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a b s t r a c t

In this study, thermal aging process was applied to glass fiber (GF) and carbon fiber (CF) reinforced
poly(ether ether ketone) PEEK composites and effects of this process and reinforcement type on thermal,
thermomechanical, tribological, physical and morphological properties of PEEK composites were eval-
uated. All the results demonstrated that a transcrystalline layer was formed between the fiber and matrix
in the composites under applied thermal aging condition and this layer affected the fiberematrix
adhesion, reduced the energy dissipation in this region and improved the properties of composites. As a
result of this study, it was proved that the thermal aging process is an efficient method to control the
thermal, thermomechanical, tribological and physical properties of composites and these properties of
composites can be improved by using this method.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(ether ether ketone) (PEEK) is one of the semi crystalline
high performance thermoplastic polymers [1e3]. Relatively high
thermal resistance (glass transition temperature 143 �C, melting
temperature 343 �C, service temperature 250 �C and decomposi-
tion temperature 580 �C), chemical resistance and exceptional
mechanical performance have brought the PEEK to the center of the
scientific attention for many years and also these properties have
allowed for PEEK's use in high performance applications such as
automotive, aviation, biomechanics etc [1,4e6]. Due to the these
applications require thermal durability in high temperatures and
PEEK is one of the few polymers (poly(phenylene sulphide) (PPS),
polybenzimidazole (PBI), and polyimide (PI)) which can be
compared with metals to provide thermal durability and relatively
high performance in high temperatures [1,7]. In addition to this,
PEEK is the most proper polymer in this group for tribological and
mechanical applications because of its high strength and modulus,
excellent toughness, and high wear resistance [7]. Therefore, fiber
addition to PEEK is a commonly used method to improve the

tribological and mechanical properties of it. For this purpose, glass
fiber and carbon fiber are widely used fiber types and in the liter-
ature there are so many studies which investigated the various
properties (especially mechanical and tribological) of these fibers
reinforced PEEK matrix composites [1e22].

Fiber addition to polymeric matrix leads to changes in the
fiberematrix interphase region and these changes are related to the
microstructural properties of the composite in this region such as
morphology and crystallinity. These fibers act as heterogeneous
nucleating agents and nucleate crystallization along the fiber-
ematrix interface. These nuclei hinder the lateral extension of
crystals and force them to grow vertically to the fiber surfaces and
result in a crystalline layer and this layer is named as trans-
crystalline layer (TCL) [23]. The high nucleation density along the
fiber resulted in the growth of a thick and uniform TCL on the fiber
surface. Formation of this layer has significant influence on the
quality of fiberematrix interfacewith some other factors (fiber type
and topology, physical and chemical properties of fiber surface, the
matrix type, thermal history), and correspondingly it affects the
mechanical properties of composites. In the literature, while some
studies suggest that TCL can improve shear transfer at the interface,
and, consequently, the mechanical properties of composites, some
studies claims that it has no, or even a negative, effect on these
properties [23e26].
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Based upon these information it can be said that it is possible to
control the crystallinity of PEEK composites by choosing the suit-
able thermal history. Due to the PEEK can crystallize between its
glass transition temperature and melting temperature, any thermal
treatment between these temperatures can cause crystal
morphology changes and correspondingly effect the mechanical
and tribological properties [27]. Hence, by using the suitable ther-
mal treatment, effects of TCL on the mechanical, tribological,
thermal etc. properties of composites can be evaluated [28].

In the literature there are many studies which investigated and
compared the various properties of carbon and glass fiber rein-
forced PEEK matrix composites. One of these studies was per-
formed by Patel et al. [1]. In their study, the flammability and fire
behavior of PEEK and its composites were evaluated by using
different techniques. Another studywas performed by Sarasua et al.
[2]. They investigated the effect of crystallinity differences induced
bymoldwall temperature and annealing onmechanical behavior of
PEEK resin and its glass fiber and carbon fiber reinforced compos-
ites. Harsha and Tewari [3] evaluated the tribo performance of PEEK
reinforced with short glass, carbon fiber, and solid lubricants in
abrasive wear situation.

On the other hand, there are a lot of studies in the literature
which investigate the properties of transcrystalline layer and
influencing factors of this transcrystalline layer in the fiber rein-
forced composites [23e26]. Klein et al. [24] studied the interfacial
transcrystallinity in aramid fiber reinforced nylon 66 micro-
composites by using dynamic mechanical thermal analysis. Wood
and Marom [25] investigated the effect of the transcrystalline layer
on the interfacial shear strength in carbon fiberepolycarbonate
composites by using thermal fragmentation experiments. Nielsen
and Pyrz [26] studied the influence of thermal history on the
interfacial load transfer efficiency and fiber failure in carbon/poly-
propylene microcomposites. Their results indicated that thermal
history has an important effect on the interfacial load transfer ef-
ficiency of the microcomposites. This result was correlated with the
influence of thermal history on transcrystallinity and interfacial
residual stresses. Because transcrystalline interphase provides a
more effective load transfer compared to the non-transcrystalline
interphase.

In addition to these studies, in the literature there are some
studies about the effects of thermal history processes on the
properties of fiber reinforced PEEK composites [27e32]. Buggy and
Carew [27] investigated the morphological properties of carbon
fiber-reinforced PEEK laminates whichwere subjected to long-term
thermal aging and cycling treatments by using differential scanning
calorimetry and wide-angle X-ray diffraction analyses. Sinmazcelik
and Yilmaz [28] evaluated the effects of thermal aging on the
properties of unfilled and random oriented short fiber reinforced
PEEK and its composites.

All the literature survey and obtained results revealed that
although there are a lot of studies about the PEEK, fiber reinforced
PEEK composites and thermal history effects on the properties of
fiber reinforced PEEK composites, there are not any studies which
compare the effects of fiber types on the two types of wear (ad-
hesive and abrasive) behavior of composites exposed to same
thermal history conditions.

By considering these results, in this study, it is aimed to inves-
tigate the effects of microstructural changes, resulted from the
thermal aging process, on tribological, thermal, thermomechanical,
physical and morphological properties of fiber reinforced PEEK
composites for two types of fiber (carbon fiber and glass fiber).
Abrasive and adhesive wear tests were performed to evaluate
tribological properties, differential scanning calorimetry (DSC),
thermogravimetric and dynamic mechanical analyses were per-
formed to investigate the thermal and thermomechanical

properties, hardness test and scanning electron microscopy (SEM)
analyses were performed to investigate physical andmorphological
properties of composites, relatively.

2. Experimental

2.1. Materials

Materials were supplied from Victrex with “VICTREX PEEK
450CA30” and “VICTREX PEEK 450GL30” trade names. General
properties of these two different materials were given in Table 1.

2.2. Thermal aging process of materials

Carbon fiber and glass fiber reinforced PEEK composites were
heated in an oven to 360 �Cwith 10 �C/min. heating rate and kept at
this temperature for 10 min. Composites were removed from the
oven after 10 min and were simultaneously immersed into the iced
water [28]. This method is named as “quenching” and the com-
posites which applied this method coded are with the letter “Q”.
The flow diagram of quenching process was given in Fig. 1.

After the quenching process, half of the quenched composites
were stored for characterization tests, the other half of the
quenched composites were heated in an oven to 310 �C with 10 �C/
min. heating rate and kept at this temperature for 60min. After that
time, composites were cooled to 25 �C with 10 �C/min. cooling rate
[28]. This method is named as “thermal aging” and the composites
which are applied this method coded with letter “A”. The flow di-
agram of thermal aging process was given in Fig. 2. In addition to
these thermal processes, as received composites were used as
reference sample and named as “unaged” during of the study. Ac-
cording to these processes, code names of composites were given in
Table 2.

2.3. Characterization

2.3.1. Differential scanning calorimetry analysis
Differential scanning calorimeter (DSC) analyses were per-

formed by using TA Instruments-Q200model DSCmachine in order
to obtain glass transition temperature (Tg), melting temperature
(Tm) and heat of fusion (DHf) values of composites. Analyses were
carried out in the temperature range from 25 �C to 440 �C at a
heating rate of 10 �C/min. The relative degree of crystallinity (Xc
(%)rel) values of the composites were calculated by using melting
enthalpy values and following expression [33]:

Xcð%Þrel ¼
DHf

u� DH0
� 100 (1)

where DHf is the heat of fusion of sample,u is theweight fraction of
PEEK matrix and DH0 is the heat of fusion of the neat PEEK. Heat of
fusion of 100% crystalline PEEK was used as 130 J/g [34].

2.3.2. Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was conducted by using a

TA Instruments Q800 model dynamic mechanical analyzer in the
three point bending mode. Storage modulus (E0), loss modulus (E00)
and tan delta (tan d) values of composites were determined under
the amplitude of 35 mm, at a constant frequency of 1 Hz, in a
temperature range of 25 �Ce230 �C and at a heating rate of 5 �C/
min.

2.3.3. Abrasive wear test
Abrasion wear test was performed by using Ektron EKT-2103

model abrasion testing machine. In this test, 0.9 rpm rotating test
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