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ABSTRACT

The current study aims to introduce novel nanocomposites consisted of polymeric
dual-matrix, polytetrafluorethylene/polyamidel2 (PTFE/PA12), reinforced with zinc
oxide nanoparticles (ZnO NPs) for prosthetics applications. PA12 content to
polymeric dual-matrix was 5, 10, 15, and 20 weight fraction (wt. %). Also, ZnO NPs,
which were characterized by transmission electron microscope (TEM), were filled
into the dual-matrix of PTFE/PA12 by 0.25, 0.5, 1, and 1.5 wt. %. All the present
nanocomposites were fabricated by a hot-pressing technique. Compression,
microhardness, wear, and friction tests were performed to study the mechanical and
tribological properties of all the fabricated nanocomposites. After the wear test, worn
surfaces were examined by scanning electron microscope (SEM) to emphasize the
occurred wear mechanism.

Experimental results revealed that the optimum content of PA12 and ZnO NPs into
proposed nanocomposites were 15 and 1 wt. %, respectively. Consequently, elastic
modulus, compressive yield strength, Vickers hardness number (VHN), wear rate and
friction coefficient of PTFE/15 wt. % PA12, as a dual-matrix, were enhanced by
125.48, 70.88, 81.68, 57.27, and 54.16 %, respectively compared to pure PTFE. Also,
elastic modulus, compression yield strength, VHN, wear rate, and friction coefficient
of the proposed PTFE/15 wt. %/1 wt. % ZnO NPs composite showed significant
improvements by 51.58, 58.59, 50.86, 73.91, and 44.63 %, respectively compared to the
pure dual-matrix. Worn surfaces of the proposed composites proved that a significant
enhancement was observed compared to the other worn surfaces. According to that,
the proposed nanocomposites of PTFE/15 wt. % PA12/1 wt. % ZnO NPs are
considered as a suitable choice for prosthetic applications.

KEYWORDS
Wear rate, friction coefficient, Vickers hardness number, compressive yield strength,
elastic modulus.
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INTRODUCTION

Polymeric biomaterials have been developed at many fields such as, biology,
chemistry, materials, physics, and medicine, [1, 2]. Polymers have been applied to a
wide range of biomedical applications such as implants, surgical, and orthopedic ones.
The widespread application of biomedical polymers because of their biological,
physical, and chemical properties such as the affordable price, flexibility, ease of
manufacturing, [3, 4]. It is noticed that some polymers satisfy the tribological
requirements; but, in the hybrid and composite forms, they often have more
advantages, [5]. So, many researchers studied the improvement of functional and
structural characteristics of hybrid materials such as nanocomposite-based polymers.
The hybrid materials could be inorganic and organic nanofillers with size of < 100
nm, [6].

Nanofillers include metals, carbon nanotubes, ceramics, silicates, and metal oxides.
Hence, composites fabrication requires an understanding of the nanostructures to be
used in the desired application. The main changes of the new composites is the
mechanical and functional features so controlling the interaction, ratio, nanofiller
size, and temperature of the interaction resulted on new property nanocomposites, |7,
8]. This combination could be inserted into various requirements, [9].

Current lubrication systems based on the use of mineral or lubrication oil that cannot
be used in health care fields such as pharmaceutical, and food industries to prevent
the product contamination, [10]. In this regard, liquid lubricants could be replaced
by solid lubricants to control wear and friction. However, solid lubricants must have
certain requirements in practical applications, such as stiffness, thermal expansion,
mechanical strength, damping, and fatigue life, [11].

One important used solid lubricant is polymers, which used as solid lubricant in
mechanical parts due to their important properties such as excellent wear, light
weight, solvent resistance, and high strength, [12]. PTFE, named “Teflon,” has
extremely well chemical resistance, and low friction coefficient, [13, 14]. Also, PTFE
has hydrophobic, low friction coefficient anti-stiction, and biocompatible properties,
[15]. However, its disadvantage is the poor wear resistance. Therefore, to improve its
properties, NPs, [16], and fibrous fillers (whisker, carbon fiber, and glass fiber), [17,
18] could be added into PTFE. So, it could be used as a filler with other polymers to
enhance their tribological properties, [19, 20].

Polymer composites are used in the engineering industry because of their high impact
strength and tensile. Among the used plastic materials is the polyamides because of
their low cost, and well mechanical features, [21]. PAs have semi-crystalline structure,
the crystalline areas increase their yield strength, rigidity, melt temperature, creep
resistance, and chemical resistance. Besides that, amorphous regions affect PAs
permeability, impact resistance, elastic properties, and thermal expansion. However,
PAs are hydroscopic so moisture affects PAs features, [22]. Moisture affects PAs yield
stress and elastic modulus, but it increases their elongation and flexibility. Moreover,
humidity affects PAs end-use performance and processing, [23]. In general, humidity
could affect composite structures. Hence, water must be removed from PAs by
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thermal processing to prevent affecting the composite mechanical properties and
hydrolytic degradation, [24].

PA 12 has good properties so when combined with other polymers, it can improve the
performance especially by adding NPs. PA 12 has great interest because of its barrier
properties, wear resistance, and high strength, [25]. But it has some disadvantages of
sensitivity to humidity, which affects its mechanical characteristics and stability. Also,
it has poor heat conductivity, [21, 26]. Herein, PA 12 has been involved in composites
to sacrifice its mechanical characteristics to be applied into industrial applications,
[27]. Nevertheless, they could be applied in many industries such as gear and
bearings. It was found that 56 wt.% of polyphenylene sulfide (PPS) composite by
adding polyamide 66 (PA) 24 wt.% and PTFE 24 wt.% showed the best tribological
properties, [28].

Polymer-based nanofillers have been widely used due to their unique thermal,
electrical, frictional, catalytic, and mechanical properties as fillers, [29]. Among those
nanofillers is ZnO NPs, [30], which have important advantages such as nontoxicity,
and antimicrobial nature, its unique electrochemical, optical, and electronic
properties, [31]. So, ZnO NPs have been used as a reinforcement nano-filler in many
polymers including polymethylmethacrylate (PMMA), [32], ultrahigh molecular
weight polyethylene (UHMWPE), [33], polyurethane (PU), [34], PTFE, [35, 36], and
polyetheretherketone (PEEK), [37].

Xu et al. showed that PA6/ZnO composite with 0.2% ZnO NPs had little effect on the
impact strength of PA6, while it enhanced the tensile enhanced by 75%, [38]. Also, Li
et al., [36] reported that the wear volume loss of 15 vol.% ZnO filled in PTFE
compared to pure PTFE is only 1%. Chang ef al., [33] reported that 10 wt.% ZnO
NPs/UHMWPE reached the best wear resistance and compressive strength compared
to the pure UHMWPE. However, Saeed ef al. proved that 30% ZnO/nylon 6/6
nanocomposite mechanical properties are decreased than the neat polymer due to
ZnO NPs agglomeration, [39].

Some polymeric nanocomposites could be applied to prosthetic applications. It was
shown that multi-walled carbon nanotube (WMCNT)/natural rubber (NR) polymer
nanocomposite could be applied for prosthetic foot, [40]. Also, high-density
polyethylene (HDPE)/MWCNT/Alumina NPs was selected to be applied for artificial
joints, [41]. Ce-TZP/Al203 nanocomposites were manufactured to be applied to
denture prosthetics, [42].To sum up, no prior work has been done on fabrication of
PTFE/PA 12/ZnO NPs composites. Therefore, this work focused on studying the
mechanical and tribological properties of these nanocomposites to be applied on
prosthetic application.

MATERIALS AND EXPERIMINTS

Materials

A commercial powdered PTFE, has a size of 200 pm, was used as the first component
of the dual -matrix material, while the second one is the powdered PA 12, which is
supplied by EOS Company, North America, with an average size of 22.3 nm. ZnO
NPs, with an average size of 20 + 5 nm, were supplied from NANOTECH Company,
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Egypt, as shown in Fig. 1 a. They were used as reinforcement material for dual-
matrix.

Samples Preparation

In this work, the nanocomposites were prepared using hot pressing technique based
on the experimental work steps that indicated in Fig. 1 b. PA12 to PTFE was 0, 5, 10,
15, and 20 wt. % to obtain the dual-matrix of PTFE/PA12. ZnO NPs were added to
each dual-matrix by 0, 0.25, 0.5, 1, and 1.5 wt. %. Therefore, twenty-five samples were
prepared as shown in Table 1. PTFE/PA12 with various contents of 0, 0.25, 0.5, 1, and
1.5 wt. % ZnO NPs were mixed in agate mortar continuously to obtain the
homogenous composites. After that, the mixed composites were put into a cylindrical
hot-working steel pressing die, Fig. 2, which was 6.5 mm in diameter. The composite
was pressed inside the pressing die at a pressure of four bars for five minutes after the
temperature reached 150 °C, [43]. A cooling fan was used to facilitate the sample
solidification with the final shape of 6.5 mm in diameter and 30 mm in length. Finally,
all specimens were cut into suitable dimensions and prepared for further tests.

Testing and Characterization

Samples were prepared to examine the mechanical and tribological properties of the
present PTFE/PA12/ZnO NPs composites. Mechanical properties include the
compression and Vickers hardness tests. The compression test was conducted at room
temperature (35 £ 5 °C) using SHIMADZU universal testing machine (UH series).
Three samples were prepared at each filler content according to ASTM D695 and the
machine cross head speed was 5 mm/min. Engineering stress-strain curves of the
tested samples were automatically plotted and recorded on the testing machine
computer. After that, the elastic modulus was calculated from engineering stress-
strain curve slope of each sample.

The specimens were cut and polished for Vickers hardness test with a diameter of 6.5
mm and length of 10 mm. Vickers hardness test was performed at room temperature
(35 £ 5 °C) based on the ASTM E384-99. The specimens dwelled under the indenter
load of 50 g for up to 10 s. The occurred indentations were measured by a light
microscope mounted on the testing machine. The hardness number was calculated by
dividing the applied load by the square of mean diagonal of the indentation. To obtain
more accurate results, at least five indentations of each three samples were taken at
different places on the specimen surface, and the average value was estimated.
Tribological properties, which include wear rate and friction coefficient tests were
performed via pin-on-disk tribometer test rig upon ASTM standard G99, [44]. Fig. 3
indicates a schematic of pin-on-disk tribometer test rig used for sliding wear
experiments. The specimens were cut and prepared as a pin shape with dimensions of
6.5 and 30 mm in diameter and length, respectively. All nanocomposites were tested
under dry sliding conditions, at room temperature (35 = 5 °C), against carbon steel
disk counterface at constant testing conditions of applied normal load, sliding
distance, and sliding speed of 30 N, 212 m, and 1.2 m/s, respectively.

Alumina abrasive paper with a grade of 1000 grit (Ra = 4.6 mm) was glued onto a
counterface disk, [45]. Before and after the wear test, specimens were weighed on an
electronic balance which has + 0.1 mg accuracy, and the difference between the two
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weights represents the wight loss. Wear rate was calculated by dividing the weight
loss by sliding distance. For each specimen composition, the wear tests were repeated
at least three times and the averaged values were reported.

At the same wear test conditions, friction forces were measured and recorded each
one millisecond by a load cell, which connected with a data logger system. By dividing
the averaged friction forces by the applied load, the friction coefficient was estimated.
Friction coefficient was measured at least three times for each specimen and the
averaged value was considered.
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Fig. 1,a TEM image of ZnO NPs, b): Experimental work steps.
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Fig. 2 Hot-working steel pressing die.
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Fig. 3 Schematic of a pin-on-disk tribometer test rig, [46].

Table 1 Specimens composition

Specimen Composition

Speﬁi)r.nen Dual-Matrix
ZnO NPs, wt.%
PTFE, wt.% PA12, wt.%
1 100 0 0
2 99.75 0 0.25
3 99.5 0 0.5
4 99 0 1
5 98.5 0 1.5
6 95 5 0
7 94.75 5 0.25
8 94.5 5 0.5
9 94 5 1
10 935 5 1.5
11 90 10 0
12 89.75 10 0.25
13 89.5 10 0.5
14 89 10 1
15 88.5 10 1.5
16 85 15 0
17 84.75 15 0.25
18 84.5 15 0.5
19 84 15 1
20 83.5 15 1.5
21 80 20 0
22 79.75 20 0.25
23 79.5 20 0.5
24 79 20 1
25 78.5 20 1.5
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RESULTS AND DISSCUSION
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Fig. 3 Engineering stress-strain curves a): PTFE/0 wt. % PA12/ZnO NPs, b):
PTFE/5 wt. % PA12/ZnO NPs, ¢): PTFE/10 wt. % PA12/ZnO NPs, d): PTFE/15
wt. % PA12/ZnO NPs, and e): PTFE/20 wt. % PA12/ZnO NPs.



Figure 3 indicates the engineering stress-strain curves of the present PTFE/PA12/Zn0O
composites, which were obtained by the compression test. These curves are
characterized by a region of linear elasticity followed by a region of yield and plastic
deformation. Therefore, the behavior of the present nanocomposites under
compression load contributes to estimate the modulus of elasticity and yield strength.
The elastic modulus and compressive yield strength of PTFE were enhanced by
increasing PA12 content up to 15 wt. %, as indicated in Figs 4 and 5, respectively.
Also, the elastic modulus after adding ZnO NPs content of 0.25, 0.5, 1, and 1.5 wt. %
was improved by 6.65, 15.49, 51.58, and 17.64 %, respectively compared to PTFE/15
wt. % PA12, as shown in Fig. 4. As indicated in Fig. 5, the compressive yield strength
of PTFE/15 wt. % PA12 composites was increased by 37.77, 51.03, 58.58, and 5.7 %
at 0.25, 0.5, 1, and 1.5 wt. % ZnO NPs, respectively. These improvements indicate that
the nanofillers have an effective role in improving the ductile performance of
PTFE/PA12 matrix composites, [47].
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Fig. 4 Elastic modulus of the present.
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Fig. 5 Compressive yield strength of the present nanocomposites.
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Fig. 6 Microhardness numbers of the present nanocomposites.

Figure 6 displays the microhardness results of the present PTFE/PA12/ZnO NPs
composites. It is obvious that the microhardness measurements of the
PTFE/PA12/ZnO NPs composites are higher than that of the unfilled PTFE. PA12
increased the microhardness of the pure PTFE by 25.19, 58.57, 81.68, and 36.82 % at
5, 10, 15, and 20 wt.% loadings, respectively. The best microhardness results of the
PTFE/PA12 dual-matrix were achieved at 15 wt. % PA12, after which the VHN
started to decrease. This may be due to the PA12 reinforced PTFE and thus improved
the surface properties of the PTFE/PA12 dual-matrix. After incorporating 0.25, 0.5,
1, and 1.5 wt. % ZnO NPs into the PTFE/15 wt. % PA12, the VHN improved by 9.9,
28.61, 50.86, and 8.84 %, respectively. This may be because of the strong interfacial
bonding between the ZnO NPs and the dual-matrix of PTFE/15 wt. % PA12 is
achieved at 1 wt. % loading content. Moreover, ZnO NPs act as a strengthening filler
of PTFE/PA12 composites that contribute to enhancement in load carrying capacity.
Furthermore, the homogenous distribution of the nanofillers within the composites
also plays an effective role in improving the surface mechanical properties, [48]. Thus,
as indicated in Fig. 10 b, the uniform distribution of 1 wt. % ZnO NPs within the
PTFE/15 wt. % PA12 was observed that led to enhancement of the VHN. After
increasing ZnO NPs up to 1.5 wt. %, VHN gradually decreased. This may be due to
the poor uniform distribution of ZnO NPs within the PTFE/PA12, which led to the
formation of agglomerations and porosity into the composites, as indicated by SEM
image, Fig. 10 e.
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Fig. 7 Wear rate of the present nanocomposites.

The tribological tests, which include wear rate and friction coefficient were performed
under applied normal load, sliding distance, and sliding speed of 30 N, 212 m, and 1.2
m/s, respectively. Figure 7 indicates the wear rate as a function of ZnO NPs loading
content under dry sliding conditions. The pure PTFE recorded the highest wear rate
value compared to PTFE/ZnO NPs at all loading content of PA12. Wear resistance of
PTFE was enhanced by 8.35, 26, 38.28, and 20.53 % at ZnO NPs loadings of 0.25, 0.5,
1, and 1.5 wt. %, respectively. Consequently, the lowest wear rate achieved at 1 wt. %
ZnO NPs. This may be due to the good strength and thermal conductivity of ZnO
NPs, which improved the wear resistance of the composites at the rubbing surfaces,
[49]. Also, the wear rate decreased gradually with an increase in the PA12 content up
to 15 wt. %. Therefore, the wear rate of PTFE/15 wt. % PA12 dual-matrix decreased
by 57.27 % compared to unfilled PTFE. After increasing the PA12 content up to 20
wt. %, the wear rate behavior trend began to increase compared to at 15 wt. % PA12.
The reason for this is probably because the dual-matrix of PTFE/PA12 became
completely saturated at 15 wt. % PA12. Moreover, after adding 1wt. % ZnO NPs to
the dual-matrix of PTFE/15 wt. % PA12, the wear rate decreased significantly by
73.91 % compared to the double matrix without ZnO NPs. According to Archard
equation, there is a relationship between the hardness number and wear rate of the
composites, [S0]. Therefore, the PTFE/1S wt. % PA12/1 wt. % ZnO NPs composites
achieved the highest hardness number and thus had the lowest wear rate. When ZnO
NPs content was increased up to 1.5 wt. %, the wear rate behavior trend started to
increase compared to the 1 wt. % content. This may be due to the poor distribution
of the ZnO NPs as well as their agglomerations within the composites. Finally, the
composites of PTFE/15 wt. % PA12/1 wt. % ZnO NPs were the most suitable in
prosthetic applications due to their wear resistance.
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The experimental results of friction coefficient versus ZnO NPs under dry sliding
conditions were introduced in Fig. 8. It was declared that the pure PTFE records the
largest friction coefficient value. By analyzing the results obtained, it may show that
PA12 has a distinguished role to improve friction coefficient values of PTFE/PA12
dual-matrix. PA12 improved the friction coefficient of PTFE/PA12 dual-matrix by
7.67, 44.49, 54.16, and 41.69 % at 5, 10, 15, and 20 wt. % PA12 content, respectively
compared to unfilled PTFE. Therefore, the dual-matrix of PTFE/15 wt. % PA12
showed the lowest friction coefficient value. According to the rule of mixtures, the
friction coefficient is expected to decrease with increasing PA12 content up to 15
wt.%. It may be due to PA12 having higher strength than that of PTFE, which
contributed to the improvement of the surface resistance to friction. Nevertheless, it
can be noted that when the PA12 content was increased up to 20 wt. %, the friction
coefficient behavior trend of the PTFE/PA12 dual-matrix began to increase.
Moreover, ZnO NPs reduced the friction coefficient of pure PTFE by 1.54, 14.58,
54.51, and 24.47 % at 0.25, 0.5, 1, and 1.5 wt. % ZnO NPs content, respectively. Also,
for the optimum dual-matrix of PTFE/15 wt. % PA12, the friction coefficient was
significantly improved by 1.22, 7.83, 44.63, and 27.17 % at 0.25, 0.5, 1, and 1.5 wt. %
ZnO NPs content, respectively. It can be noted that the best friction coefficient values
were recorded at 1 wt. % ZnO NPs content for unfilled PTFE and all dual-matrices.
This may be attributed to the uniform distribution of ZnO NPs within the composites
achieved at 1 wt. % content. Numerous studies emphasized that the significant
enhancement in tribological characteristics of polymer matrix nanocomposites may
be due to the transfer film formation between rubbing surfaces. These films were
responsible for protecting the asperities counterpart and specimens, leading to
reducing the wear rate and friction coefficient, [S1 - 54]. In consideration of the
improved tribological properties, PTFE/15 wt. % PA12/1 wt. % ZnO NPs could be a
promising composite for prosthetics applications. Summary of improvement
percentages in the studied mechanical and tribological properties of the present dual-
matrices and their reinforcement with ZnO NPs were shown in Figs 9, a and b,
respectively.
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To examine the wear mechanisms, worn surfaces of the unfilled PTFE, PTFE/15 wt.
% PA12/1 wt. % ZnO NPs, PTFE/20 wt. % PA12/1 wt. % ZnO NPs, and PTFE/15 wt.
% PA12/1.5 wt. % ZnO NPs were imaged by SEM as indicated in Fig. 10. SEM
observations revealed that the rubbed surfaces morphology varied according to the
filler content. As shown in Fig. 10 a, the worn surface of the pure PTFE is
characterized by many ploughed marks, delamination layers, voids, and grooves.
Moreover, the weak layers removed from the rubbed surface led to an increase in
shear resistance and, consequently, the friction coefficient, [47]. For this reason, the
results of the wear rate and friction coefficient of the unfilled PTFE deteriorated.
Therefore, the wear mechanism for unfilled PTFE sample was distinguished with
ploughing and abrasive wear.

The worn surface morphology details of PTFE/15 wt. % PA12/1 wt. % ZnO NPs
sample, instead, appeared smoother than that of the pure PTFE, as shown in Fig. 10,
c¢. This can be attributed to the improvement in the surface properties and strength
after increasing the PA12 up to 15 wt. % and ZnO NPs up to 1 wt. %. Also, the
transfer films, which were formed between the rubbed surfaces play a significant role
in enhancing the wear characteristics of the material, [S5]. During the wear test, the
formed transfer film, which contains rubbed debris released from the sample was
transferred between the sample contact zone and the abrasive counterface. Thus, the
transfer film prevented the abrasive disc asperities from penetrating into the sample.
Therefore, the worn surface of the PTFE/15 wt. % PA12/1 wt. % ZnO NPs
nanocomposite appeared to contain very few wear marks compared to the pure
PTFE. Hence the wear rate and friction coefficient were enhanced.

Worn surfaces of PTFE/20 wt. % PA12/1 wt. % ZnO NPs and PTFE/15 wt. %
PA12/1.5 wt. % ZnO NPs nanocomposites were shown in Figs 10 d and e, respectively.
As shown in Figs 10 d and e, the worn surfaces that were observed contain more
ploughed and wear marks than the PTFE/15 wt. % PA12/1 wt. % ZnO NPs sample.

This may be attributed to the poor surface mechanical properties due to the formation
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of porosity resulting from agglomeration of the nanofiller. These observations are
compatible with the mechanical and tribological properties of the PTFE/20 wt. %
PA12/1 wt. % ZnO NPs and PTFE/15 wt. % PA12/1.5 wt. % ZnO NPs composites.
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Fig. 10 SEM micrographs. a): worn surface of unfilled PTFE after wear, b):
distribution of 1 wt. % ZnO NPs in PTFE/15 wt. % PA12 before wear, c¢): worn
surface of PTFE/15 wt.% PA12/1 wt. % ZnO NPs after wear, d): worn surface of
PTFE/20 wt. % PA12/1 wt. % ZnO NPs after wear, and e): worn surface of PTFE/15
wt. % PA12/1.5 wt. % ZnO NPs after wear.
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CONCLUSIONS

In the current study, PTFE was reinforced with PA12 at 5, 10, 15, and 20 wt. % to
fabricate a polymeric dual-matrix. The dual-matrix was reinforced with 0.25, 0.5, 1,
and 1.5 wt. % ZnO NPs to obtain PTFE/PA12/ZnO NPs composites. It was concluded
that PTFE could be successfully reinforced by 15 wt.% PA12 content. Elastic
modulus, compressive yield strength, VHN, wear rate, and friction coefficient of
PTFE/15 wt. % PA12 dual-matrix were enhanced by 125.48, 70.88, 81.68, 57.27, and
54.16 %, respectively compared to the pure PTFE. After reinforcing the dual-matrix
of PTFE/15 wt.% PA12 with 1 wt.% of ZnO NPs, elastic modulus, compression yield
strength, VHN, wear rate, and friction coefficient of the new composite showed a
significant improvement by 51.58, 58.59, 50.86, 73.91, and 44.63%, respectively
compared to the pure dual-matrix. Also, a significant enhancement in the worn
surface occurred after addition of 1 wt.% ZnO NPs to the dual matrix of PTFE/15
wt.% PA12 compared to the other tested worn surfaces. Therefore, the proposed
nanocomposites of PTFE/15 wt.% PA12/1 wt.% ZnO NPs are considered as a suitable
choice for prosthetic applications.
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