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Abstract: The fatigue properties of neat polyimide and the “polyimide + 10 wt.% milled carbon fi-

bers + 10 wt.% polytetrafluoroethylene” composite were investigated under various cyclic loading 

conditions. In contrast to most of the reported studies, constructing of hysteresis loops was per-

formed through the strain assessment using the non-contact 2D Digital Image Correlation method. 

The accumulation of cyclic damage was analyzed by calculating parameters of mechanical hystere-

sis loops. They were: (i) the energy losses (hysteresis loop area), (ii) the dynamic modulus (propor-

tional to the compliance/stiffness of the material) and (iii) the damping capacity (calculated through 

the dissipated and total mechanical energies). On average, the reduction in energy losses reached 

10–18% at the onset of fracture, whereas the modulus variation did not exceed 2.5% of the nominal 

value. The energy losses decreased from 20 down to 18 J/m3 (10%) for the composite, whereas they 

reduced from 30 down to 25 J/m3 (17%) for neat PI in the low-cycle fatigue mode. For high-cycle 

fatigue, energy losses decreased from 10 to 9 J/m3 (10%) and from 17 to 14 J/m3 (18%) for neat PI and 

composite, respectively. For this reason, the changes of the energy losses due to hysteresis are of 

prospects for the characterization of both neat PI and the reinforced PI-based composites. 

Keywords: polyimide; milled carbon fibers (MCF); polytetrafluoroethylene (PTFE); polymer  

composite; fatigue analysis; mechanical testing; hysteresis loop 

 

1. Introduction 

Polyimides (PI) are high performance polymers (HPP), which possess enhanced ther-

mal-oxidation stability, elastic modulus, radiation and chemical resistance, as well as 

maintain high mechanical properties over a wide temperature range [1–3]. These poly-

mers are used for manufacturing components of highly loaded friction units [4,5]. How-

ever, high coefficient of friction and low wear resistance are characteristic features of the 

PI. 

One way to resolve this problem is loading PI with solid lubricants that reduce its 

coefficient of friction [6–9] (for example, polytetrafluoroethylene (PTFE) [10]). However, 

this is accompanied by a decrease in the strength properties of the composites in most 

cases [11–14], which can be compensated by addition of reinforcing fibers [15]. A key as-

pect in the design of reinforced polymer composites is ensuring adhesion between the 

polymer matrix and fillers [16]. This challenge could be overcome by treating fibers with 
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a coupling agent [17]. In our previous study [18], the mechanical and tribological proper-

ties of antifriction PI-based composites, filled with PTFE and milled carbon fibers (MCF), 

were studied. It was shown that wear rate of the “PI + PTFE + MCF” composite decreased 

by ∼310 times for the metal-polymer tribological contact and ∼285 times for the ceramic-

polymer one (in comparison with that for neat PI). 

Operation of polymer composites as a part of friction unit implies both contact pres-

sure and wear, as well as various types of periodic loads. This imposes increased require-

ments on their mechanical properties. However, a few sets of data have been published 

so far on the effect of structure of antifriction HPP-based particulate composites (in par-

ticular, the PI-based ones) on their fatigue and static strength properties. 

Analysis of the published data suggests that aspects of fatigue resistance were inves-

tigated primarily for neat polymers or composites loaded with continuous reinforcing fi-

bers (fabric). Shrestha et al. [19,20] discussed the fatigue behavior, relaxation effects, the 

influence of mean strains per cycle, as well as the fracture patterns under cyclic loads for 

neat thermoplastic polymers. Studies of composites loaded with fibers were also dis-

cussed in the relevant literature. The effect of the volume fraction of short carbon fibers 

on mechanical properties, damage mechanisms, and fatigue life of PI-based composites 

were presented by Garcia et al. in [21]. It was shown that reinforcement with oriented 

short fibers can ensure mechanical and fatigue properties comparative with those for com-

posites loaded with long [22] and continuous ones [23]. 

Both neat PI and short-fiber-reinforced polymer systems exhibit different fracture 

mechanisms under cyclic loading. Plastic strains prevail at high level of applied stresses 

thus leading to low durability. In doing so, the external load favors plastic flow develop-

ment in the polymer matrix. Its localization gives rise to failure. At the lower level of ap-

plied stresses, the number of cycles upon failure increases due to different fracture mech-

anism. Structural defects are the sites of crack initiation. The latter develop under the ap-

plied loads until one of them reaches a critical size and fracture occurs [24]. 

Area of hysteresis loops [19], as well as dynamic modulus [25], are employed in the 

literature for accurate analysis of deformation processes that develop in structural mate-

rials under cyclic loading. Baxter [26] conducted a comprehensive study on the applica-

tion of the load-stroke hysteresis technique. In doing so, a well-defined technique was 

used for the assessment of hysteresis loop parameters in non-destructive manner. How-

ever, moduli measurements were not performed, and hysteresis loop parameters were 

measured using strain gauging. Ruggles-Wrenn et al. [27] noted that variation of both the 

area, and the shape of the hysteresis loops indicate on the damage accumulation develop-

ment. 

Nevertheless, changes in the areas of hysteresis loops were not used to estimate and 

predict the residual life under fatigue tests, since the areas were considered to be a func-

tion of the cyclic load frequency [28]. McKeen [29] reported that the hysteresis loop shape 

and area stabilized upon 10% of the total durability and remained constant after. In addi-

tion, the loss of viscoelastic energy due to the hysteresis included energy dissipation for 

heat production and structural changes under cyclic loading [30]. 

Most models describing changes in hysteresis behavior under cyclic loading were 

based on phenomenological approaches and were developed for PI-based laminate com-

posites. Damage mechanisms were not considered in these methods, although relevant 

damage indicators such as fatigue stiffness, fatigue strength, residual strength, etc., were 

used to assess their levels. The damage rate was a function of many factors, including 

applied cyclic loads, number of fatigue cycles, frequency, and environmental conditions, 

etc. [31]. Benaarbia et al. [32] showed that mechanical and thermodynamic cyclic stability 

were not observed in the fatigue tests. This was related to nonuniform strain distributions 

over bulk samples, resulting in uneven energy dissipation (hysteresis). 

Decreasing of the hysteresis loop area under fatigue was revealed in PI-based com-

posites tested in tension mode (R = 0.1) [33]. On the other hand, loops with increasing area 
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were evident for these composites tested in alternative mode (R = –1). In doing so, hyste-

resis loop area is an important parameter that enables us to study both linear and nonlin-

ear behaviors of the particulate composites, as well as to assess their damage degree under 

cyclic loading [34]. 

The modulus increased at the initial stage of the fatigue tests [35]. However, it re-

mained constant for most of the operation life with a certain drop upon fracture. In con-

trast, energy dissipation was reduced at the beginning of the tests. Then, its reduction rate 

slowed down. Finally, the energy dissipation tended to enlarge, being concluded by the 

sample fracture. 

Sutton et al. [36] investigated the fatigue behavior of PI-based composites using the 

concept of damage formation. This theory considers a fatigue crack and the surrounding 

processing zone at its tip as a thermodynamic object, where the material damage degree 

is associated with the system entropy and the energy dissipation rate for the initiation of 

a new surface. The rate of energy dissipation is defined as the difference in hysteresis 

energy of a specimen with and without cracks. The modified crack layer (MCL) theory 

was used to estimate the specific damage energy. The latter was indicative of the fatigue 

strength of the material. It was found that MCL analysis, based on increasing energy dur-

ing damage formation, could reveal changes in fracture strength due to loading with var-

ious fillers. It was shown that polymer loaded with PTFE particles had a higher fracture 

toughness than fiber-reinforced composites. In this case, hysteresis energy was associated 

with crack growth, whereas the dissipation energy increased with fatigue crack growth. 

Loading polymer with three or more fillers exerted an ambiguous effect on the structure 

(including its heterogeneity) and strength properties. In addition, the aspects of fatigue 

resistance of high-performance polymer particulate composites were studied only frag-

mentarily so far. 

The aim of the study was investigation of the fatigue behavior of three-component 

antifriction PI-based composite loaded with MCF and solid lubricant PTFE particles [18]. 

Unlike most reported results, stress assessment for constructing hysteresis loops was con-

ducted using the non-contact 2D DIC method. The accumulation of cyclic damage was 

analyzed by calculating parameters of mechanical hysteresis loops. They were the hyste-

resis losses, the dynamic modulus (proportional to the compliance/stiffness of the mate-

rial) and the damping capacity (calculated through the dissipated and total mechanical 

energies). The novelty of the study is related to establishing the correlation between struc-

ture and fatigue behavior of PI and an advanced three-component PI composite in terms 

of mechanical hysteresis loop parameters. 

2. Materials and Methods 

Four types of samples were subjected to static tensile tests. The first one was neat PI. 

The “Solver PI-Powder 1600” powder (Solver Polyimide Co., Jiande City, China) with an 

average particle size of 16 μm was employed. The second one was a PI-based composite 

reinforced with milted carbon fibers (MCF) The “Tenax” MCF (Teijin Carbon Europe 

GmbH, Wuppertal, Germany) had a length of 200 μm and an aspect ratio of 30. The third 

one was the PI-based composite loaded with PTFE particles. The “Fluralit” powder of 

PTFE (Fluralit synthesis, Moscow, Russia) with an average particle size of 3 μm was used 

as a solid-lubricant filler. Both PTFE and MCF contents were 10 wt.% (for each compo-

nent). The last one was three-component PI-based composite with 10 wt.% PTFE and 10 

wt.% MCF; the material is referred as the “PI/PTFE/MCF” composite hereinafter. Fatigue 

properties were investigated for neat PI and “PI/PTFE/MCF”. 

The polymer powders and fillers were mixed by dispersing the suspension compo-

nents in the alcohol using an ultrasonic cleaner “PSB Gals 1335 05” (“PSB Gals” Ultrasonic 

Equipment Centre, Moscow, Russia). Processing time was 3 min; the generator frequency 

was 22 kHz. After mixing, a suspension of the components was dried in a forced-ventila-

tion oven at 120 °C for three hours. The PI-based composite was produced by hot pressing 

at a pressure of 15 MPa and a temperature of 370 °C with a subsequent cooling rate of 2 
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°C/min. The basic plates were ‘70 × 60 × 10’ mm3 in size (Figure 1) and the samples were 

cut using a milling machine. 

  

Figure 1. A schematic representation of the hot-pressed plate and cut test samples. 

Structural studies were conducted using mechanically fractured notched samples af-

ter exposure to liquid nitrogen (197 °C) for one hour. The fractured surfaces were used to 

observe the distribution of fillers and the overall composite structure. The size of the sam-

ples was ‘55 × 10 × 10’ mm3. The notches with a depth of 2 mm and a curvature radius of 

0.25 ± 0.01 mm were formed using a double-tooth disk cutter with diamond cutting edges 

and a ‘GT-7016-A3’ V-notch sampling machine (Gotech Testing Machines, Taichung City, 

Taiwan). Copper films about 10 nm thick were deposited on the fracture surfaces using a 

“JEOL JEE-420” vacuum evaporator (JEOL USA, Inc., Peabody, MA, USA). A “LEO EVO 

50” scanning electron microscope (Carl Zeiss, Oberkochen, Germany) was employed at 

an accelerating voltage of 20 kV. 

The dog-shaped specimens for the static and cyclic tests were 64 mm in length. Their 

gauge length was 10 mm long with a cross-section of ‘3.2 × 3.2’ mm3. The required surface 

quality was ensured by further polishing with sandpapers of various grit sizes up to 1000 

grit. The tests were carried out using a “Biss Nano 15 kN” servo-hydraulic testing machine 

(Bangalore Integrated System Solutions Pvt Ltd., Bengaluru, India), (Figure 2). 

 

Figure 2. Experimental setup. 
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Non-contact strains measurement during the static tests was carried out by the Digi-

tal Image Correlation (DIC) method [37] using a “VIC 2D” facility (Correlated Solutions 

Inc., Columbia, SC, USA). 

The specimen temperature was assessed on their surfaces with a ‘Melexis MLX90614’ 

digital non-contact infrared thermometer (Melexis, Belgium). To eliminate its rising and 

affecting the fatigue properties, a cycle frequency of 1 Hz was preset, at which the devia-

tion of the specimen temperature from the room level did not exceed 2 °C during the tests. 

The static tensile tests were performed according to ASTM D 638 standard in order 

to determine the key mechanical properties: (i) tensile strength, (ii) elongation at break, 

(iii) elastic modulus, and (iv) yield strength (0.1%) at room temperature. The crosshead 

movement speed was 0.24 mm/min. 

The cyclic tensile tests were carried out according to ASTM E606 standard in the dis-

placement control mode (strain ratio R = 0). The cycle shape was triangular; the frequency 

was 1 Hz. To assess the deformation behavior and damage accumulation of the polymers, 

several parameters based on the analysis of mechanical hysteresis loops were calculated. 

1. The dynamic modulus (𝐸𝑑𝑦𝑛) was determined as a fitting line slope between two 

points of a hysteresis loop. The dynamic modulus was calculated by the ratio of the 

stress range over the strain one (Equation (1) and illustrated in Figure 1): 

𝐸𝑑𝑦𝑛 = |𝐸∗| =
∆𝜎

∆𝜀
=

𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛

𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛
 (1) 

where Edyn is the dynamic modulus which is equal to the absolute value of the complex 

modulus (|E*|); the latter characterizes the viscoelastic behavior of polymer materials. 

Due to viscous nature, a strain rate of viscoelastic materials depends on the time and ex-

hibits hysteresis variation pattern. 

2. The second parameter was a hysteresis loop area (Energy loss), which corresponds to 

energy loss at each cycle (Figure 1). The energy dissipation is associated with heating 

as well as structure rearrangements [38]. The hysteresis loop area is a measure of 

energy losses under cyclic loading. In this paper, the Edyn and energy loss were em-

ployed to characterize the structural state of the cyclically loaded neat PI and the PI-

based composite. 

3. The strain energy was calculated as the area under the loading curve from its begin-

ning to the point of reaching the maximum value (Figure 3). 

 

Figure 3. A schematic representation of the mechanical hysteresis loop and its parameters. 
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4. To assess the damping capacity of the studied materials, the ratio of energy loss over 

the total strain energy in a cycle was determined. The relative damping value was 

estimated as: 

ψ = 100 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦
%, (2) 

where Energy loss is the work of internal forces upon a full cycle of variable loads, that was 

defined as the hysteresis loop area; Strain energy is the total energy in a cycle. 

3. Results 

3.1. Structural Study 

Figure 2 shows SEM micrographs of neat PI and the “PI/PTFE/MCF” composite. A 

homogeneous structure was evident in neat PI (Figure 4). 

  

(a) (b) 

Figure 4. The SEM micrographs of the bulk structure: (a) neat PI; (b) the “PI/PTFE/MCF” composite. 

It consisted of structural elements in the form of rounded “cells” with a characteristic 

dimension of 15 µm, which were comparable to the particle diameters of the original pow-

der. Loading PI with PTFE and MCF prevented the molten polymer from spreading uni-

formly during compression molding. This resulted in porosity and heterogeneity (Figure 

4b). In general, the molten polymer flowed satisfactorily around the fibers, hence an in-

crease in strength properties could be expected. However, numerous finely dispersed 

small PTFE inclusions, which did not adhere to the PI matrix, resulted in the “loose” com-

posite structure that facilitated reducing strain properties (will be described in the next 

section). The residual porosity of the PI-based composite obtained from hot pressing of 

the powder mix did not exceed 1.0%. Thus, a large number of discontinuities were formed 

(Figure 4b), which were stress raisers and potential sites for damage initiation (mi-

crocracks) in the PI-based composite. 

3.2. Static Loading 

Figure 5 presents stress–strain diagrams for neat PI and the “PI/PTFE/MCF” compo-

site. In addition, the graphs of the two-component “PI/CF” and “PI/PTFE” composites are 

presented for comparison. At least five specimens of each type of material were tested. 

The most important mechanical characteristics are summarized in Table 1. Loading PI 

with MCF significantly enhanced the elastic modulus. In turn, the PTFE addition into PI 

gave rise to a decrease in both strength and the elastic modulus. The yield point of the 

composite “PI/PTFE/MCF” increased by 1.4 times in comparison with neat PI; its elastic 

modulus enhanced by 2.2 times but elongation at break decreased by 3.3 times. 
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Figure 5. The stress–strain diagrams: 1 (black)—neat PI; 2 (red) —“PI/MCF” composite; 3 (green)  

“PI/PTFE” composite; 4 (blue)—“PI/PTFE/MCF” composite. 

Table 1. The results of the static tensile tests. 

Material σUTS (MPa) ε (%) E (GPa) σ0.1 (MPa) ε0.1 (%) εf (%) 1 

Neat PI 104 ± 4 6.5 ± 0.4 3.08 ± 0.15 43 ± 3 1.52 ± 0.13 70 

“PI/PTFE” composite 89 ± 5 5.6 ± 0.2 2.75 ± 0.18 42 ± 4 1.64 ± 0.09 71 

/“PI/MCF” composite 105 ± 4 3.0 ± 0.3 5.41 ± 0.21 63 ± 3 1.26 ± 0.11 58 

“PI/PTFE/MCF” composite 97 ± 3 2.0 ± 0.2 6.9 ± 0.3 61 ± 4 1.00 ± 0.06 50 
1 εf is the proportion (in percent) of inelastic (irreversible) strains in the total strains before fracture 

and found as εf = (ε – ε0.1)/ε 100%. 

The inelastic strain εf was predictably lower for the “PI/PTFE/MCF” composite than 

that for neat PI (both in absolute and relative terms). This was directly related to the ability 

to re-arrange the inner structure of the polymer, which was significantly suppressed by 

loading with MCF and partially by PTFE particles. 

As it was shown in the previous paper [18], the application of the two-component 

“PI/MCF” composite filled with carbon fibers in the steel-polymer tribological contact is 

limited by the accelerated counterpart wear. The “PI/PTFE” sample possessed the ad-

vanced anti-friction characteristics, but it has low mechanical properties. The range of in-

dustrial applications of polymer composites depends, inter alia, on their yield strength 

and rigidity. In this regard, the triple “PI/PTFE/MCF” composite is characterized by the 

greatest elastic modulus and yield strength among the studied ones. For this reason, the 

fatigue properties of the ‘PI/PTFE/MCF’ composite and neat PI were compared below. 

3.3. Fatigue Tests 

The results of the fatigue tests are shown in Table 2. The latter summarizes the pa-

rameters for the first loading cycle (the maximum strain εmax and stress σmax levels), as well 

as the number of cycles prior to failure. The tests were carried out in the displacement 

(strain) control mode. The number of specimens tested under three different strain levels 

for each type of material was equal to seven.  
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Table 2. The results of the fatigue tests for neat PI and the “PI/PTFE/MCF” composite. 

ε/ε0.1 εmax (%) σmax (MPa) Nf 

Neat PI 

1.3 2.0 61 ± 6 9000 ± 4000 

1.0 1.5 52 ± 3 50,000 ± 8000 

0.7 1.1 41 ± 2 110,000 ± 10,000 

“PI/PTFE/MCF” composite 

1.2 1.2 80 ± 6 6000 ± 3000 

1.0 1.0 63 ± 4 50,000 ± 10,000 

0.7 0.7 53 ± 3 130,000 ± 20,000 

Figure 6 shows fatigue curves for neat PI and the “PI/PTFE/MCF” composite in two 

types of coordinates: (a) “strain amplitude vs. cycles to failure” and (b) “stress amplitude 

of the first cycle vs. cycles to failure”. Thin horizontal lines show the yield strength levels 

for each of the materials, which are essentially the border between high-cycle fatigue 

(HCF) and low-cycle fatigue (LCF). “PI/PTFE/MCF” composite curve was located lower 

in the “strain amplitude vs. cycles to failure” coordinates (Figure 4a), whereas it was 

higher in the second case (Figure 4b) due to the higher yield point and elastic modulus. 

  

(a) (b) 

Figure 6. The fatigue curves for neat PI and the “PI/PTFE/MCF” composite according to the strain 

(a) and stress (b) amplitudes. 

The decrease in durability at the (Δε/2) equal strains of the PI/PTFE/MCF’ composite 

was explained by its lower ε elongation at break. In turn, the higher both elastic modulus 

and yield strength resulted in the greater durability at the same (Δσ/2) stress level in a 

cycle. In the LCF region (103–104 cycles), the difference in the amplitude (Δσ/2) of the with-

stand stresses was about 10 MPa that corresponded to the variations of the yield strength 

of the materials. Thus, the increase in fatigue life for the “PI/PTFE/MCF” composite was 

more pronounced in the LCF range due to a smaller proportion of plastic strains. The 

stress fatigue limit was higher for the “PI/PTFE/MCF” composite, which was predictable 

and related to its higher yield/strength level. 

Figure 7a presents the fatigue curves obtained by recalculating the applied strain rel-

ative to the strain at the yield point. The curves are located close to each other. For each 

one, three characteristic sections could be distinguished. In the first section, a significant 

increase in durability was accompanied by a slight decrease in the cyclic load amplitude, 

which corresponded to the LCF mode (up to 104 cycles). The second was a transitional one 
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between the LCF and HCF modes; its middle part corresponded to the yield point. This 

section was characterized by a slight increase in durability with a decrease in the cyclic 

load amplitude. The third section began at 105 cycles and had a gentle slope of the curves 

that corresponded to the HCF mode. In this section, even small changes in the amplitude 

levels caused very significant variations in durability. The fatigue curves (Figure 7b), 

drawn after recalculating the applied stresses relative to the yield point, were also similar 

but located farther apart. 

  

(a) (b) 

Figure 7. The strain (a) and stress (b) fatigue curves for neat PI and the “PI/PTFE/MCF” composite 

normalized over the yield point. 

Note that neat PI was capable to relax stresses due to its higher plasticity and the 

ability of flexible conformation of the polymer molecular structure. On the other hand, the 

“PI/PTFE/MCF” composite possessed higher rigidity and had more barriers for the prop-

agation of microcracks, primarily at the “matrix–fiber” boundaries. However, damages 

occurred more easily at such boundaries and resulted in crack initiation. 

3.4. Fractographic Studies 

Figure 8 shows SEM micrographs of the fracture surfaces of the neat PI after static 

and cyclic tests. The neat PI fracture surfaces after the static tensile tests are shown in 

Figure 8 (left column). A main crack nucleated on a defect near the sample surface (Figure 

8a). It is as well seen that the fracture surface consisted of two main zones. A “cellular” 

relief pattern, shown in Figure 6b, corresponded to the first stage of its propagation. This 

was followed by the final rupture zone, which possessed traces of normal peel accompa-

nied by local stretching of the polymer (Figure 8c). In this regard, a heterogeneous ridge 

relief with large structural elements was observed on the fracture surfaces. 

For LCF at ε⁄ε0.1 = 1.3, the fracture surface exhibited three characteristic zones (Figure 

8, middle column): ones of stable and accelerated crack propagation (Figure 8d,e), as well 

as a final rupture zone (Figure 8f). The stable crack propagation zone was characterized 

by typical round shaped structural elements, as well as fatigue striations which had been 

formed when crack transited to accelerated propagation (Figure 8e). The relief formed in 

the final rupture zone was associated with the development of plastic strains and was 

accompanied by local stretching of the polymer upon the crack propagation by the normal 

opening mechanism. The final rupture zone had a similar appearance with that after the 

static test, but possessed a less-developed fracture surface relief. 
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Static tension LCF HCF 

 

 

 

 

 

 
(a) (d) (g) 

 

 

 

 

 

 
(b) (e) (h) 

 

 

 

 

 

 
(c) (f) (i) 

Figure 8. The SEM micrographs of the neat PI fracture surfaces: left column—under static tension, 

middle column—under LCF, right column—under HCF: (a) fracture initiation region, (b) “cellular” 

relief pattern, (c) final rupture zone, (d) fracture initiation region, (e) transition from stable crack 

propagation zone to its accelerated propagation one, (f) final rupture zone, (g) fracture initiation 

region, (h) transition from accelerated crack propagation zone to its final rupture one, (i) final rup-

ture zone. 

For HCF at ε⁄ε0.1 = 0.7, the specimens withstood more than 105 cycles at the load am-

plitude below the yield point. For this reason, the fracture surface appeared quite smooth 

and uniform. As in the LCF case, three fracture zones were distinguished: the stable and 

accelerated crack propagation ones (Figure 8g,h), and the final rupture zone (Figure 8h,i). 

In the stable crack propagation zone, the relief was similar to that for the LCF mode. In 

the unstable crack propagation zone, which was characterized by the rather rapid process 

development, the fractographic relief as a whole followed the pattern of neat PI supermo-

lecular structure (both in appearance and in the size of structural elements). 

SEM micrographs of the “PI/PTFE/MCF” composite fracture surfaces are presented 

in Figure 9. For the ones after the static tests (Figure 9, left column), the relief was hetero-

geneous in height. On the other hand, the MCF distribution was uniform, whereas PTFE 

particles were not agglomerated. The high degree of relief heterogeneity does not allow 

to find the zone of crack initiation and propagation in the composite. 
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Static tension LCF HCF 

   
(a) (d) (g) 

   
(b) (e) (h) 

   
(c) (f) (i) 

Figure 9. The SEM micrographs of the “PI/PTFE/MCF” composite fracture surfaces: left column—

under static tension, middle column—under the LCF, right column—under the HCF: (a–c) high de-

gree heterogeneity relief, (d–f) signs of fracture by the normal opening mechanisms, (g–i) MCF “de-

pleted” regions in on the fracture surface. 

In the LCF mode (Figure 9, middle column), the fracture surfaces were also homoge-

neous: regions with a smoother topography were adjacent to rougher ones, which showed 

signs of fracture by the normal opening mechanisms with a short duration of this process. 

For the HCF mode, the macroscopic fracture (Figure 9, right column) appeared to be 

the smoothest due to repeated cyclic loads and the gradual accumulation of damages. An 

important revealed feature was the presence of regions “depleted” in MCF on the fracture 

surface (Figure 9g–i). In addition, traces of pulling out fibers were observed, which were 

oriented parallel to the fracture surface. In such areas, longitudinal “stripes” were pre-

sented. Some of them were due to the separation of fibers from the matrix, but others had 

the fatigue nature of origin (Figure 9i). Although the preliminary air annealing of carbon 

fibers promoted a minor increase in interfacial adhesion (which leads to higher mechani-

cal properties), SEM micrographs showed that a strong interfacial bonding did not occur. 

In addition, despite these variations, the general fracture surface patterns of the 

“PI/PTFE/MCF” composite are to be considered similar for all three cases. The reason for 

this fact was its reinforcement with MCF, which restrained pronounced plastic strains and 

the development of structural rearrangements in the polymer matrix. 

Thereby, the conventional fractography analysis did not provide enough information 

to interpret the differences in the strain behavior and fatigue life of the studied materials 

due to the small contribution of the crack propagation stage to fatigue life. In this regard, 



Materials 2022, 15, 4656 12 of 17 
 

 

further analysis of the parameters of mechanical hysteresis loops was carried out in order 

to identify their relationship with the fatigue fracture resistance. In particular, two param-

eters were used: the dynamic modulus and the hysteresis loop area. 

4. Analysis of the Mechanical Hysteresis Loops 

The kinetics of energy losses upon the fatigue tests in both LCF and HCF modes are 

presented in Figure 8. These graphs showed that LCF and HCF modes differed by a factor 

of two in hysteresis energy losses. Losses per cycle were ~20 J/m3 for neat PI in the LCF 

mode and ~10 J/m3 in HCF, whereas these levels were ~26 and ~13 J/m3 for the composite 

(Figure 10a; curves 1, 3 and Figure 10b; curves 1, 3). The composite possessed a 30% higher 

energy loss per cycle compared to neat PI. In the LCF mode, similar trends towards energy 

loss were evident for both materials with enlarging the number of cycles (by ~3 J/m3 for 

neat PI and by ~5 J/m3 for the composite). Energy losses almost did not change in the HCF 

mode, thus the fitting straight lines on the graphs, have nearly zero inclination angles to 

the horizontal axis. 

  

(a) (b) 

Figure 10. Changes in the dynamic modulus (black) and energy losses (red) vs. the number of cycles 

for neat PI and the “PI/PTFE/MCF” composite; LCF mode with σ = 1.3 of the yield point (a) and HCF 

mode with σ = 0.7 of the yield point (b). Curves designations are the following (1)—Energy loss for 

“PI/PTFE/MCF”; (2)—Edyn for “PI/PTFE/MCF”; (3)—Energy loss for neat PI; (4)—Edyn for neat PI. 

The Edyn modulus was generally lower at the LCF mode (ε/ε0.1 = 1.3), which was as-

sociated with the possibility of inelastic strain development. In this case, the Edyn modulus 

variation was three times greater than that in the HCF mode. For the composite, the Edyn 

modulus decreased by ~60 MPa in the LCF mode, whereas by ~20 MPa in the HCF (Figure 

10a; curve 2 and Figure 10b; curve 2). In turn, neat PI showed lower Edyn rising: by ~30 

MPa in the LCF mode and by ~10 MPa in the HCF (Figure 10a; curve 4 and Figure 10b; 

curve 4). Thereby, the ranges of both Energy loss and Edyn levels were significantly re-

duced when transiting from the LCF to the HCF mode due to the lowering intensity of 

ongoing structural changes. This fact could be interpreted as a decrease in the sensitivity 

of these parameters to the development of strain processes, including the accumulation of 

scattered damages. The scatter of both Energy loss and Edyn values reflected the instability 

of the damage development process in the bulk material. 

The decrease in the Energy loss parameter on the graphs could be due to the action 

of two mechanisms: the reorientation of macromolecules in the polymer matrix and the 

development of defects at the interface between the composite’s components. However, 
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these mechanisms affected the dynamic modulus in different ways. In particular, the re-

orientation of macromolecules increased the stiffness, i.e., dynamic modulus, whereas the 

accumulation of defects reduced it. The obtained results did not enable to unambiguously 

interpret the reason for the decrease in the Energy loss parameter as the defects developed. 

We suggest that finely dispersed PTFE inclusions could play an important role here, 

which contributed to the effective stress relaxation in the composite without disturbing 

its continuity. However, the slope of the curves on the Energy loss and Edyn plots could be 

an informative parameter for characterizing the fatigue properties and kinetics of both 

neat PI and its triple composite. 

To assess the damping capacity (ψ) of the investigated materials, the ratio of the en-

ergy (hysteresis) losses over the total strain energy in a cycle was determined (Figure 11). 

Damping capacity was found to be 3 and 5% of the total strain energy for neat PI in both 

LCF and HCF modes (Figure 11a,b). For the composite, this parameter was two times 

higher (8 and 11%, correspondently). In fact, damping capacity was constant throughout 

the cyclic tests for each of the studied materials. The quantitative results of the energy 

analysis are presented in Table 3. 

  

(a) (b) 

Figure 11. The total strain energy, energy losses and damping capacity for neat PI and the 

“PI/PTFE/MCF” composite; LCF mode with σ = 1.3 of the yield point (a) and HCF mode with σ = 0.7 

of the yield point (b). 

Table 3. The energy parameters of fatigue tests for neat PI and the “PI/PTFE/MCF” composite. 

  LCF HCF 

Strain Energy 

for the first cycle (Pa = J/m3) 

Neat PI 228 85 

“PI + PTFE + MCF” 168 59 

Energy loss for the first cycle (J/m3) 
Neat PI 20  10 

“PI + PTFE + MCF” 30 (+50%) 17 (+70%) 

Total Strain Energy (MJ/m3) 
Neat PI 0.67 11.00 

“PI + PTFE + MCF” 1.02 10.57 

Total Energy loss (MJ/m3) 
Neat PI 0.02 0.53 

“PI + PTFE + MCF” 0.08 1.12 

Damping capacity ψ (%) 
Neat PI 3% 5% 

“PI + PTFE + MCF” 8% 11% 

Fatigue life (Cycles ×103) 
Neat PI 3 120 

“PI + PTFE + MCF” 6 (+100%) 180 (+50%) 
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The increase in the damping capacity from ~3% for neat PI up to ~8% for the compo-

site caused doubling of its fatigue durability in the LCF mode. In HCF mode, the damping 

capacity was changed from 5% to 11% for neat PI and the composite, respectively; in doing 

so, the lifetime of the composite was enhanced by 50%. In this way, a correlation was 

observed between the energy losses and the cyclic durability. The obtained results showed 

that the simultaneous reduction in energy losses and the enlargement of the Edyn modulus 

under cyclic loads was characteristic of neat PI. 

5. Discussion 

The authors suggest the following interpretation of the obtained results. Cyclic frac-

ture toughness is related to the damping capacity of the materials, since it is proportional 

to strain energy dissipation by converting into heat (instead of developing of damages). 

Upon mechanical loading, neat PI (with the linear macromolecular structure) is character-

ized by a predominant reorientation of macrochains along the load direction. This stimu-

lates the increase in the elastic properties (manifested in the Edyn growth), but reduces the 

cyclic fracture toughness (which was reflected through the reduction in the Energy loss). 

The critical state (typically interpreted as the exhaustion of the relaxation capacity) could 

be considered the moment, when the crucial fracture energy is below the strain energy. 

This corresponds to the initiation and subsequent propagation of a crack. 

The above reasoning enables to draw the following conclusion. With an equal level 

of applied cyclic loads, the higher damping capacity provides the greater durability. It 

follows that the higher energy losses for the composite reflect its greater damping prop-

erties, which result in the increase in its fatigue life compared to neat PI. 

When discussing the results of the cyclic tests, the reinforcing role of the MCF was 

mainly mentioned. However, the molecular structure of the matrix was also modified 

when loading with 10 wt.% PTFE. It is obvious that both the decrease in the dynamic 

modulus for the composite and its enhancement for the neat PI with the increase in the 

number of cycles were due to the variations of their structures, which caused the different 

deformation mechanisms. The reinforced composite possessed the heterogeneous struc-

ture in which the presence of fine and soft PTFE particles could lead to an increase in its 

damping capacity, thereby improving the durability. This was due to the fact that a greater 

amount of deformation energy was dissipated in the form of heat, but not for the devel-

opment of damages. However, some strength properties were deteriorated in this case. 

On the other hand, loading with MCF restrained the deformation development, which 

enhanced the mechanical properties. 

Thus, simultaneous filling with MCF and PTFE resulted in the fact that the compo-

site, having the same static strength, withstood more cycles than neat PI at the same load-

ing level. 

For the composite, the decrease in the Energy Loss level under cyclic loads was 

caused by its filling with MCF. The rearrangement of the polymer structure with the pre-

dominant reorientation of its elements along the load direction occurred due to the con-

formation of macromolecules. These processes developed several times less intensively in 

the HCF mode. In the LCF case, the molecular structure of the composite changed to a 

lesser extent compared to neat PI. Upon cyclic loading, the deformation processes initiated 

and developed more actively at the composite’s internal interfaces. Since the deformation 

of high-strength MCFs was elastic only, the development of the hysteresis effects, which 

manifested themselves in the form of the corresponding loops, was associated with the 

strain processes in the composite polymer matrix alone. 

In conclusion, the authors would like to draw attention to the role of adhesion in the 

deformation behavior of the composite. SEM micrographs of the three-component com-

posite have shown that the level of adhesion between the matrix and both fillers was ra-

ther low. This imposed a limitation on the contribution of the reinforcing (short fibers) 

and solid lubricant PTFE additives to the mechanical (strength) properties. Static tensile 
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test results, previously published by the authors [17], have shown that PI possessed a ten-

sile strength of 110.7 MPa. The subsequent loading with the PTFE particles significantly 

reduced this value down to 77.7 MPa, whereas the addition of annealed carbon fibers (as 

the third component) gave rise to the increase in the ultimate strength up to 96.4 MPa. 

Thus, despite the low adhesion between the fibers and the PI matrix, the presence of rein-

forcing inclusions played a significant role due to the formation of extra interfaces. In ad-

dition, the interfacial adhesion should increase the yield and ultimate strength. In doing 

so, this should prevent the initiation and development of damages, thereby increasing the 

fatigue life. 

6. Conclusions 

The fatigue properties of neat PI and the “PI/PTFE/MCF” composite were investi-

gated under various cyclic loads. The analysis of the fracture mechanisms was carried out 

considering the initial effect of the materials’ structure. Based on the obtained results, the 

following conclusions can be drawn. 

Comparison of neat PI and the “PI/PTFE/MCF” composite showed that loading with 

10 wt.% PTFE and 10 wt.% MCF resulted in the 2.2-fold increase in modulus, the 3.3-fold 

decrease in elongation at break, and the increase in the yield strength by 1.4 times for the 

“PI/PTFE/MCF” composite. The tensile strength did not change, hence the hardening 

MCF contribution was “compensated” by the softening effect caused by loading with 

PTFE. 

The results of the fatigue tests showed that the “PI + PTFE + MCF” composite could 

withstand stresses higher than that for neat PI for the same number of cycles to failure. 

Under the conditions of equal stresses, the composite could withstand an order of magni-

tude more cycles to failure than neat PI. Thus, the fatigue characteristics of the materials 

could be very different for the same static strength. In contrast with the neat polymer, the 

lifetime of the composite was enhanced by 100% in the LCF mode, whereas it has been 

just 50% larger in the HCF one. 

Under cyclic loads, the polymer was characterized by the increase in the modulus 

value. It was associated with the development of plastic strains in neat PI or in the PI 

matrix by the strain-induced structure rearrangement. During the cyclic tests, the Edyn 

modulus decreased by 60 MPa (2.5% of the initial value) in the LCF mode for the compo-

site, whereas by 20 MPa (0.8%) in the HCF one. In turn, neat PI showed lower Edyn rising: 

by 30 MPa (2.4%) in the LCF mode and by ~10 MPa (0.8%) in the HCF. The variations of 

the dynamic modulus did not enable to clearly distinguish the damage accumulation 

mechanisms because of the negligible decrease in its level. 

It was shown that the value of energy losses due to mechanical hysteresis was an 

informative measure of the mechanical state of cyclically deformed polymers and the re-

inforced PI-based composites. On average, the decrease in energy losses reached 10–18% 

by the onset of fracture, whereas the change in the modulus did not exceed 2.5% of the 

nominal value. The energy losses decreased from 20 J/m3 to 18 J/m3 (10%) for the compo-

site and from 30 to 25 J/m3 (17%) for neat PI in the LCF mode. In the HCF case, energy 

losses decreased from 10 to 9 (10%) and from 17 to 14 J/m3 (18%) for neat PI and the com-

posite, respectively. For this reason, the changes in the energy losses due to hysteresis are 

promising for the characterization of both neat PI and the reinforced PI-based composites. 

The damping capacity was suggested as an energy-analysis-based fatigue property. 

The increase in the damping capacity from ~3% for neat PI up to ~8% for the composite 

gave rise to the 100% increase in its fatigue durability in the LCF mode. In the HCF mode, 

damping capacity was varied from 5% to 11% for neat PI and the composite, respectively, 

whereas the lifetime of the composite was enhanced by 50%. The observed effect was at-

tributed to the amount of deformation energy dissipated in the form of heat but not for 

the development of damages. 



Materials 2022, 15, 4656 16 of 17 
 

 

Author Contributions: Conceptualization, S.V.P.; methodology, S.V.P. and A.V.E.; validation, 

A.V.E. and A.A.B.; formal analysis, S.V.P., A.V.E. and A.A.B.; investigation, A.A.B., D.G.B. and 

V.O.A.; writing—original draft preparation, S.V.P., A.V.E. and A.A.B.; writing—review and editing, 

S.V.P. All authors have read and agreed to the published version of the manuscript. 

Funding: The work (Sections 4 and 5) was performed according to the government research assign-

ment for ISPMS SB RAS, project FWRW-2021-0010. Structural studies and mechanical tests (Section 

3) were carried out within Russian Science Foundation Grant No. 21-19-00741. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role 

in the design of the study; in the collection, in the writing of the manuscript; and in the decision to 

publish the results. 

References 

1. Wang, Q.; Zhang, X.; Pei, X. Study on the synergistic effect of carbon fiber and graphite and nanoparticle on the friction and 

wear behavior of polyimide composites. Mater. Des. 2010, 31, 3761–3768. https://doi.org/10.1016/j.matdes.2010.03.017. 

2. McKeen, L.W. 6-Polyimides. In The Effect of UV Light and Weather on Plastics and Elastomers, 4th ed.; McKeen, L.W., Ed.; Plastics 

Design Library Series; William Andrew Publishing: Norwich, NY, USA, 2019; pp. 167–184, ISBN 978-0-12-816457-0. 

3. Constantin, C.P.; Aflori, M.; Damian, R.F.; Rusu, R.D. Biocompatibility of polyimides: A mini-review. Materials 2019, 12, 3166. 

https://doi.org/10.3390/ma12193166. 

4. Theiler, G.; Gradt, T. Influence of counterface and environment on the tribological behaviour of polymer materials. Polym. Test. 

2021, 93, 106912. https://doi.org/10.1016/j.polymertesting.2020.106912. 

5. Liu, H.; Pei, X.; Wang, Q. A comparative investigation of thermal and tribological properties of thermoplastic and thermosetting 

polyimides with similar structural formulae. J. Macromol. Sci. Part B Phys. 2011, 50, 2116–2128. 

https://doi.org/10.1080/00222348.2011.557607. 

6. Zhao, G.; Hussainova, I.; Antonov, M.; Wang, Q.; Wang, T. Friction and wear of fiber reinforced polyimide composites. Wear 

2013, 301, 122–129. https://doi.org/10.1016/j.wear.2012.12.019. 

7. Dong, F.; Hou, G.; Cao, F.; Yan, F.; Liu, L.; Wang, J. The lubricity and reinforcement of carbon fibers in polyimide at high 

temperatures. Tribol. Int. 2016, 101, 291–300. https://doi.org/10.1016/j.triboint.2016.04.035. 

8. Lv, M.; Zheng, F.; Wang, Q.; Wang, T.; Liang, Y. Friction and wear behaviors of carbon and aramid fibers reinforced polyimide 

composites in simulated space environment. Tribol. Int. 2015, 92, 246–254. https://doi.org/10.1016/j.triboint.2015.06.004. 

9. Kumar, R.; Malaval, B.; Antonov, M.; Zhao, G. Performance of polyimide and PTFE based composites under sliding, erosive 

and high stress abrasive conditions. Tribol. Int. 2020, 147, 106282. https://doi.org/10.1016/j.triboint.2020.106282. 

10. Harris, K.L.; Curry, J.F.; Pitenis, A.A.; Rowe, K.G.; Sidebottom, M.A.; Sawyer, W.G.; Krick, B.A. Wear Debris Mobility, Aligned 

Surface Roughness, and the Low Wear Behavior of Filled Polytetrafluoroethylene. Tribol. Lett. 2015, 60, 1–8. 

https://doi.org/10.1007/s11249-015-0581-7. 

11. Hou, X.; Hu, Y.; Hu, X.; Jiang, D. Poly (ether ether ketone) composites reinforced by graphene oxide and silicon dioxide nano-

particles: Mechanical properties and sliding wear behavior. High Perform. Polym. 2018, 30, 406–417. 

https://doi.org/10.1177/0954008317701549. 

12. Pan, Y.; Mao, J.; Ding, J. Fatigue performance of hydroxyapatite filled polyetheretherketone functional gradient biocomposites. 

Mater. Technol. 2018, 33, 761–768. https://doi.org/10.1080/10667857.2018.1503222. 

13. Abu Bakar, M.S.; Cheng, M.H.W.; Tang, S.M.; Yu, S.C.; Liao, K.; Tan, C.T.; Khor, K.A.; Cheang, P. Tensile properties, tension-

tension fatigue and biological response of polyetheretherketone-hydroxyapatite composites for load-bearing orthopedic im-

plants. Biomaterials 2003, 24, 2245–2250. https://doi.org/10.1016/S0142-9612(03)00028-0. 

14. Avanzini, A.; Donzella, G.; Gallina, D.; Pandini, S.; Petrogalli, C. Fatigue behavior and cyclic damage of peek short fiber rein-

forced composites. Compos. Part B Eng. 2013, 45, 397–406. https://doi.org/10.1016/j.compositesb.2012.06.008. 

15. Samyn, P.; Schoukens, G. Tribological properties of PTFE-filled thermoplastic polyimide at high load, velocity, and tempera-

ture. Polym. Compos. 2009, 30, 1631–1646. https://doi.org/10.1002/pc.20737. 

16. Li, J.; Cheng, X.H. Friction and wear properties of surface-treated carbon fiber-reinforced thermoplastic polyimide composites 

under oil-lubricated condition. Mater. Chem. Phys. 2008, 108, 67–72. https://doi.org/10.1016/j.matchemphys.2007.09.003. 

17. Panin, S.V.; Bochkareva, S.A.; Lyukshin, B.A.; Kornienko, L.A.; Buslovich, D.G.; Alexenko, V.O.; Qitao, H. Wear-Resistant Glass-

Filled Composites Based on Ultrahigh-Molecular-Weight Polyethylene. Role of Adhesion Varied with Coupling Agents. Phys. 

Mesomech. 2021, 24, 548–560. https://doi.org/10.1134/S1029959921050064. 

18. Panin, S.V.; Luo, J.; Alexenko, V.O.; Buslovich, D.G.; Kornienko, L.A.; Bochkareva, S.A.; Panov, I.L. The effect of annealing of 

milled carbon fibers on the mechanical and tribological properties of solid-lubricant thermoplastic polyimide-based composites. 

Polym. Eng. Sci. 2020, 60, 2735–2748. https://doi.org/10.1002/pen.25504. 



Materials 2022, 15, 4656 17 of 17 
 

 

19. Shrestha, R.; Simsiriwong, J.; Shamsaei, N. Mean strain effects on cyclic deformation and fatigue behavior of polyether ether 

ketone (PEEK). Polym. Test. 2016, 55, 69–77. https://doi.org/10.1016/j.polymertesting.2016.08.002. 

20. Shrestha, R.; Simsiriwong, J.; Shamsaei, N. Load history and sequence effects on cyclic deformation and fatigue behavior of a 

thermoplastic polymer. Polym. Test. 2016, 56, 99–109. https://doi.org/10.1016/j.polymertesting.2016.09.026. 

21. Garcia, M.A.; Arguelles, A.; Castrillo, M.A.; Fernandez-Canteli, A.; Vina, J. Influence of the damage sequence in the mechanical 

strength of a composite material of PEI reinforced with woven carbon-fabric. A statistical analysis. Adv. Compos. Lett. 2003, 12, 

229–235. https://doi.org/10.1177/096369350301200601. 

22. Flemming, T.; Kress, G.; Flemming, M. Fatigue fracture behavior of a new aligned short-carbon-fiber reinforced thermoplastic 

prepreg. Adv. Compos. Mater. 1996, 5, 225–230. https://doi.org/10.1163/156855196X00266. 

23. Friedrich, K.; Schulte, K.; Horstenkamp, G.; Chou, T.W. Fatigue behaviour of aligned short carbon-fibre reinforced polyimide 

and polyethersulphone composites. J. Mater. Sci. 1985, 20, 3353–3364. https://doi.org/10.1007/BF00545205. 

24. Pastukhov, L.V.; Govaert, L.E. Crack-growth controlled failure of short fibre reinforced thermoplastics: Influence of fibre orien-

tation. Int. J. Fatigue 2021, 143, 105982. https://doi.org/10.1016/j.ijfatigue.2020.105982. 

25. Berer, M.; Major, Z.; Pinter, G.; Constantinescu, D.M.; Marsavina, L. Investigation of the dynamic mechanical behavior of poly-

etheretherketone (PEEK) in the high stress tensile regime. Mech. Time-Depend. Mater. 2014, 18, 663–684. 

https://doi.org/10.1007/s11043-013-9211-7. 

26. Baxter, T. The Development and Application of the Load-Stroke Hysteresis Technique for Evaluating Fatigue Damage Devel-

opment in Composite Materials. Ph.D. Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 1994. 

27. Ruggles-Wrenn, M.B.; Noomen, M. Fatigue of unitized polymer/ceramic matrix composites with 2D and 3D fiber architecture 

at elevated temperature. Polym. Test. 2018, 72, 244–256. https://doi.org/10.1016/j.polymertesting.2018.10.024. 

28. Abbasnezhad, N.; Khavandi, A.; Fitoussi, J.; Arabi, H.; Shirinbayan, M.; Tcharkhtchi, A. Influence of loading conditions on the 

overall mechanical behavior of polyether-ether-ketone (PEEK). Int. J. Fatigue 2018, 109, 83–92. https://doi.org/10.1016/j.ijfa-

tigue.2017.12.010. 

29. McKeen, L.W. Fatigue and Tribological Properties of Plastics and Elastomers, 2nd ed.; William Andrew Publishing: Norwich, NY, 

USA, 2010; ISBN 9780080964508. 

30. Takahara, A.; Magome, T.; Kajiyama, T. Effect of glass fiber-matrix polymer interaction on fatigue characteristics of short glass 

fiber-reinforced poly(butylene terephthalate) based on dynamic viscoelastic measurement during the fatigue process. J. Polym. 

Sci. Part B Polym. Phys. 1994, 32, 839–849. https://doi.org/10.1002/polb.1994.090320507. 

31. Movahedi-Rad, A.V.; Keller, T.; Vassilopoulos, A.P. Modeling of fatigue behavior based on interaction between time- and cyclic-

dependent mechanical properties. Compos. Part A Appl. Sci. Manuf. 2019, 124, 105469. https://doi.org/10.1016/j.compo-

sitesa.2019.05.037. 

32. Benaarbia, A.; Chrysochoos, A.; Robert, G. Kinetics of stored and dissipated energies associated with cyclic loadings of dry 

polyamide 6.6 specimens. Polym. Test. 2014, 34, 155–167. https://doi.org/10.1016/j.polymertesting.2014.01.009. 

33. Towo, A.N.; Ansell, M.P. Fatigue of sisal fibre reinforced composites: Constant-life diagrams and hysteresis loop capture. Com-

pos. Sci. Technol. 2008, 68, 915–924. https://doi.org/10.1016/j.compscitech.2007.08.021. 

34. Duan, L.; D’hooge, D.R.; Cardon, L. Recent Progress on Flexible and Stretchable Piezoresistive Strain Sensors: From Design to 

Application. Prog. Mater. Sci. 2020, 114, 100617. https://doi.org/10.1016/j.pmatsci.2019.100617. 

35. Joseph, R.; Tanner, K.E. Effect of morphological features and surface area of hydroxyapatite on the fatigue behavior of hydrox-

yapatite-polyethylene composites. Biomacromolecules 2005, 6, 1021–1027. https://doi.org/10.1021/bm0493180. 

36. Aglan, H.A.; Gan, Y.X.; Chu, F.; Zhong, W.H. Fatigue Fracture Resistance Analysis of Polymer Composites Based on the Energy 

Expended on Damage Formation. J. Reinf. Plast. Compos. 2003, 22, 339–360. https://doi.org/10.1177/0731684403022004842. 

37. Sutton, M.A.; Orteu, J.-J.; Schreier, H. Image Correlation for Shape, Motion and Deformation Measurements; Springer: Boston, MA, 

USA, 2009; ISBN 978-0-387-78746-6. 

38. Yin, Y.; Bertin, N.; Wang, Y.; Bao, Z.; Cai, W. Topological origin of strain induced damage of multi-network elastomers by bond 

breaking. Extrem. Mech. Lett. 2020, 40, 100883. https://doi.org/10.1016/j.eml.2020.100883. 

 


