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ABSTRACT

This investigation intends to examine the mechanical, tribological, and biological properties of hybrid epoxy
composites reinforced with nanohydroxyapatite (nHA) and short carbon fiber (SCF). Due to its advantageous
mechanical, tribological, and biocompatibility features, the proposed E/SCFs-nHA hybrid composites are meant
to be recommended for composite structures that can be used to develop fixation plates used in orthopedic
applications. In this study, single-layer hybrid composites reinforced with SCFs and nHA in varying ratios, as well
as pure epoxy (E) and epoxy-carbon fiber composites, were all fabricated by hand lay-up method. Tensile tests, 3-
point bending tests, and Izod impact tests were performed to investigate their mechanical characteristics.
Moreover, the hybrid composite samples were tested for their biological properties in simulation body fluid (SBF).
Mechanical and biological properties were found to be enhanced according to the results. Consequently, the hybrid
composite (E-10CF-3nHA) of 10% carbon fiber (CF) and 3% nanohydroxyapatite (nHA) performed the best in all
tests.
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Oz

Bu c¢aligmanin amaci, kisa karbon elyaf (SCF) nano hidroksiapatit (nHA) ile giiglendirilmis hibrid epoksi
kompozitlerinin mekanik, tribolojik ve biyolojik 6zelliklerini incelemektir. Sahip olduklari mekanik, tribolojik ve
biyouyumluluklari ile E/SCF-nHA hibrid kompozitleri, ortopedik uygulamalarda gerekli sabitleme plakalarini
iiretmek i¢in kullanilabilecek kompozit yapilar i¢in 6nerilmektedir. Bu ¢alismada, SCF ve nHA ile ¢esitli oranlarda
giiclendirilmis tek katmanli hibrit kompozitler, saf epoksi (E) ve epoksi karbon elyaf kompozitler, el yatirmasi
yontemiyle tiretilmistir. Mekanik 6zelliklerini incelemek i¢in ¢ekme testleri, 3 noktali egme testleri ve 1zod darbe
testleri yapilmistir Ayrica, hibrit kompozit numunelerin biyolojik 6zellikleri yapay viicut sivisinda (SBF)
bekletilerek incelenmistir. Test sonuglari, mekanik ve biyolojik 6zelliklerin iyilestirildigini gostermistir. Buna
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gore, %10 karbon fiber (CF) ve %3 nano hidroksiapatit (nHA) igerigine sahip E-10CF-3nHA hibrit kompozit,
yiiriitiilen tiim testlerde en iyi sonuglar1 gostermistir.

Anahtar Kelimeler- Karbon Elyaf, Epoksi, Mekanik Ozellikler, Kompozit Malzemeler

I. INTRODUCTION

Bone fractures are a significant public health issue everywhere. The characteristics and functions of
human organs vary. Therefore, replacing the damaged pieces is a big challenge. For the replacement of body parts,
biomaterials are the material of choice [1]. In the past, orthopedic implants frequently use metals such as stainless
steel, titanium alloys, and cobalt-chromium alloys. However, compared to human bone, these metallic implants
are much stiffer. Because the implant takes on the majority of the stress and the bone is fully stress-free, the stress-
shielding effect causes bone loss [2]. Additionally, the human body corrodes metals (which have a pH of 7.4 and
a temperature of 37 °C) [3]. In addition to implant loss, metal implant corrosion can cause the release of dangerous
metallic ions and/or particles. Furthermore, they cannot produce artifact-free radiography images because of their
radiolucency.

In an attempt to eliminate the aforementioned problems, polymer matrix composites have been examined
in several studies [4]. Many types of polymer-based composite materials reinforced with carbon, aramid, glass,
and natural fibers have been studied for bone fracture plating because of their excellent properties such as superior
strength-to-weight ratio, non-corrosiveness, tolerability, and radiolucency [5]. The epoxy matrix reinforced with
carbon fiber has been employed in a variety of bone treatments including bone plates, spinal cord plates and rods,
and total hip replacement [1]. The use of CF in biomedical composites leads to increase in tensile strength and
wear resistance of the epoxy matrix composites [4,6]. Many studies have included the investigation of carbon fiber
and epoxy composites. Ozsoy et al [7] determined that the CFRE composites were stronger than the GFRE
composites based on the results of the tensile and three point bending tests. While Mahalakshmi et al [8] reported
that the fabrication of carbon fiber reinforced epoxy composites with different fiber weights is possible by a simple
hand lay-up technique, and they had noticed that the mechanical properties of the composites, such as tensile
strength, flexural strength, and impact strength, are greatly influenced by the fiber weights.

Hydroxyapatite (HA), a bioceramic material, when added to a polymer, improves the material's
bioactivity due to its structural similarities to the mineral part of human bone [9]. Many studies deal with the
importance of using hydroxyapatite. Slésarczyk et al [10] investigated the use of non-coated and coated carbon
fiber in HA composites. They discovered that composites having hydroxyl groups on the surface of the fibers had
the highest strength.

Several researchers have performed research concerning on carbon fiber and hydroxyapatite reinforced
composites. Zhao et al [11] developed HAp/CF/Epoxy and HAp/Epoxy composites. According to the findings,
CF-reinforced composites have five times the flexural strength of HAp/epoxy composites. Solomon et al [12]
investigated the influence of varying carbon fiber percentages (30%, 35%, and 40%) on epoxy matrix composites
and discovered that composites with a carbon content of 35% wt. have improved mechanical strength. Khun et al
[13] examined the tribological properties of epoxy composites reinforced with short carbon fibers (SCFs). Based
on the results, introducing SCFs to epoxy-based composites increased their tribological properties.

In the literature search, it was seen that carbon fiber/hydroxyapatite-reinforced epoxy matrix composites
were produced for multilayer structures or carbon fiber fabrics were used for as reinforcement [11,14,15].
However, although it has been seen that hybrid composites are produced by reinforcing different polymer matrices
such as PMMA and HDPE with short carbon fiber/hydroxyapatite, no work has been seen on mechanical,
tribological and biological properties of short carbon fiber/hydroxyapatite reinforced epoxy composites. As a
result, hybrid composites with carbon fiber and nano hydroxyapatite-reinforced epoxy matrix were produced in
this study.

Hand lay-up will be utilized in this study to manufacture composites with varied quantities of carbon fiber
and nanohydroxyapatite, and mechanical, tribological, and biological tests will be performed on the created
composites. The study's goal is to develop composite structures that can be used to make fixation plates for
orthopedic applications.

Il. EXPERIMENTAL
A. Materials and Fabrication

Chopped carbon fibers (SCFs) with average dimensions of 3—-6 mm and a 7 um average fiber diameter,
were purchased from Dost Kimya, Turkey. Hydroxyapatite particles with an average diameter of 5 to 10 nm were
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purchased from Nanografi LLC (Turkey). The epoxy resin and hardener were provided by Power Time (Turkey).
Hanks’ balanced salt solution used as SBF was purchased from Lonza (Belgium).

To create hybrid composites, various ratios of epoxy were employed as the matrix material, together with
short carbon fiber and hydroxyapatite as reinforcement components. The chemical composition of the samples is
shown in Table 1 following their coding.

Table 1. Composition of Hybrid Composites

. | Epoxy Resin S'r;pt;'t Csr?on g Nano- it

ample Ratio (wt.%) I(\Z"L.%?) io V! r(c\:;(t)./;ga ite
E 100 - -
E-3CF 97 3 -
E-5CF 95 5 -
E-10CF 90 10 -
E-10CF-1nHA 89 10 1
E-10CF-3nHA 87 10 3
E-10CF-5nHA 85 10 5

The steps in the composite production process were as follows: To create pure epoxy, the epoxy resin
was first placed inside a beaker and then mixed with a hardener in a 2:1 ratio. As shown in Figure 1, the
manufacturing procedure is carried out using two different silicone molds using the hand layup method at room
temperature and without applying any pressure [16]. For composites fabrication, firstly epoxy and additives were
mixed and then a quick mixing procedure with hardener was applied followed by casting and rolling with brush.
The sample was supposed to be ready for testing 48 hours after the curation process was finished. Following the
completion of the curing process, the sample surfaces were polished using 120-grit sandpaper.

wH"‘Hl

Figure 1. Mold for, (a) Tensile, flexural composite samples and (b) Izod impact composite samples

Due to the inert nature of the carbon fiber surface, the matrix material cannot adhere to it. Surface
treatment of the fibers is a suggestion for enhancing adhesion between the fiber and matrix [17]. The surface was
treated using the oxidation method. The treatment process was carried out by placing a quantity of short carbon
fiber in the oven at 300 °C for 90 minutes.

B. Characterization

The tensile test was performed at room temperature using MTS Landmark servo-hydraulic tensile testing
equipment, with a crosshead speed of 2 mm/min in compliance with the ASTM D3039 standard. A 3-point bending
test was done following ASTM D790 utilizing a 600 kN Zwick Roell test machine at a loading rate of 2 mm/min.
One test was performed on each composite and hybrid specimen, and the results were reported. 3-izod impact tests
were utilized to conduct impact testing on each sample following the ASTM D256 standard, and mean values were
determined. For these studies, the 450J loading capacity of the Zwick Roell RKP 450 test apparatus was utilized
(Figure 2).

Figure 2. a) A Tensile testing machine, b) a Flexural bending test machine, and c) an impact testing machine.
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Wear tests were conducted using a UTS tribometer (Figure 3a) under 20 and 40 N loads with an AlSI
52100 steel ball for a sliding distance of 100 m, a sliding rate of 30 mm/s, and a stroke of 5 mm. The wear rate
was calculated using Archard's coefficient formula (Eq.1). The mean values of each sample were computed.

Wear Rate = W,/ | @
Where:

W,= worn volume

| = sliding distance [18].

After completing the wear test, the samples were subjected to a surface roughness test to calculate the
worn volume of the samples using a Mitutoyo SJ.410 machine (Figure 3b) according to the 1ISO 4287-1997
standard [19]. The test was performed on samples subjected to a 40 N and 20 N load, and the reading was collected
three times for each sample before calculating the average result. Furthermore, the biological characteristics of the
samples were evaluated by immersing them in SBF solution. The chemical composition of simulated body fluid
was shown in Table 2. The samples were put in a 37°C oven. After 21 days, the samples were removed, rinsed in
water, and allowed to dry at room temperature before being utilized for further analysis, Figure 4. Furthermore,
the damaged (broken and worn) surfaces of the samples, as well as those immersed in the SPF, were studied using
a scanning electron microscope (SEM) after being plated with gold to increase surface conductivity using a sputter
coater (Quorum, Q150R ES Plus).

Figure 3. a) Wear test machine. b) The surface roughness test machine.

Table 2. Chemical composition of simulated body fluid (SBF) [20].

Reagent Amount
NaCl 8.036 g
NaHCO3 0.352 g
KCI 0.225 g
K2HPO4.3H20 0.230 9
MgCI2.6H20 0.311g
1M HCI 40 ml
CaCl2 0.293 g
Na2SO4 0.072¢g
Tris (hydroxymethyl) aminomethane 6.063 g

a) @8 e ™z p)

.l

Figure 4. a) Samples in the SBF solution in the oven b) Samples after 21 days.
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I1l. RESULTS AND DISCUSSION
A. Mechanical Properties

e Tensile Test Results

Stress-strain results of the samples were presented in Figure 5. The tensile tests showed that the tensile
strength of composite materials began to improve with short carbon fiber addition to the epoxy matrix. This can
be attributed to CF's axial load-bearing capacity [21]. According to the results, the E-10CF sample (10% wt. CF)
had the highest strength. However, it was also detected that there is a reduction in the strain values of composites.

[mStress(Mpa) =+=Strain(%)
a0 -2
= PN
A 30 1,5 X
E ~
~ =
» 20 1 g
w
L S
- R
s " I I 0’5 ’
7 5]
0 -0
EPOXY E-3CF E-5CF E-10CF

Figure 5. Stress-strain results diagram.

As shown in Figure 6, although the strength of the composites decreased after the surface treatment
applied to the carbon fibers, the elongation at break values (strain values) were significantly improved. As a result,
short carbon fibers were subjected to a surface oxidation process at 300 °C to improve the weak interface between

matrix and epoxy.
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Figure 6. Stress-strain results diagram.

SEM analysis was used to investigate the surface properties of the fibers and the changes in shape caused
by oxidation (Figure 6). It can be seen that the surface morphology of 300 °C oxidized fiber is nearly similar to
that of untreated fiber. However, it can be said that lines are deeper, and the porosity becomes clearer.

Figure 7. Surface morphologies of carbon fibers: (a) Carbon fiber without surface treatment; (b) 300 °C oxidized fiber

Then, after including nHA, we observe a tiny reduction in the stress values, but the strain values are still
maintained, and we observe that increasing the amount of hydroxyapatite, as in the sample E-10CF-5nHA, causes
the mechanical characteristics to decline. While the average tensile strength of samples E-10CF-1nHA and E-
10CF-3nHA, was 24.3 and 24.65 MPa, respectively, the value of sample E-10CF-5nHA decreased to 18.8 MPa
(Figure 8). This is most likely due to a high nHA concentration and nonhomogeneous distribution of nHA in
matrix, both of which reduce mechanical properties [22].
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Figure 8. Stress-strain results diagram.
o Bending Test Results

In Figure 9, the flexural strength of the hybrid composites was presented. The flexural and tensile
strengths of samples have a similar pattern. The bending strength grew together with the carbon fiber content. The
rule of mixtures explains this occurrence by showing that flexural strength increases linearly with fiber content
[23]. In comparison to pure sample E, the flexural strength of CF10-ST improved (Figure 9). Compared to the
31.18 MPa strength of the CF10-ST sample, the pure E sample exhibited 29.2 MPa in strength. After including
nano hydroxyapatite, the hybrid composite that was formed also exhibited improvements in flexural values, as was
clear in the samples E-10CF-1nHA and E-10CF-3nHA, which have 31.3 and 34.8 MPa, respectively. With more
hydroxyapatite present, as in the sample E-10CF-5nHA, we observe a decline in mechanical characteristics. As
previously noted, the mechanical characteristics decreased because of the high concentration of nHA.

30
25
20
15
10

0

EPOXY E-10CF-ST E-10CF-ST-1nHA  E-10CF-5T-3nHA  E-10CF-ST-5nHA

Flexural Strength ( MPa)
w

Figure 9. The flexural strength of samples.
e Impact Test Results

According to the Izod impact test results, adding SCFs to a pure epoxy matrix directly improves the
energy absorption of composites. This could be explained by an increase in the number of SCFs, which increases
the load that the reinforcement can properly support as the total fiber interaction surface with the matrix increases
[24]. As indicated in Figure 10, while pure epoxy was 0.86 J, the sample with CF10-ST had 1.26 J. Wong et al
[24] observed similar results, in which increasing the fiber content resulted in increased energy absorption of
composites. After adding hydroxyapatite, firstly, it was seen that there is a slight decrease in impact values, but
impact values increased when the proportion of hydroxyapatite in the composite is increased.

1,6
1,4

1
0,8
0,6
0,4
0,2

0

EPOXY E-10CF-ST E-10CF-ST-1nHA  E-10CF-ST-3nHA  E-10CF-ST-5nHA

Energy (J)
Y

Figure 10. Impact resistance of samples.

SEM examination was performed to determine how the fracture occurred. Agglomeration and debonding
(interaction losses between SCFs and epoxy matrix) effects were seen in the CF10-ST composite, according to
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Figure 11 (a). Therefore, these might be a factor in the impact value reduction [25]. Furthermore, extra pores
formed in the composite as a result of the increased viscosity in the sample caused by the increase in SCFs
concentration [26]. In Figure 11 (b), it can be seen that one of the failure modes in fiber-reinforced composite
materials, is fiber pullout. Weak bonding is the reason behind fiber pull-out [27]. The appearance of pores and
agglomerations is evident in Figure 11 (c and d), which is because when adding different amounts of
hydroxyapatite, the mixture becomes more difficult to mix due to an increase in the viscosity of the mixture, and
thus the mixture is not well homogenized, increasing the formation of agglomerations as the amount of
hydroxyapatite increases.

Figure 11. SEM images of broken surfaces of samples (a) E-10CF-ST (b) E-10CF-1nHA, (c) E-10CF-3nHA, and (d) E-10CF-5nHA.
B. Tribological Properties

The tribological characteristics of plastic components are fundamental in engineering applications [28].
The calculated wear test results of the produced samples under loads of 20 and 40 N are shown in Figure 12. The
results revealed that as the applied load increased, the wear rates of samples raised. The CF10-ST sample indicated
that the wear resistance deteriorated when carbon fiber was added, because the formation of wear debris was
increased with the addition of 10% carbon fiber. The higher strength increases the wear resistance properties of
composites [29]. However, partial agglomeration of SCFs can cause to decrease in the wear resistance of
composite [30]. In similar results, Xian and Zhang discovered that smaller fiber amounts resulted in higher wear
resistance [31].
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Figure 12. Wear rate under the applied loads.

On the other hand, it was observed that the wear rate increased with the addition of hydroxyapatite. Also,
the E-10CF-ST-5nHA sample has the highest wear rate. Furthermore, a scanning electron microscope (SEM) was
used to analyze the worn surfaces of both pure epoxy (E) and composite materials. According to the SEM test
results, the pure epoxy sample appeared to have layers, as shown in Figure 13 (a), which depicts the formation of
layers one by one. However, we notice a significant increase in wear debris formation after adding 10% SCF,
Figure 13 (b), an increase in wear debris caused a high wear rate, and when we can see debris, that means the wear
mechanism is an abrasive wear mechanism. When hydroxyapatite is added to the composite, we see a remarkable
improvement in the wear rate. In comparison to the E-10CF-5nHA sample as seen in Figure 13 (e), the worn
surface of the E-10CF-3nHA sample as seen in Figure 13 (d) have relatively smooth surface, this could indicate
that this sample has better wear resistance. However, as the amount of hydroxyapatite increases, the sample

deteriorates, and agglomerations occur due to the difficulty of mixing resulting from the increase in the viscosity
of the composite.

Figure 13. SEM images of worn surfaces of samples, (a) E, (b) CF10-ST, (C) E-10CF-1nHA, (d) E-10CF-3nHA, and (e) E-10CF-5nHA.
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C. Bioactivity

To investigate the bioactivity of the hybrid composite, the composite was mixed with hydroxyapatite to
improve its bioactivity, and after being incubated in simulated body fluid (SBF) for about 21 days at 37 °C, the
apatite that developed on the composites was observed, as shown in Figure 14.

Researchers typically apply the SBF test to determine the ability of test samples to develop an apatite
layer on their surfaces [32]. In SBF, the formation of apatite on the surface of a composite can predict in vivo
bioactivity (bone-bonding capability) [33]. Since samples Figure 14 (a) and Figure 14 (b) did not contain
hydroxyapatite in their compositions, there was no change, as was predicted. According to the findings, adding
nHA increased the amount of apatite that was generated, which increased the samples’ bioactivity. Kong et al [34]
also noted a similar result in their research. Apatite formation increases as the proportion of hydroxyapatite in the
hybrid composite, as shown in Figure 14 (c-e).

Figure 14. SEM images of samples, (a) E, (b) CF10-ST, (C) E-10CF-1nHA, (d) E-10CF-3nHA, and (e) E-10CF-5nHA, after 21 days in
simulated body fluid (SBF).

Additionally, apatite particle production on the surface of composites was confirmed using scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX). In contrast to Figure 15, which showed
no apatite particles, Figure 16 showed the appearance of apatite particles for the E-10CF-5nHA sample.

"
SE MAG 1000 & MV 1504V WO 106 s

Mass Percent (%)

Spectrum o P Ca Au

6.28 2.08 0.00 47.99

Figure 15. SEM-EDX analysis of pure epoxy after 21 days of immersion in simulated body fluid (SBF).

Due to the absence of nano-hydroxyapatite in the combination, apatite does not form on the surface, as in
Figure 15. With the increase in the percentage of hydroxyapatite, there is a noticeable increase in the amount of
apatite on the surface of the hybrid composite as shown in Figure 16.
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Figure 16. SEM-EDX analysis of E-10CF-5nHA sample after 21 days of immersion in simulated body fluid (SBF).

IV. CONCLUSIONS

In this study, various ratios of epoxy (E) as matrix material and short carbon fibers (SCFs) and nano
hydroxyapatite (nHA) as reinforcements were used to produce composites that can be used to manufacture fixation
plates needed in orthopedic applications. According to the results, Sample E-10CF had the highest tensile
properties, and after conducting surface treatment at 300 °C to enhance interfacial adhesion between the fiber and
the resin, hybrid composites were produced when hydroxyapatite was added. As a result, the E-10CF-3nHA
sample performed well in all tensile, bending, impact, and wear tests. Regarding the biological properties, it was
noted that as the nHA amount increased, its bioactivity also increased, so the E-10CF-5nHA sample indicated the
best bioactivity. In summary, 10% treated short carbon fiber (LOCF-ST) and nanohydroxyapatite are added to the
composites to enhance their mechanical, tribological, and biological properties. Due to pore formation was not
prevented when samples were prepared using the hand lay-up approach, it is believed that the outcomes will be
better if these samples are created using a different method such as the compression molding method. The
outcomes will be instructive for making composites that can be applied to orthopedic applications.

ACKNOWLEDGMENT
This research was supported by Karabuk University under grant number [KBUBAP-22-YL-070].
REFERENCES

[1] Krishnakumar, S., & Senthilvelan, T. (2021). Polymer composites in dentistry and orthopedic applications-a
review. Materials Today: Proceedings, 46, 9707-9713. https://doi.org/10.1016/j.matpr.2020.08.463

[2] Awval, P. T., Samiezadeh, S., Klika, V., & Bougherara, H. (2015). Investigating stress shielding spanned by
biomimetic polymer-composite vs. metallic hip stem: A computational study using mechano-biochemical
model. Journal of the Mechanical Behavior of Biomedical Materials, 41, 56-67.

[3] Hansen, D. C. (2008). Metal Corrosion in the Human Body: The Ultimate Bio-Corrosion Scenario. The
Electrochemical Society Interface, 17(2), 31-34. https://doi.org/10.1149/2.F04082IF

[4] Akgul, Y., Ahlatci, H., Turan, M. E., Simsir, H., Erden, M. A,, Sun, Y., & Kilic, A. (2020). Mechanical,
tribological, and biological properties of carbon fiber/hydroxyapatite reinforced hybrid composites. Polymer
Composites, 41(6), 2426-2432. https://doi.org/10.1002/pc.25546

[5] Bagheri, Z. S., Giles, E., El Sawi, 1., Amleh, A., Schemitsch, E. H., Zdero, R., & Bougherara, H. (2015).
Osteogenesis and cytotoxicity of a new Carbon Fiber/Flax/Epoxy composite material for bone fracture plate
applications. Materials Science and Engineering: C, 46, 435-442.
https://doi.org/10.1016/j.msec.2014.10.042

[6] Akgul, Y., Alsbaale, Y. A. Y., Eticha, A. K., & Cug, H. (2022). Mechanical and Tribological Behaviors of
Chopped Carbon/Glass Fiber Reinforced Hybrid Epoxy Composites. Mechanics Of Advanced Composite
Structures, 9(2), 349-358.

[7] Ozsoy, N., Mimaroglu, A., Ozsoy, M., & Ozsoy, M. 1. (2015). Comparison of Mechanical Behaviour of
Carbon and Glass Fiber Reinforced Epoxy Composites. Acta Physica Polonica A, 127(4), 1032-1034.
https://doi.org/10.12693/APhysPolA.127.1032

192



BSEU Fen Bilimleri Dergisi /BSEU Journal of Science, 2024, 11(1): 183-194
I. Aljewari, E. Koc, Y. Akgul

[8] Mahalakshmi, B. N., & Prasad, V. V. (n.d.). Study on Mechanical Behaviour of Carbon Fiber Reinforced
Epoxy Composites.

[91 Macuvele, D. L. P., Colla, G., Cesca, K., Ribeiro, L. F. B., da Costa, C. E., Nones, J., Breitenbach, E. R.,
Porto, L. M., Soares, C., Fiori, M. A., & Riella, H. G. (2019). UHMWPE/HA biocomposite compatibilized
by organophilic montmorillonite: An evaluation of the mechanical-tribological properties and its
hemocompatibility and performance in simulated blood fluid. Materials Science and Engineering: C, 100,
411-423. https://doi.org/10.1016/j.msec.2019.02.102

[10] Slésarczyk, A., Klisch, M., B\lazewicz, M., Piekarczyk, J., Stobierski, L., & Rapacz-Kmita, A. (2000). Hot
pressed hydroxyapatite—carbon fibre composites. Journal of the European Ceramic Society, 20(9), 1397—
1402.

[11] Zhao,J.-L., Fu, T.,Han, Y., & Xu, K.-W. (2004). Reinforcing hydroxyapatite/thermosetting epoxy composite
with 3-D carbon fiber fabric through RTM processing. Materials Letters, 58(1), 163-168.
https://doi.org/10.1016/S0167-577X(03)00437-3

[12] Solomon, B., George, D., Shunmugesh, K., & Akhil, K. T. (2017). The Effect of Fibers Loading on the
Mechanical Properties of Carbon Epoxy Composite. Polymers and Polymer Composites, 25(3), 237-240.
https://doi.org/10.1177/096739111702500310

[13] Khun, N. W., Zhang, H., Lim, L. H., Yue, C. Y., Hu, X., & Yang, J. (2014). Tribological properties of short
carbon fibers reinforced epoxy composites. Friction, 2(3), 226-239. https://doi.org/10.1007/s40544-014-
0043-5

[14] Nie, H., Zhang, L., Wang, M., Liu, Y., Zhang, R., & Jiang, P. (2023). Constructing network-shaped
hydroxyapatite interlayer for carbon fiber composites. Materials Letters, 335, 133838.

[15] Nie, H., Zhang, L., Liu, Y., Jiang, P., Sheng, H., Hou, X., & Li, H. (2022). Optimizing Mechanical and
Biotribological Properties of Carbon Fiber/Epoxy Composites by Applying Interconnected Graphene
Interface. Applied Surface Science, 604, 154432.

[16] Akgul, Y., Yalcin, M. E., & Eticha, A. K. (2023). Effect of Chopped Carbon Fibers Amount on the
Mechanical and Tribological Properties of Polyester Matrix Composite. Diizce Universitesi Bilim ve
Teknoloji Dergisi, 11(1), 189-198.

[17] Tiwari, S., & Bijwe, J. (2014). Surface Treatment of Carbon Fibers—A Review. Procedia Technology, 14,
505-512. https://doi.org/10.1016/j.protcy.2014.08.064

[18] Arsun, O., Akgul, Y., & Simsir, H. (2021). Investigation of the properties of AI7075-HTC composites
produced by powder metallurgy. Journal of Composite Materials, 55(17), 2339-2348.
https://doi.org/10.1177/0021998321990877

[19] Akgul, Y. (2022). Effect of Hydrothermal Carbons Content on Wear Properties of Polyethylene Matrix
Composites. Eskisehir Technical University Journal of Science and Technology A-Applied Sciences and
Engineering, 23(3), 207-215.

[20] Kog, E., Kannan, M. B., Unal, M., & Candan, E. (2015). Influence of zinc on the microstructure, mechanical
properties and in vitro corrosion behavior of magnesium-zinc binary alloys. Journal of Alloys and
Compounds, C(648), 291-296. https://doi.org/10.1016/j.jallcom.2015.06.227

[21] Savas, L. A., Tayfun, U., & Dogan, M. (2016). The use of polyethylene copolymers as compatibilizers in
carbon fiber reinforced high density polyethylene composites. Composites Part B: Engineering, 99, 188-
195. https://doi.org/10.1016/j.compositesb.2016.06.043

[22] Jianfeng, H., Juanying, L., Liyun, C., & Liping, Z. (2009). Preparation and properties of carbon fiber/
hydroxyapatite-poly(methyl methacrylate) biocomposites. Journal of Applied Polymer Science, NA-NA.
https://doi.org/10.1002/app.31668

[23] Espinach, F. X., Julian, F., Verdaguer, N., Torres, L., Pelach, M. A., Vilaseca, F., & Mutje, P. (2013).
Analysis of tensile and flexural modulus in hemp strands/polypropylene composites. Composites Part B:
Engineering, 47, 339-343.

[24] Wong, K., Nirmal, U., & Lim, B. (2010). Impact behavior of short and continuous fiber-reinforced polyester
composites.  Journal of Reinforced Plastics and  Composites, 29(23), 3463-3474.
https://doi.org/10.1177/0731684410375639

[25] Ambigai, R., & Prabhu, S. (2018). Analysis on mechanical and thermal properties of glass-carbon/epoxy
based hybrid composites. IOP Conference Series: Materials Science and Engineering, 402, 012136.
https://doi.org/10.1088/1757-899X/402/1/012136

[26] Olszewski, A., Nowak, P., Kosmela, P., & Piszczyk, L. (2021). Characterization of Highly Filled Glass
Fiber/Carbon Fiber Polyurethane Composites with the Addition of Bio-Polyol Obtained through Biomass
Liquefaction. Materials, 14(6), Article 6. https://doi.org/10.3390/mal14061391

[27] Cantwell, W. J., & Morton, J. (1991). The impact resistance of composite materials—A review. Composites,
22(5), 347-362. https://doi.org/10.1016/0010-4361(91)90549-V

[28] Liu, T., Huang, A., Geng, L.-H., Lian, X.-H., Chen, B.-Y., Hsiao, B. S., Kuang, T.-R., & Peng, X.-F. (2018).
Ultra-strong, tough and high wear resistance high-density polyethylene for structural engineering application:

193



BSEU Fen Bilimleri Dergisi /BSEU Journal of Science, 2024, 11(1): 183-194
I. Aljewari, E. Koc, Y. Akgul

A facile strategy towards using the combination of extensional dynamic oscillatory shear flow and ultra-high-
molecular-weight polyethylene. Composites Science and Technology, 167, 301-312.

[29] Yadav, S., Haque, Z., & Kumar, S. (n.d.). Mechanical and Sliding Wear Behaviour of E-GLASS Fiber
Reinforced with EPOXY Composites. 03(05).

[30] Chukov, D. I., Stepashkin, A. A., Maksimkin, A. V., Tcherdyntsev, V. V., Kaloshkin, S. D., Kuskov, K. V.,
& Bugakov, V. I. (2015). Investigation of structure, mechanical and tribological properties of short carbon
fiber reinforced UHMWAPE-matrix composites. Composites Part B: Engineering, 76, 79-88.
https://doi.org/10.1016/j.compositesb.2015.02.019

[31] Xian, G., & Zhang, Z. (2005). Sliding wear of polyetherimide matrix composites. Wear, 258(5-6), 776-782.
https://doi.org/10.1016/j.wear.2004.09.054

[32] Chan, K. W., Liao, C. Z., Wong, H. M., Kwok Yeung, K. W., & Tjong, S. C. (2016). Preparation of
polyetheretherketone composites with nanohydroxyapatite rods and carbon nanofibers having high strength,
good biocompatibility and excellent thermal stability. RSC Advances, 6(23), 19417-19429.
https://doi.org/10.1039/C5RA22134]

[33] Kokubo, T., & Takadama, H. (2006). How useful is SBF in predicting in vivo bone bioactivity? Biomaterials,
27(15), 2907-2915. https://doi.org/10.1016/j.biomaterials.2006.01.017

[34] Kong, L., Gao, Y., Lu, G., Gong, Y., Zhao, N., & Zhang, X. (2006). A study on the bioactivity of
chitosan/nano-hydroxyapatite composite scaffolds for bone tissue engineering. European Polymer Journal,
42(12), 3171-3179. https://doi.org/10.1016/j.eurpolymj.2006.08.009

194



