclic loading.
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Figure 7: Characteristic patterns of gyy strain component distribution taken at various number of cycles; neat PEEK at the maximum
stress in a cycle of 0.93 oyrs (a-d) and 0.90 oyrs (e-h); N = 1 cycle (a); 100 cycles (b); 200 cycles (c); 300 cycles (d); 1 cycle (e); 1000 cycles
(£); 2000 cycles (g); 2900 cycles (h).
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The characteristic patterns of eyy strain component distribution taken at maximum cycle stress for various number of cycles
are given in Fig, 7.

The comparison of strain distribution patterns shown in Fig. 7 made it possible to conclude the following. In contrast to
the mode of 0.90 outs , when failure took place at N = 2900 cycles, the strain values were twice as high in the regime of
0.93 ours, when fracture occurred at N = 400 cycles.

Creep was assessed by changes in the minimum strains in a cycle. In the first case (IN = 400 cycles), the minimum strain was
0.2% at the onset of the test. At N = 300 cycles (Fig. 8a, curve 1), it was 4.4%, so the residual strain was 4.2%. The creep
rate was estimated as 14:10-3 %/cycle. The presented graphs (Fig. 8,a) illustrate typical dependences taken from the results
of testing of all samples of each type.

At N = 2974 cycles, the minimum strain increased from 0.2% at the onset of the test up to 7.2% by the failure stage. In this
case, the creep rate was 2.4-10-3 %/cycle, which was greatly less than the reported above, despite the fact that the stress
range changed insignificantly. Curves 1 and 2 in Fig. 8b characterized the typical creep behavior (under low cycle
fatigue/LCF conditions).
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Figure 8: Typical dependences of the maximum (1) and minimum (2) strains, as well as its range (3) versus the number of cycles for neat
PEEK at the maximum stains in a cycle of 0.93 ours (2) and 0.90 oyrs (b).

At the cyclic load mode of 0.90-curs = 95 MPa, more pronounced creep was evidenced. However, since the strain developed
less intensively, the internal structure was able to conform, enhancing the durability. For both cyclic loads, changes in the
dynamic and secant moduli are shown in Fig. 9.
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Figure 9: Typical dependences on the dynamic (1) and secant (2) moduli versus the number of cycles at the maximum stains in a cycle
of 0.93 ours (a) and 0.90 ours (b).
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It was shown in the previous studies by the authors that the Ei. secant modulus mainly reflects the development of
irreversible strains, while the Eq4yn dynamic modulus characterizes the accumulation of damage that reduced the specimen
stiffness. At the cyclic loads of 0.93-cuts = 98 MPa, the Eayn dynamic modulus reduced slightly (by 5%) down to 2.55 GPa
(Fig. 9a, curve 1), reflecting damaging of the specimen. At the same time, a significant decrease in the Eq. value from 1.87
down to 1.20 GPa (by 36%) was observed (Fig. 9a, curve 2). During the first 600 cycles, the Eayn dynamic modulus increased
by ~260 MPa at the cyclic loads of 0.90-curs = 95 MPa (Fig. 9b, curve 1). Then, it almost did not change until the last
1000 cycles, when it began to decrease. When the Eqgya value reduced down to 2.65 GPa (by 15%), fatigue failure occurred.
It is suggested that increasing of the modulus with cyclic loading is due to minor decrease in strain range for tests conducted
at 90% of peak load.

The change in the Eq. secant modulus (Fig. 9b, curve 2) showed its linear reduction (in logarithmic coordinates) until the
last 300 cycles, when the lowering rate accelerated. The total Es.. drop was 1.04 GPa (by 54%) for the entire test duration.

TEST RESULTS FOR THE LAMINATED COMPOSITE

Static tension

stress—strain diagram registered under the static test of the composite is shown in Fig. 10, while its mechanical
A characteristics are presented in Tab. 2. The curve was characterized by the linear elastic pattern of straining till
failure.
Comparing the data in Tabs. 1 and 2, it was concluded that the mechanical properties of the composite exceed those of neat
PEEK by a factor of 3.5 in the ultimate tensile strength and by 9 times in the elastic modulus, while its elongation at break
was lower by 62 times.

400
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O T } } } T T
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Figure 10. A typical stress—strain diagram for neat PEEK for the laminated composite under the quasi-static tension.

: - - 5
Ultimate tensile strength [ellifts adlalles (B, Slemepiion ailbze (), 27 Yield strength 0.2% (MPa),
(MPa), OUTS 00.2

370£30 41.21£0.7 1.01£0.12 325%15

Table 2: The mechanical properties of the composite.

The specimen The maximum The maximum stress/ultimate tensile The number of cycles to
number Stress Omax, MPa strength ratio, Omax/ OUTS failure
1 15116
2 295 ~0.8 9608
3 16298

Table 3: The fatigue properties of the composite.
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Cyclic tests

Under cyclic loading, the fracture pattern should differ for neat PEEK and the composite, since the reinforced material
possessed the minimal viscous strain proportion and was not prone to creep. The results of the fatigue tests of the composite
are given in Tab. 3.

There was some variation in the number of cycles to failure, the average value was 13700%3600.

Typical load versus strain responses for PEEK-CF laminate under fatigue are shown in Fig. 11. Note that there was a gradual
decrease in the slope of the loop with an increase in the maximum strain in the specimen.
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Figure 11: A typical load versus strain response under fatigue of the laminated composite under cyclic loading: N = 1; 1000; 5000 and
10000 cycles.

The characteristic patterns of eyy strain component distribution taken at various number of cycles are given in Fig. 12a. It

is seen that gradual damaging of composite in the vicinity of the central hole took place with increasing the number of
cycles.

(@ (b) © (d)

Figure 12: Characteristic patterns of €yy strain component distribution taken at various number of cycles; PEEK-CF laminate at the
maximum stress in a cycle of 0.8 ours; N = 1 cycle (a); 1000 cycles (b); 5000 cycles (c); 10000 cycles (d).

Changes in the maximum and minimum strains, as well as its range for the composite under cyclic loading are shown in
Fig. 13. For the maximum load, rising the composite strain was characteristic, associated with a loss of its stiffness as fatigue
damage accumulated. At the minimum load, its strain remained at the same level. Respectively, residual strains did not
develop. The strain range rose in proportion to its maximum value in a cycle.
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Figure 14: Typical dependences on the changes in the dynamic and secant moduli for the laminated composite under cyclic loading,

Under cyclic loading, the secant and dynamic moduli of the composite changed non-linearly, according to Fig. 14.

Despite negligible variations in the durability, the overall behavior of the analyzed parameters was similar due to the LCF
mode of failure. As noted above, the decrease in the secant modulus reflects both the accumulation of damage and the
development of cyclic creep. In turn, a decrease in the dynamic modulus indicates a decrease in the stiffness of the specimen.
The latter is attributed to the accumulation of fatigue damage. Based on the similar pattern of moduli reduction, it could be
concluded that both processes of the scattered damage accumulation and the sample elongation were distributed
approximately in equal proportions at the initial test stages.

Before the failure stage, there was an accelerated decline of the dynamic and the secant moduli, which indicated an increase

in the damage accumulation rate. In addition, the simultaneous decrease in moduli indicates that damage accumulation is
the dominant mechanism compared to creep effects.

CONCLUSIONS

he deformation behavior of both neat PEEK and its laminated composite reinforced with unidirectional carbon
fibers was studied under cyclic loading using the DIC method and the calculated parameters of the mechanical
hysteresis loops. In these cases, the materials were characterized by different fracture patterns.

For neat PEEK, under cyclic loading under load control mode, there was a significant development of cyclic creep, which

was the key fatigue failure mechanism. In contrast, the sample elongation was dominant for the damage accumulation of
the PEEK-CF composite.
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The parameters of the mechanical hysteresis loops calculated by the DIC method, as quantitative characteristics of property
degradation, showed satisfactory sensitivity to the development of various deformation processes (primarily creep and
damage accumulation).

Thereby, the DIC method can be effectively implemented for in situ monitoring of the mechanical state of both ductile
neat polymers and their rigid fabric- or unidirectionally-reinforced composites.
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