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Abstract— Reinforced materials are an important class
for the studies of friction and wear-related applications.
PEEK polymer reinforced by nanosized material can
form a new type of composite promised to be energy-
saving material. Doped nanomaterials are stronger
inorganic than PEEK polymer from a formidable
combination of organic and inorganic materials. The
synergistic effect can form strong material with new
properties. In this work, an attempt has been made to
synthesize metal and non-metal dopes ZnO-PEEK
nanocomposite by ultrasound method to apply friction
and wear-related operations. The material has been
characterized by SEM, XRD, EDS, TEM, FT-IR, and
UV-DRS techniques. The characterization confirmed the
addition of metal into ZnO and fabrication with PEEK
polymer. C, N, S doped ZnO and Ni, Co doped ZnO-
PEEK composites were analyzed for tribological
applications. The metal doping was proved significant to
enhance the properties. The prepared materials have
been compared. The result obtained from the
application was important to synthesize a new kind of
material for the application of energy-related
operations.
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I. INTRODUCTION

Generation and efficient use of all types of energy
sources is the need of today. Friction and wear-related
operations are under observation to minimize energy
consumption [1]. Polymeric materials with high performance
are increasingly studied for their outstanding performance as a
friction material [2]. One of the most used top performing
polymers is Poly ether ether ketone (PEEK), attributed to its
semi-crystallinity, high thermal and mechanical strength,
flexibility, workability, high thermal resisting, and many more
[3, 4]. The durability and strength of PEEK is exploited for
high vacuum operation indicate the diversity of this low cost
yet powerful material. PEEK has diverse attractive properties,
and thus extensively used in various parts in automobile
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industry, electronic industries, etc. [5, 6, 7].

However, current industrial operations demand more
strength with high heat resistance and friction for smooth
operation and less energy consumption, and bare PEEK shows
limitations in fulfilling these extreme conditions [8, 9].
Recently, work has been done on improving the tribological
and thermal properties of PEEK to minimize erosion. Since
the material is carbon bases, polymer carbon material
enforcement is more common. Moreover, the addition of metal
oxides to increase synergism is carried out for the modification
of PEEK, and it showed excellent improvement in the
performance [10, 11].

Metal oxide incorporated polymer composites show
exceptional properties due to interfacial bonding between
inorganic and organic species [12]. The spaces between cross-
linked polymers are occupied by metal oxides, drastically
improving the overall strength of the composite. The strength
of the metal oxide imparts strength to the composite, and it is
found that reduction in the wear rates enhanced due to
inorganic addition in the polymer matrix [13, 14]. The
dispersion, orientation, and dimension of oxide of metal is an
important factor to improve the overall performance of the
composite [15, 16]. The addition of nanosized SiC, TiO,
Al;O3, ZnO, and several other metal oxides have shown
remarkable enrichment in the friction characteristics, resulting
in a considerably reduction in friction coefficient and rate of
wear [17, 18, 19].

The physio-chemical properties of metal oxides can be
modified by the inclusion of other metals or their oxide by
doping method [20]. Transition metals being highly abundant,
low cost, and less toxic, can be utilized for the doping in metal
oxides like TiO,, AlxO3, ZnO, etc. Transition metals having
variable oxidation states can alter the crystal lattice at the
atomic level resulting in more durable material with high
crystallinity and less particle size [21,22]. This change in the
physical and chemical property, when coupled with polymer
matrix, can show improvement in the tribological property
[23]. ZnO being less toxic, less costly, and highly available
can be a successful addition in polymeric material; moreover,
doping of ZnO by transition metals improves the physical
properties of composite [24].

In the present work, we report microwave-assisted simple
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reinforcement of PEEK by addition of nickel (Ni), cobalt (Co)
transition metal modified ZnO metal oxides in which non-
metal like carbon, nitrogen, and sulphur (CNS) doped ZnO is
compared with nickel, cobalt doped ZnO-PEEK composite for
their tribological properties.

Il. EXPERIMENTAL

A. Materials

Cobalt nitrate hexahydrate: Co (NOs)2-6H20, Zinc nitrate
hexahydrate: Zn (NOs),-6H,O, and Nickel nitrate
hexahydrate: Ni (NOs).-6H,0, were bought from SD fine,
India. Nitric acid (HNQgs), Thiourea, CS (NHs), (99%), and
Polyethyleneglycol-200 (PEG) (99.8%), were purchased from
Fischer Scientific, India. Poly ether ether ketone (PEEK)
powder size 50 microns was purchased from Merck, India.

B. Synthesis
(a) Synthesis of metal, non-metal doped ZnO:

Cobalt, Carbon, nitrogen, Sulphur doped ZnO was
synthesized by hydrothermal method. Initially 1.0 mmol of
zinc precursor was added in to 0.1 mmol of nitric acid. Then
dropwise 1 ml of polyethyleneglycol-200 was added to clear
solution until the dissolution for one hour. Thereafter,
calculated amount of nickel nitrate was mixed and then stirred
for one hour. Further, 3gms of thiourea was mixed and, then
stirred for two hours. The resulting suspension was oven dried
at 100°C for twelve hrs. Then black residue was claimed at
550°C after three hours for the rate 10°C per minute to obtain
greenish-yellow powder of nickel, carbon, nitrogen, sulphur
doped ZnO. To synthesized carbon, nitrogen, sulphur doped
ZnO metal precursor was avoided (refer Fig.1). Similarly, all
the doped ZnO materials have been synthesized by adding
respective metal precursor [25, 26].

(b) Synthesis of metal, non-metal doped ZnO-PEEK
nanocomposites:

The synthesized metal, non-metal doped ZnO was
fabricated with PEEK polymer by the hydrothermal method
with ultrasound assistance in which 0.50 g of nanomaterial
was added to 20% ethanol with 0.10 g of PEEK polymer and
ultra-sonicated for 3 hours. The suspension the shifted to a
stainless steel autoclave with Teflon lining, pH was
maintained at 8 and heated at 150°C for 10 h. The suspension
then cooled and dried in oven at 100°C for ten hours after
filtration, to obtain black PEEK nanocomposite (refer Fig.1)
[27].
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Fig. 1 Synthesis strategy of Co, C, N, S doped ZnO-PEEK
nanocomposite

C. Characterization

The XRD (X- ray diffraction) analysis of material was
carried out to know crystallinity and phase composition of
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material. Transmission electron microscopy (TEM) was
carried out to check the fabrication of nanomaterial with
PEEK. (SAED), Scanning electron microcopy coupled with
EDS analysis was done to obtain surface properties and
elemental composition.  Fourier transform infra-red
spectroscopy (FT-IR) was done to know the functionalities
and UV-DRS was carried out to understand the absorption of
material.

D. Tribological experimentation

The tribological performance of the synthesized
composite samples were examined on a ball on disc
tribometer (Make: CETR Model: UMT-5). The tribopair used
was a stagnant steel ball and rotating sample of composites.
The steel ball was 5.825 mm in diameter with Vickers
hardness number 1180. The working load was kept at 5 N for
1-15 minutes with correlative pressure of 62.5 MPa. The
speed if slide was 0.15 m/s at 145 rpm. The reciprocating
frequency was kept at 2.5 Hz. The force of friction was
supervised through a transducer attached to the system. These
values of force were further utilized to measure the friction
coefficient with the help of equation, Friction of coefficient =
(Applied force / Friction force), where applied force and
friction force is in newton. The wear volume was determined
by weight loss and the density. The wear rate was also
calculated by the weight loss. The specified density for PEEK,
CNS doped ZnO-PEEK, Ni doped ZnO-PEEK and Co doped
ZnO-PEEK was 1.31, 1.41, 1.46 and 1.53 respectively in gm
per cubic cm. The wear rate was measured by the formula,
Wear Rate = Volume loss / (Load x Erosion distance), here
volume loss is in cubic mm, load is in newton and erosion
distance in meter [28].

I11. RESULTS AND DISCUSSION
A. XRD analysis

A monochromatic Cu Ka radiation with high intensity
(1.54060 A) and diffractometer in the 45kV & 40 mA range
was used to carry out the study. At 25°C, the data of intensity
data were collected in 26. The range of 26 was between 10° to
80°. 0.8709° was the slit size for fixed divergence and 0.017°
was the step size for angular slit opening. The XRD spectrums
of synthesized nanoparticles with ZnO XRD can be seen in
Fig. 2. The trend matches with a greatly crystalline material.
This crystallinity is visible from the sharpness of the XRD
peaks. Commercial ZnO peaks indexed to (100), (002), (101)
observed at 32.72° 33.65° 35.39° 20 represent typical
hexagonal wurtzite structure [29]. The (100) and (110) plane
indexed to 32.72° and 55.44° 20 in all the synthesized
materials are match with the commercial ZnO representing the
presence of hexagonal wurtzite structure in all the synthesized
materials [30, 31]. However, (102) peak indexed to 46.83° 26
in all the structure shows shifting towards lower 26 indicating
the change in crystal arrangement attributed to doping of metal
as well as non-metals in the ZnO lattice [32,33]. Change in
crystal formation and doping also evident by the absence of
(002) and (101) in synthesized martials [34]. The PEEK XRD
is given Fig. 3 in which a sharp peak is observed within the
range of 5 to 10 ° 26, the similar peak is also present in all the
synthesized PEEK nanocomposites in Fig. 2. This belongs to
carbon based martials confirm the successful fabrication of
nanomaterials with PEEK polymer [35, 36].
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Fig. 2 X-ray diffraction patterns of ZnO, and doped ZnO-
PEEK nanocomposites
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B. TEM and SAED analysis

TEM analysis of doped ZnO-PEEK nanocomposites was
carried out to understand the effectiveness of extent of
fabrication of synthesized NP’s with PEEK polymer material.
Fig. 4 a, c, e shows spherical morphology of C, N, S non-
metal, Ni and Co metal doped ZnO NP’s. The Fig. 4 b, d, f
shows all the NP’s are firmly attach to PEEK polymers. The
cluster of nanoparticles fabricated with PEEK polymer to form
a stable nanocomposite. The polymeric PEEK is visible in the
form of small tubes. The heterogeneous nature of composite is
an essential factor in the friction and other related properties.
The small crystalline structure is evident from small dots in
the ring confirming the effective fabrication of NP’s with
PEEK polymer [37, 38].
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Fig. 4 TEM images of a) CNS doped ZnO nanoparticles b)
CNS doped ZnO-PEEK nanocomposite ¢) Ni doped ZnO
nanoparticles d) Ni doped ZnO-PEEK nanocomposite €)

Co doped ZnO nanoparticles f) Co doped ZnO-PEEK
nanocomposite

C. SEM and EDAX analysis

High resolution Field Emission Scanning Electron
Microscope (SEM) was used to analyze synthesized ZnO-
PEEK nanocomposite. The SEM image of PEEK in figure 5a
shows typical layered carbonaceous morphology which is
supported by just carbon and oxygen element in EDAX
analysis confirming purity of PEEK material. In figure 5 c, e,
g, the CNS, Ni and Co doped ZnO-PEEK shows porous
morphology in which doped ZnO NP’s are agglomerated in
cluster. The surface is amorphous, which is a characteristic
feature of carbon based material [39]. The EDAX analysis of
nanocomposites are given in Fig. 5 b, d, f, h confirms the
absence of impurity in the material and successful
incorporation of C, N, S, Ni and Co dopant in ZnO lattice. The
presence of PEEK is evident by greater percentage of carbon
in all the materials. The weight percentage of nitrogen and
sulphur was found 1 to 4% and 3 to 7% respectively. The
absence of other metal in the synthesized material confirm the
purity of material. However, the extra peaks are appeared due
to presence of copper reference during the analysis. [40]. The
EDAX analysis again confirm the successful formation of
doped ZnO-PEEK nanocomposite.
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Fig. 5 SEM and EDAX images of a) CNS doped ZnO-
PEEK nanocomposite b) Ni doped ZnO-PEEK
nanocomposite ¢) Co doped ZnO-PEEK nanocomposite

D. FTIR Analysis

The functionalities in the synthesized materials are studied
by FT-IR spectroscopy. The analysis was kept in between 500-
4000 cm*. FTIR spectrum of the materials is shown in Fig. 6.
The bending vibrations of molecules of water is proven by the
vast absorption band about 3450 cm-1 [41]. The peak in the
range of 1620 to 1635 cm™? confirm the presence of C=C
which is evident due to polymeric material (PEEK) in the
nanocomposite [42]. The presence of C-S and C-N is
confirmed by the small peaks within the range of 670 to 720
cm [43, 44]. The slight peaks about 750 to 640 cm™ appear
due to characteristic metal oxygen bonding which is Zn-O in
this case [45]. The FT-IR data confirm the presence of all the
metal and non-metal doping with carbon based polymeric
material indicate the successful fabrication of doped ZnO-
PEEK nanocomposite and 750 to 640 cm™ appear due to
characteristic metal oxygen bonding which is Zn-O in this case
[46]. The FT-IR data confirm the presence of all the metal and
non-metal doping with carbon based polymeric material
indicate the successful fabrication of modified ZnO-PEEK
nanocomposite.
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Fig. 6 FTIR spectra of ZnO, and doped ZnO-PEEK
nanocomposites

E. UV-Vis DRS Analysis

UV-vis diffuse reflectance spectroscopy (DRS) analysis of
all the synthesized materials was carried out. The spectra are
shown Fig. 7. The spectra of all the synthesized materials are
showing different appearance compared to pure ZnO. The
pure ZnO spectra show sharp peak and absorption maxima at
358 nm however, the composites are showing less sharper
peaks attributed to the crystallite size and morphology of the
material [45]. The sharpness in pure ZnO is due to the small
crystallite size and crystalline nature, more the crystals more
the absorption and sharper the peak. The peaks of PEEK
composites of doped ZnO appear flatter due to the amorphous
nature of PEEK polymer confirming the fabrication of
inorganic NP’s with organic polymeric material [47]. Though
the absorption maxima are within the range of 554 to 569 nm
the lower absorption in nanocomposite indicate the higher
crystallite size which is true due to the addition of polymeric
material. The UV-DRS in this case help to confirm the
synergism between the NP’s and PEEK polymer [48].
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Fig. 7 UV-Vis absorption spectra of ZnO, and doped ZnO-
PEEK nanocomposites

F. Friction and wear analysis

In Fig. 8, the average values of friction coefficient of pure
PEEK and Ni, Co and CNS doped ZnO-PEEK nanocomposite
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are plotted against the time. Without any reinforcement PEEK
was on higher side. The average value of friction coefficient
for pure PEEK was around 0.45. There was no formation of
tribofilm, which might have increased the friction. As
polymers are subtler to mechanical stresses, there must be
accumulation of friction heat which resulted in increase in the
matrix stiffness. The shear strength of polymer also shoots up
thus the pure PEEK exhibited displeasing abrasive nature.
Such inferior bearing capacity resulted in high value of
coefficient of friction [49]. CNS doped ZnO-PEEK
nanocomposite shown improvement, probably due to
formation of a tribofilm between the ball and sample surface.
The average value of coefficient of friction was found around
0.37. With non-metallic CNS doping in ZnO, the structural
properties and crystallinity of ZnO enhanced which affected
the friction behavior of resulting PEEK nanocomposite as
well. The strain produced by virtue of lattice misalliance and
variation in coefficient of thermal expansion between the ZnO
and non-metals must have increased the friction resistance of
nanocomposite [50]. The average value of friction coefficient
for Ni doped ZnO-PEEK nanocomposite obtained was 0.31.
The mechanical sturdiness between the matrix and
reinforcement provided promising aspect ratio. The increased
size of ZnO due to Ni doping deteriorated the heat buildup
within the tribofilm. Due to such increase in the concentration
of ZnO in PEEK, the wear resistance capability of
nanocomposite shown improvement and made it less prone to
wear [51]. Co doped ZnO-PEEK nanocomposite reveal
superior endurance against the wear. The average value of
coefficient of friction came by 0.27. The incorporation of hard
cobalt in ZnO diminished the straight connection between the
PEEK and the abrasive surface. The certain separation of nano
metal oxide from polymer matrix plunge into the path of wear
and skate over one another. An integrated fine film of oxide
has apparently setup. Further, this film acted as coherent
lubricant between the two rubbing surfaces. The Co doped
nano-ZnO behaved as a third body which imparted solid
lubricating ability on surfaces of contact. It resulted in least
friction coefficient value [52].
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Fig. 8 Coefficient of Friction of PEEK, and modified ZnO-
PEEK nanocomposites

In Fig.9, the rate wear of pure PEEK and Ni, Co and CNS

doped ZnO-PEEK nanocomposite are presented against the

time. The wear rate for pure PEEK obtained was 6.44 x 10

mm?Nm. Severe amount of wear can be seen due to absence
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of any reinforcement. Molecular adhesion and shatter must
have untied the chunks of PEEK causing further erosion.
Within the region near contact, the high friction heat depletion
may have resulted in immense thermal degradation. Further
the substantial strains may have caused the rupture of PEEK
[53]. CNS doped ZnO-PEEK nanocomposite shown wear rate
as 5.73 x 10 mm3Nm. The wear rate was lower than that of
PEEK due to double effect of CNS doped ZnO as solid
lubricant and reinforcing agent. The embellished distribution
of nano-particles clarified the connection between filler nano-
particle and the polymer matrix. The slight increase in the
hardness may have reduced the wear rate [54]. The wear rate
of Ni incorporated ZnO-PEEK nanocomposite was found to be
4.85 x 10° mm3/Nm.The reinforcement of Ni incorporated
ZnO in PEEK exhibited appropriate matrix-filler synergy and
even distribution of filler throughout the nanocomposite which
provided the stability. The increase in the load bearing
capacity of reinforcement prevented the derogation and
disintegration of nanocomposite which culminated in reducing
of wear rate [55]. Co doped ZnO-PEEK nanocomposite
exhibited the lowest wear rate of 2.93 x 10°® mm3/Nm. The
harder cobalt improved the anti-sand wear behavior of the
nanocomposite. With prolonged wear time, even though the
temperature of surface raised, the cobalt nanoparticles
impeded the deformation of matrix. During sliding friction the
indurate cobalt doped ZnO nanoparticles behaved as a cushion
while bearing the load, which restricted the area of contact and
subsequently reduced the wear rate. Being compatibilizer,
cobalt lessened the interfacial surface tension, and stabilized
the nanocomposite making it phase morphologies and least
severely worn than the other three materials [56].
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Fig. 9 Wear rate of PEEK, and modified ZnO-PEEK
nanocomposites

Fig. 10 represents the histograms indicating the trend of the
rate of wear and coefficient of friction of PEEK and modified
ZnO-PEEK nanocomposite. The wear rate is gradually
decreasing. The pure PEEK shown the highest wear rate of
6.44 x 10° mm3/Nm while the cobalt doped zinc oxide-PEEK
composition shown the smallest wear rate of 2.93 x 10°
mm3/Nm. The friction coefficient can also be seen reducing
gradually. Pure PEEK conceiving the highest value of 0.45
while cobalt doped zinc oxide-PEEK composition showing
least value of 0.27. The lower values of wear rate and friction
coefficient is an index of favorable wear protection and
extended service life [57].
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Fig. 10 Wear rate and Friction coefficient of PEEK and
doped ZnO-PEEK nanocomposites

G. Worn surface morphology

Fig. 11 shows SEM images of PEEK and modified ZnO-
PEEK nanocomposite after wear. In Fig. 11(a), sever abrasion
of PEEK can clearly be seen. Bulk of dragging claws are
evident due to weak meld shear strength. The edges can be
seen plastically flown resulted from sever temperature rise
between surfaces of contact [58]. In Fig. 11(b), the CNS doped
ZnO-PEEK nanocomposite surface is smoother than pure
PEEK. This is the implication of decent affinity between
PEEK and CNS doped ZnO. Further it garnished the
dispersion of filler in PEEK [59]. Fig. 11(c), showing the worn
surface of Ni doped ZnO nanoparticles. The wear residue on
the surface are significantly decreased as compared to CNS
doped ZnO-PEEK. However, the built-up of the dark areas can
be by virtue the extended escape of ZnO nanoparticles
particles during the sliding [60]. In Fig.11 (d), the worn Co
doped ZnO-PEEK nanocomposite surface can be seen. It is
looking smoothest than the other materials. The accumulated
hard cobalt ZnO led to prevent the formation of wear debris.
The hard agglomerates of cobalt got crushed into smaller
particles caused the plastic deformation in softer region of the
surface. The nanocomposite remained chiefly flawless with
almost no abrasion traces on the surface. Thus, the
nanocomposite of PEEK with Co doped ZnO filler shown
greater protection against the abrasion [61].

Topm Elecyon image 1 T0pm 2 1

Fig. 11 Worn surfaces of a) PEEK b) CNS doped ZnO-
PEEK nanocomposite ¢) Ni doped ZnO-PEEK
nanoparticles d) Co doped ZnO-PEEK nanocomposite
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H.  Automobile Applications

Currently PEEK is been used in many automobile application
related to tribology. In most of such cases the modified
materials mentioned in this work can be used as the substitute
for pure PEEK. Such applications are seal rings, bearing
bushings and bearing cages, engine gears [62], ball bearings,
thrust bearings [63], crank shaft bush, and self-lubricating
bearing bushes [64]. Further, studies have shown that the
metal components like fasteners, clips, brackets etc. can be
replaced by PEEK [65], certainly can also be replaced by the
material discussed in this study. Various automobile
components made from titanium alloys and stainless steel like
gaskets, inner covers of engine can be replaced by PEEK
plastic [66]. Parts of suspension system like pistons skirts of
bearing bush, clutch rings etc. can be made by the PEEK
material. Other than these and many such applications, as like
PEEK material, various components of transmission system,
air conditioning system, engine rams, brakes etc. related to
automobile application can substituted by the material posited
in this work [67].

VI. CONCLUSION
In present work, the polymeric nanocomposite of PEEK as
polymer matrix with surface modified ZnO as nano-filler were
developed. The doping of non-metals, namely Carbon-
Nitrogen-Sulphur (CNS) and metals namely, Nickel (Ni) and
Cobalt (Co) were done on ZnO. These doped ZnO, nano-fillers
were prepared by the process of hydrothermal co-precipitation.
Further the insertion of modified ZnO into the PEEK was
carried by the co-friendly hydrothermal technique with
ultrasound assistance. The characterization verified successful
fabrication and effective incorporation in ZnO to articulate the
nanocomposite. The XRD analysis proven proper
incorporation of metals and non-metals in ZnO, compelling
synthesis and cohesion of nanocomposite. The TEM analysis
revealed the quality of synthesized materials in proper
configuration. Effective doping and active synthesis of CNS,
Ni and Co in ZnO particles got confirmed by SEM, EDAX
analysis. The FTIR proven expected preparation of surface
modified ZnO-PEEK polymer for a steady nanocomposite.
The altered physical property and composition of
nanocomposite were confirmed by UV-DRS analysis. Friction
and wear analysis was carried away to assure the tribological
response of the prepared materials. The coefficient of friction
for pure PEEK, CNS doped ZnO-PEEK, Ni doped ZnO-PEEK
and Co doped ZnO-PEEK came out as 0.45, 0.37, 0.31 and
0.27 respectively. The friction coefficient shown gradual
reduction. Pure PEEK proven more prone to friction while Co
doped ZnO-PEEK nanocomposite exhibits the best friction
resistance among the four materials. The wear rate was found
to be 6.44 x 10 mm3 Nm, 5.73 x 10 mm3/ Nm, 4.85 x 10¢
mm3/ Nm and 2.93 x 10® mm% Nm for pure PEEK, CNS
doped ZnO-PEEK, Ni doped ZnO-PEEK and Co doped ZnO-
PEEK respectively. Wear rate of pure PEEK was on higher
side while Co doped ZnO-PEEK shown drastic reduction in
wear rate. Worn surface morphology revealed poor
degradation of pure PEEK surface. CNS doped ZnO-PEEK,
Ni doped ZnO-PEEK and Co doped ZnO-PEEK shown
gradual enhancement in abrasion resistance. This was clearly
due to existence of doped ZnO nano-fillers. Comprehensively,
this work rooted technique for the synthesis of CNS, Ni and
Co doped ZnO-PEEK polymeric nanocomposite, validating
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their structure and morphology along with indication of their
eminent tribological response over pure PEEK. Among the
three doping, Co doped ZnO-PEEK nanocomposite proven to
be the best in all respect. It shown improved friction
coefficient. The wear of Co doped ZnO-PEEK nanocomposite
was also the least. The morphology of worn surface as well,
revealed the smoothest surface of Co doped ZnO-PEEK
among all materials. Hence it can be concluded that Co doped

ZnO-PEEK nanocomposite has every potential

to be

considered a good alternative for PEEK in tribological
applications in automobile sector.
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