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Ultra-high molecular weight polyethylene (UHMWPE) is widely used in biomedical and 

orthopedic applications because of its chemical stability, low friction, and generally 

favorable biological response. Even so, wear and mechanical stability can remain 

limiting factors under repeated loading. In this work, UHMWPE composites containing 

40 wt.% UHMWPE fibers were prepared with 1–3 wt.% nano-hydroxyapatite (nHAp) 

by thermo-compression molding. Their mechanical, thermal, morphological, 

tribological, and in vitro cytocompatibility responses were then examined. As the nHAp 

content increased, the average density rose from 0.9496 to 0.9755 g/cm³, Shore D 

hardness from 62 to 62.9, and impact strength from 0.0515 to 0.055 J/mm². Among the 

tested compositions, the 3 wt.% nHAp sample gave the highest average bending-related 

values. Flexural strength changed from 21.6 MPa in the fiber-only composite to 39 MPa, 

while flexural modulus increased from 0.592 to 1.954 GPa. Its tensile strength was 117 

MPa, compared with 121 MPa for the composite without nHAp. Under dry sliding, the 

average friction coefficient decreased from 0.20 to 0.144 after nHAp addition, and the 

wear coefficient changed from 4.45 × 10⁻⁴ to 2.20 × 10⁻⁴. After plasma immersion ion 

implantation (PIII) treatment, the friction and wear values decreased only slightly, 

reaching 0.138 and 2.17 × 10⁻⁴, respectively. Both human dermal fibroblast cells (HdFn) 

and Mg-63 cells retained a viability above 90%. Overall, the selected composite showed 

a combination of mechanical, dry-sliding, and initial in vitro responses under the 

conditions examined in this study. 
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1. INTRODUCTION

Polymer composites are used in engineering and biomedical 

fields because they can give low-weight materials with useful 

mechanical and wear properties [1]. Ultra-high molecular 

weight polyethylene (UHMWPE) is used in many biomedical 

parts because it is chemically stable and has low friction. It 

also shows good biological acceptance in contact with body 

tissues [2]. However, UHMWPE can still have wear problems 

and may lose part of its mechanical stability under repeated 

loading [3]. Consequently, extensive research has been carried 

out to improve the mechanical and tribological characteristics 

of UHMWPE-based composites by incorporating reinforcing 

materials [4]. Fiber reinforcement has been considered to be 

one of the most effective methods to improve the mechanical 

strength and stiffness of the matrix. In this context, UHMWPE 

fibers have gained much attention due to their high strength 

and durability. Fiber reinforcement has been considered to 

improve the structural properties of the matrix when 

embedded within the polymer composite material [5]. In 

addition to fiber reinforcement, the addition of ceramic 

nanoparticles has also been considered to improve the 

mechanical and functional properties of the polymer 

composite material. Nano-hydroxyapatite (nHAp) has been 

considered to be an important addition to the polymer 

composite material due to its chemical composition, which is 

similar to that found in natural bone. Therefore, it may 

improve the biological response, which in turn may improve 

the mechanical properties of the polymer composite material 

[6]. Studies have shown that the addition of nHAp is a major 

contributor to improving the bioactivity and osteoconduction 

of polymers as well. For example, nHAp particles nucleate 

crystals, which make up the crystal lattice structure (increasing 

interface bonds between the UHMW-PE and the reinforcing 

fibers). In addition, the addition of low weight percentages of 

nHAp reportedly improves the hydrophilicity and surface 

energy of UHMWPE composites, which are important for the 

performance of implants in biomedicine [7]. Surface 

modification techniques are also commonly used to further 

improve the interactions between the polymer composite 

material and its environment. In this context, plasma treatment 

has been commonly reported to improve the surface properties 

of polymer composites without affecting their bulk properties 

[8]. It may improve the surface properties, which may further 
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improve the adhesion, friction, and biological response of the 

polymer composite material. Although UHMWPE fibers, 

nHAp particles, and plasma treatment have been used before 

in polymer composites, their combined use in a UHMWPE 

hybrid system still needs a clearer evaluation. In this type of 

material, the main challenge is to improve stiffness and wear 

resistance without losing too much tensile performance. The 

addition of nHAp can support bending and sliding behavior, 

but it may also affect the matrix–fiber interface if the particles 

are not distributed well. Plasma immersion ion implantation 

(PIII) treatment, on the other hand, is mainly a surface process, 

so its influence is expected to appear more in friction and wear 

than in the bulk mechanical response. For this reason, the 

present work studies UHMWPE composites reinforced with 

40 wt.% UHMWPE fibers and different nHAp contents. After 

that, the selected hybrid composite was treated by PIII and 

examined by mechanical, thermal, morphological, dry-sliding 

wear, and in vitro cytocompatibility tests. 

 

 

2. MATERIALS AND METHODS 
 

2.1 Materials and composite preparation 

 

Ultra-high molecular weight polyethylene UHMWPE 

powder was used as a matrix material in this research, with 

continuous fibers of UHMWPE used as a reinforcing material. 

The source of the UHMWPE powder used was Hangzhou 

Impact New Materials Co., Ltd., whereas continuous fibers 

were obtained from Beijing Tongyizhong New Material 

Technology Corporation. For nanoscale ceramic 

reinforcement, nHAp powder with an average diameter of 50 

nm and a purity of 99% was used. The amount of fibers used 

in all reinforced composites was kept constant at 40 wt.%. The 

fiber properties were taken from the supplier information for 

the UHMWPE fibers used in this work. The reported fiber 

density was 0.97 g/cm³, with fineness of 1D–3.3D, model 

number 400D, tensile strength of 32–40 g/d, elastic modulus 

of 900–1400 g/d, and elongation at break of 2–3.5%. Using the 

reported fiber density, the 40 wt.% fiber content was estimated 

to be about 39.2 vol.%. The continuous fibers were manually 

placed in a unidirectional arrangement inside the mold. The 

number of layers and the spacing between fibers were adjusted 

by hand to reach the required fiber content. No extra chemical 

treatment was applied to the fibers before molding. During 

lay-up, the fibers were kept straight by manual alignment 

before hot pressing. Nano-hydroxyapatite in the reinforced 

composites was of 1, 2, and 3 wt.% relative to the total mass 

of the composite. In each composite composition and testing 

condition, three samples were prepared, and the reported value 

is the mean of the measurements (n = 3). The nano-

hydroxyapatite powder was ultrasonically dispersed in ethanol 

for 30 minutes. After that, the dispersion of the nano-

hydroxyapatite powder and the UHMWPE powder was mixed 

using a mechanical mixer for another 30 minutes to ensure the 

dispersion of the nano-hydroxyapatite powder. After this step, 

a drying process was conducted at a moderate temperature 

level until ethanol was completely evaporated. The dried 

powder mixture was then mixed using a ball milling machine 

for 2 hours in a ceramic milling jar with ceramic milling media 

of varying diameters. Composite samples were prepared using 

a thermo-compression molding machine. A steel mold of 160 

× 100 × 4 mm was used to produce composite samples. The 

surface of the mold was cleaned with acetone before the 

implementation of each process, and then a release film was 

spread onto the inside surface of the mold for easier 

demolding. UHMWPE/nHAp powder mixture was filled into 

the mold cavity. Then, the UHMWPE continuous fiber was 

hand-laid in one direction inside the powder mixture. Then, 

the powder mixture was added to fill up the fibers, and then 

the mold was pressed under a hot press machine at 145 ℃ for 

1 hr and 10MPa pressure. After this step, the mold was allowed 

to cool to ambient temperature before specimen extraction. An 

additional process of PIII was included for the hybrid 

composite with 40 wt. % fibers and 3 wt. % nano-

hydroxyapatite. This process occurred under a pressure of 0.15 

mbar, with a voltage of 800 V and a current of 15 mA for 10 

hours under a nitrogen/hydrogen (N₂/H₂) plasma atmosphere. 

The process of plasma treatment was exclusively carried out 

on this hybrid composite material. Tribological tests were 

conducted on this material before and after the plasma 

treatment process. 

 

2.2 Mechanical and tribological testing 

 

Density measurement followed ASTM D792, in which 

Archimedes’ principle is applied. Material hardness was 

measured using a Shore D hardness tester in accordance with 

ASTM D2240. Tensile testing followed ASTM D638, in 

which Type I specimens are required. Flexural testing 

followed ASTM D790, whereas impact resistance testing 

followed ISO 179. For the mechanical and tribological 

measurements, three specimens were tested for each 

composition or condition, and the reported values represent the 

average of these measurements. However, the individual 

replicate values were not available for all mechanical and 

tribological datasets; therefore, standard deviations, error bars, 

and statistical comparisons could not be reported for these 

results. Accordingly, these results are discussed only as 

observed average trends under the present experimental 

conditions. Tribological testing was done under dry sliding 

conditions according to ASTM G133. A 5 mm ceramic 

counter face was used under a normal load of 40 N. The sliding 

speed was 0.10 m/s, and the total sliding distance was 360 m. 

Throughout this process, the coefficient of friction was 

constantly monitored, and wear volume and wear coefficient 

were calculated. Wear tests were carried out for the composite 

containing 40 wt.% fibers, and for the hybrid composite 

containing 40 wt.% fibers and 3 wt.% nano-hydroxyapatite. 

The same hybrid composite was also tested after PIII. The 

present tribological tests were limited to dry sliding 

conditions. Therefore, the results are used to compare the 

relative wear behavior of the prepared composites under the 

selected test conditions. The schematic illustration of the 

proposed N₂/H₂ PIII mechanism is presented in Figure 1. 

During PIII treatment, the surface of the UHMWPE/nHAp 

hybrid composite is exposed to energetic plasma species. 

Based on previous reports on plasma-treated polymer surfaces, 

these species may interact with the outer polymer layer and 

may produce surface-related changes. Such changes may 

include bond scission, free-radical formation, limited surface 

cross-linking, or possible incorporation of nitrogen-containing 

groups. However, these mechanisms were not experimentally 

verified in the present study because surface-sensitive analyses 

such as X-ray photoelectron spectroscopy (XPS), contact-

angle measurement, Atomic Force Microscopy (AFM), or 

nanoindentation were not performed. Therefore, the PIII-

related explanation in this work is treated as a literature-
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informed hypothesis, and the experimental conclusion is 

limited to the measured changes in friction and wear under 

dry-sliding conditions [9, 10].

 

 
 

Figure 1. Schematic illustration of N₂/H₂ plasma immersion ion implantation (PIII) and its effect on the UHMWPE/nHAp hybrid 

composite surface (adapted from [9, 10]) 
Note: PIII = Plasma immersion ion implantation; UHMWPE = Ultra-high molecular weight polyethylene; nHAp = Nano-hydroxyapatite 

 

2.3 Thermal and microstructural analysis 

 

Thermal analysis was performed using differential scanning 

calorimetry (DSC). About 5 mg of each material was used for 

the analysis. Heating to 300 ℃ at a rate of 10 ℃/min using 

sealed aluminum pans was conducted. Chemical 

characterization was conducted using Fourier-transform 

infrared spectroscopy (FTIR), whereas surface morphology 

analysis was conducted using field emission scanning electron 

microscopy (FESEM). The analysis was conducted on the 

composite material containing 40 wt.% fibers and the hybrid 

composite material containing 40 wt.% fibers and 3% wt. 

Nano-hydroxyapatite. 

 

2.4 In vitro cytocompatibility 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide assay 

 

The cytocompatibility of the selected composite was 

evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. The sample used 

was the plasma-treated UHMWPE fiber/nHAp hybrid 

composite with 40 wt.% UHMWPE fibers and 3 wt.% nHAp. 

The composite samples were prepared in a solid square form 

with approximate dimensions of 2 × 2 cm. Since UHMWPE-

based composites are chemically stable and insoluble in 

biological fluids, a direct contact test was used. Sterilized 

composite samples were placed directly into the cell culture 

wells. The tested cell lines were Human Dermal Fibroblast 

cells (HdFn) and Mg-63 bone-derived cells. Cell viability was 

recorded after 0, 24, 48, and 72 h of incubation. The MTT 

results were reported as mean ± standard deviation based on 

the available laboratory report. However, the available 

external laboratory report did not provide full details on the 

sterilization method, seeding density, culture medium 

composition, supplements, incubation atmosphere, control-

group design, or the exact number and type of 

biological/technical replicates. Therefore, the MTT results are 

interpreted only as an initial in vitro cytocompatibility 

screening under the reported test conditions. 

3. RESULTS AND DISCUSSION  
 

3.1 Density 

 

The density values for the prepared composites are 

presented in Figure 2. The density for the composite with 40 

wt. % UHMWPE fibers was found to be 0.9496 g/cm³. When 

nano-hydroxyapatite particles are added to the composite, the 

density increases to 0.9518 g/cm³ for 1 wt. % nHAp, then to 

0.9567 g/cm³ for 2 wt. %, and finally to 0.9755 g/cm³ for 3 wt. 

% particles. This shows an increasing trend, which follows the 

density difference between the two materials. The density of 

hydroxyapatite is greater than that of UHMWPE, and thus 

there is an increment in the mass of the composite by the 

addition of the particles in the matrix. An increase in density 

in a similar manner has been shown in hydroxyapatite-filled 

polymer composites [11]. The continuous increase in density 

is consistent with the addition of nHAp particles into the 

matrix material. 

 

 
 

Figure 2. Variation in the density of UHMWPE composites 

reinforced with 40 wt.% fibers and different contents of 

nano-hydroxyapatite (0–3 wt.%) 
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3.2 Hardness 

 

The values of Shore D hardness for the prepared composites 

are presented in Figure 3. The composite filled with 40 wt.% 

UHMWPE fibers had a hardness value of 62 Shore D. The 

values increased marginally with nano-hydroxyapatite content 

in composites filled with 1, 2, and 3 wt.% nHAp, with values 

of 62.3, 62.49, and 62.9, respectively. There is an increasing 

trend of hardness with increasing nHAp content. This small 

enhancement can perhaps be attributed to the existence of the 

hydroxyapatite within the UHMWPE. Usually, ceramics have 

more hardness in indentation compared to the polymer phase, 

as was observed in a work performed on polymer matrix 

composites filled with hydroxyapatite [12]. 

 

 
 

Figure 3. Shore D hardness values of UHMWPE composites 

containing 40 wt.% fibers with different nano-hydroxyapatite 

contents 

 

3.3 Impact strength 

 

Figure 4 shows the variation in impact strength. The impact 

strength of the 40 wt.% fiber-filled composite was found to be 

0.0515 J/mm². After the introduction of nano-hydroxyapatite 

particles, the values increased to 0.0525 J/mm², 0.054 J/mm², 

and 0.055 J/mm² for 1, 2, and 3 wt.% nano-hydroxyapatite 

particles, respectively. The rise in value indicates that the 

nanoparticles affected the crack propagation behavior of the 

composite under rapid loading.  

 

 
 

Figure 4. Impact strength of UHMWPE fiber composites as 

a function of nano-hydroxyapatite content 

 

In polymeric materials, cracks usually propagate through 

the matrix phase. With the introduction of hydroxyapatite 

particles, the crack path may be disrupted, and crack growth 

may be retarded; therefore, higher energy is required to 

fracture the composite. Similar effects have been observed in 

hydroxyapatite-filled polymer composites [13]. 

 

3.4 Tensile properties 

 

The tensile performance of the prepared composites can be 

analyzed from the stress-strain curves presented in Figure 5. 

An initial elastic deformation, which occurs in a linear regime, 

is seen, followed by non-linear plastic deformation of the 

composites [14]. The composite with 40 wt.% UHMWPE 

fibers exhibited the maximum tensile strength among the 

tested compositions. Moreover, the addition of nano-

hydroxyapatite particles leads to slight changes in the 

morphology of the stress-strain curves. Thus, the composite 

with 1 wt. % nHAp has the lowest value of tensile strength but 

the highest value of strain at fracture, which may be evidence 

of improved ductility. When the amount of nHAp is increased 

to 2 wt. %, the value of strain at fracture is reduced. When the 

nHAp content increased to 3 wt.%, the tensile strength 

increased compared with the 1 wt.% and 2 wt.% nHAp 

samples, but it was still slightly lower than the fiber-only 

composite. This means that the addition of nHAp did not 

improve the tensile strength in a direct way. The reduction may 

be related to particle agglomeration, local weak regions, or 

changes at the matrix–fiber interface [15]. 

 

 
 

Figure 5. Stress–strain curves of UHMWPE composites 

reinforced with 40 wt.% fibers and different nano-

hydroxyapatite contents 

 

 
 

Figure 6. Tensile strength of UHMWPE composites 

reinforced with 40 wt.% fibers and varying nano-

hydroxyapatite content 
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Figure 6 depicts the tensile strength of the composites. A 

composite of 40 wt.% fibers and no nanoparticles have a 

tensile strength of 121 MPa, which was reduced to 93 MPa by 

the addition of 1 wt % nHAp. When 2 wt % nHAp was added, 

the tensile strength of the composite was 97 MPa. When the 

nanoparticle content reached 3 wt.%, the tensile strength 

increased again to 117 MPa. The reduction in tensile strength 

after adding 1 wt.% and 2 wt.% nHAp may be associated with 

local stress concentration, particle agglomeration, or weaker 

regions at the matrix–fiber interface. At 3 wt.% nHAp, the 

tensile strength increased again compared with the lower 

nHAp contents, but it did not exceed the value of the fiber-

reinforced composite without nHAp. Therefore, the tensile 

results suggest that nHAp addition improved the stiffness 

more clearly than the tensile strength [16]. 

The elastic modulus increased slightly from 2.36 GPa to 

2.44 GPa, indicating that the composite became somewhat 

stiffer after adding hydroxyapatite particles, as shown in 

Figure 7 [17]. The elongation at failure ranged from 6% to 

10.5%, as illustrated in Figure 8, suggesting a change in 

deformation behavior with increasing nanoparticle content 

[18]. 

 

 
 

Figure 7. Elastic modulus of UHMWPE composites 

containing 40 wt.% fibers with different nano-

hydroxyapatite additions 

 

 
 

Figure 8. Elongation at break of UHMWPE composites 

reinforced with fibers and nano-hydroxyapatite 

 

3.5 Flexural properties 

 

Figure 9 shows the flexural properties of the composites 

using the three-point bending test. A composite containing 40 

wt.% fibre showed a flexural strength of 21.6 MPa, and the 

value increased to 25.8 MPa for 1 wt.% nano-hydroxyapatite, 

37.2 MPa for 2 wt.% nano-hydroxyapatite, and 39 MPa for 3 

wt.% nano-hydroxyapatite. During the flexural testing of the 

specimen, the composite is placed under tension on one side 

and compression on the other side. Under these circumstances, 

the composite becomes more rigid as it incorporates more 

nanoparticles [19]. 

 

 
 

Figure 9. Flexural strength of UHMWPE fiber composites 

with different nano-hydroxyapatite contents obtained from 

the three-point bending test 

 

The flexural modulus increased from 0.592 GPa to 1.954 

GPa with the incorporation of nanoparticles, as shown in 

Figure 10, indicating a marked increase in the stiffness of the 

composite structure [20]. 

 

 
 

Figure 10. Flexural modulus of UHMWPE composites 

reinforced with 40 wt.% fibers and nano-hydroxyapatite 

 

 
 

Figure 11. Flexural strain behavior of UHMWPE composites 

under bending load 

 

The flexural strain behavior of the composite is shown in 
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Figure 11, where the deformation behavior of the composite is 

clearly illustrated. Figure 12 shows the maximum shear stress 

values obtained during the flexural test. The maximum shear 

stress values increase, starting from 0.675 MPa for the 

composite reinforced by fibers to 1.219 MPa for the composite 

reinforced by 3 wt.% nano-hydroxyapatite, as shown in Figure 

12. This is an indication that the addition of nanoparticles 

enhances the shear deformation resistance of the composite 

under bending. The addition of hydroxyapatite particles helps 

in the distribution of the stress in the matrix, delaying shear 

deformation [21]. 

 

 
 

Figure 12. Maximum shear stress (τmax) obtained 

during flexural testing for UHMWPE composites with 

different nano-hydroxyapatite contents 

 

3.6 Selection of the composite for further characterization 

 

Based on the average results obtained in the present study, 

the composite containing 40 wt.% UHMWPE fibers and 3 

wt.% nHAp was selected for further characterization. This 

selection was limited to the composition range tested in this 

work and should not be interpreted as a universal optimum 

formulation. The selection was based on a combined 

comparison of the measured responses, including flexural 

strength, flexural modulus, maximum shear stress, dry-sliding 

wear response, and tensile strength retention relative to the 

fiber-reinforced composite without nHAp. Therefore, the 3 

wt.% nHAp composite was used as the selected formulation 

for the additional FTIR, DSC, FESEM, wear, PIII treatment, 

and cytocompatibility evaluations. FTIR, DSC, and FESEM 

analyses were performed for two compositions: (i) the 

composite containing 40 wt.% UHMWPE fibers and (ii) the 

hybrid composite containing 40 wt.% UHMWPE fibers and 3 

wt.% nHAp. Wear behavior has been assessed for the 40 wt% 

fiber composite and 40 wt% fiber/3 wt% nHAp hybrid 

composite, and the treated hybrid composite after PIII surface 

treatment. 

 

3.7 Fourier-transform infrared spectroscopy analysis 

 

Figure 13 shows the FTIR spectra of the composites: (a) 

UHMWPE composite reinforced with 40 wt.% fibers, and (b) 

hybrid composite reinforced with 40 wt.% fibers and 3 wt.% 

nano-hydroxyapatite. The composite is primarily composed of 

UHMWPE and hence shows bands corresponding to 

polyethylene. Two bands corresponding to asymmetric and 

symmetric stretching of CH₂ groups in the polymer chain of 

polyethylene appear at 2924 cm⁻¹ and 2851 cm⁻¹. Besides that, 

bands at 1465 cm⁻¹ and 720 cm⁻¹ may be attributed to the 

bending and rocking of CH₂ groups in the polymer chain of 

UHMWPE, as is commonly observed in materials containing 

UHMWPE [22]. After incorporating 3 wt.% nano-

hydroxyapatite, additional peaks appear in the FTIR spectrum 

of the hybrid composite. A prominent peak at about 1080 cm⁻¹ 

indicates the stretching vibration of phosphate groups, which 

are characteristic of hydroxyapatite. In addition, a peak 

observed near 632 cm⁻¹ is associated with the OH vibration 

mode of hydroxyapatite [23]. The presence of these bands 

indicates the incorporation of hydroxyapatite particles in the 

polymer matrix. From a comparison of the two spectra, it is 

clear that all the characteristic bands of UHMWPE are present 

in the hybrid composite material, and in addition, there are 

bands corresponding to phosphate groups, indicating the 

presence of nano-hydroxyapatite in the composite material. 

 

 

 
 

Figure 13. FTIR spectra of (a) UHMWPE composite 

reinforced with 40 wt.% fibers and (b) hybrid composite 

reinforced with 40 wt.% fibers and 3 wt.% nano-

hydroxyapatite 
Note: FTIR = Fourier-transform infrared spectroscopy 

 

3.8 Differential scanning calorimetry analysis 

 

DSC analysis of the composites studied is shown in Figure 

14. The composite, which has 40% by weight of UHMWPE 

fibers, shows a melting point of about 136 ℃; the melting 

begins at roughly 129 ℃ and finishes close to 140 ℃. This 

point matches the melting of the crystalline part of the 

UHMWPE. The melting temperature found in this work is 

within what is normally found for UHMWPE – it usually melts 

from 130 ℃ to 138 ℃, because of its semi-crystalline nature 

and the length of its polymer chains [24]. The hybrid 

composite with 3 % by weight of nano-hydroxyapatite, 

however, shows a melting point of about 138.8 ℃, a little 

higher than that of the fiber-reinforced composite. This change 

means that nano-hydroxyapatite affects how the UHMWPE 

matrix crystallizes. In polymer nanocomposites, ceramic 

nanoparticles can work as different places for crystallization 
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to start, which may promote the formation of more stable 

crystalline regions in the polymer’s build [25]. A small rise in 

melting temperature can be the outcome. Besides the main 

melting change, the hybrid composite’s thermal diagram also 

shows other thermal events at higher temperatures, at around 

256 ℃ and 271 ℃. These thermal signs are linked to other 

thermal processes in the composite system, and could be due 

to changes in structure or links between the polymer, which 

forms the main body, and the ceramic, which is spread through 

it [26]. Even with these differences, the DSC results show that 

adding nano-hydroxyapatite does not change the main thermal 

behavior of UHMWPE in a big way, but does change the 

melting a little, because of links between polymer and particle. 

 

 

 
 

Figure 14. DSC thermograms of (a) UHMWPE composite 

reinforced with 40 wt.% fibers and (b) hybrid composite 

containing 40 wt.% fibers with 3 wt.% nano-hydroxyapatite 
Note: DSC = Differential scanning calorimetry 

 

3.9 Field emission scanning electron microscopy 

morphology 

 

Scanning electron microscopy with field emission 

(FESEM) has been used to study the microstructure of the 

composites. The micrographs obtained are presented in Figure 

15, which were obtained using 20 µm and 100 µm scale bars. 

The study compares the fracture response of 40 wt.% 

UHMWPE fiber-reinforced composites with 40 wt.% fiber-3 

wt.% nano-hydroxyapatite hybrid composites. In the 40 wt.% 

fiber composites, the FE-SEM micrograph shows the 

microstructure, which can be considered similar to that of 

fiber-reinforced composites made with polymers. In this 

figure, it can be noted that UHMWPE fibers are well 

embedded in the matrix; however, there are certain regions 

where the fibers are only partially embedded, with a gap 

between the fiber surface and the matrix surface. It can be 

noted that there is fiber-matrix debonding during fracture. In 

addition, the surface of the fibers has an irregular shape with 

small voids present in the matrix, which can be attributed to 

the debonding between the fiber surface and the matrix surface 

[27].  

 

 
 

 
 

 
 

 
 

Figure 15. FESEM micrographs of UHMWPE composites: 

(a) 40 wt.% fiber composite at 20 µm, (b) 40 wt.% fiber 

composite at 100 µm, (c) hybrid composite (40 wt.% fibers + 

3 wt.% nHAp) at 50 µm, (d) hybrid composite (40 wt.% 

fibers + 3 wt.% nHAp) at 500 µm 
Note: FESEM = Field emission scanning electron microscopy 

(b) 

(c) 

(d) 
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On the other hand, a densely packed microstructure is 

observed in the hybrid composite reinforced with 3 wt.% 

nano-hydroxyapatite. The polymer matrix appears to be in 

closer contact with the fiber surfaces. There are fewer 

discontinuities at the interface between the matrix material and 

the fibers compared to the discontinuities between the fibers 

only. In addition, with increased magnification, it can be seen 

that there are bright spots in the matrix material. These bright 

regions may be related to the presence of nano-hydroxyapatite 

within the UHMWPE phase. These observations are consistent 

with the presence of ceramic particles within the polymer 

matrix. The hybrid composite also contains regions where 

bridging of adjacent fibers takes place through a polymer 

matrix. This morphology might be responsible for the stress 

transfer from the matrix to the fibers, which also explains that 

flexural property increases. The results correlate well with the 

mechanical tests, especially with flexural properties and 

maximum shear stress of the hybrid composite. Similar 

observations have been reported for UHMWPE composites 

containing nano-hydroxyapatite, where ceramic particles were 

associated with changes in the internal morphology of the 

composite [28]. 

 

3.10 Wear behavior 

 

The tribological behavior of the studied composites was 

evaluated under dry sliding conditions, and the corresponding 

results are presented in Figures 16–21. These results are 

discussed as average trends under the selected dry-sliding 

condition, because individual replicate values were not 

available for calculating standard deviations or error bars. The 

tribological characteristics are based on the wear response of 

the composite with 40 wt.% UHMWPE fibers, the composite 

with 40 wt.% UHMWPE fibers and 3 wt.% nano-

hydroxyapatite, and the same hybrid composite after plasma 

treatment. The comparison allows a limited assessment of the 

influence of nHAp addition and PIII surface treatment on the 

measured friction and wear responses under the present test 

condition. 

 

3.10.1 Coefficient of friction 

The variation of the coefficient of friction (COF) with the 

sliding distance for the investigated composites is shown in 

Figures 16 and 17. The friction curves of the composites show 

an initial running-in phase, followed by a relatively stable 

phase of sliding. The friction behavior of the investigated 

composites is typical of polymer-based tribological systems, 

in which the surfaces in contact tend to gradually conform 

during the initial phase of the test [29]. Figure 16 compares the 

friction behavior of the composite reinforced with 40 wt.% 

fibers with that of the hybrid composite containing 3 wt.% 

nano-hydroxyapatite. The friction coefficient of the composite 

reinforced with fibers is higher, with an average value of 0.20, 

whereas the friction coefficient of the hybrid composite is 

relatively lower, with an average value of 0.144. The lower 

average friction coefficient of the hybrid composite may be 

related to the presence of nano-hydroxyapatite particles in the 

UHMWPE matrix. These particles may contribute to load 

sharing during dry sliding and may reduce direct polymer 

deformation at the contact surface. However, this explanation 

remains a possible interpretation because wear-track analysis, 

transfer-film observation, and counterface examination were 

not performed in the present study. Therefore, the comparison 

is limited to the measured average COF values under the 

selected dry-sliding condition [30]. The effect of plasma 

treatment on the friction behavior of the hybrid composite 

material is shown in Figure 17. The average friction 

coefficient changed from 0.144 before plasma treatment to 

0.138 after plasma treatment. Because this change is small and 

no surface-sensitive analysis was performed, it is discussed 

only as a possible surface-related response under the present 

dry-sliding condition. Since PIII is a surface treatment, this 

response may be related to changes in the outer surface of the 

hybrid composite, this explanation remains unverified in the 

present work [31]. 

 

 
 

Figure 16. Coefficient of friction versus sliding distance for 

40 wt.% UHMWPE fiber composite and hybrid composite 

containing 3 wt.% nano-hydroxyapatite 

 

 
 

Figure 17. Coefficient of friction versus sliding distance for 

the hybrid composite before and after plasma treatment 

 

3.10.2 Wear coefficient 

The wear coefficient values of the investigated composites 

are presented in Figures 18 and 19. The addition of 3 wt.% 

nano-hydroxyapatite was associated with a lower average 

wear coefficient under the present dry-sliding condition. As 

shown in Figure 18, the average wear coefficient decreased 

from 4.45 × 10⁻⁴ for the 40 wt.% fiber composite to 2.20 × 10⁻⁴ 

for the hybrid composite containing 3 wt.% nHAp. This lower 

average value may be related to the presence of ceramic 

particles in the UHMWPE matrix, which may contribute to 

load sharing and reduce surface deformation during sliding. 

However, this explanation is treated as a possible mechanism 

because wear-track morphology and counterface analysis were 

(a) 
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not performed [32]. Figure 19 shows the wear coefficient of 

the hybrid composite before and after PIII treatment. The 

average value changed slightly from 2.20 × 10⁻⁴ before 

treatment to 2.17 × 10⁻⁴ after treatment. Because this change 

is small and no surface-chemistry analysis was performed, it 

is discussed only as a possible surface-related response under 

the present dry-sliding condition. Plasma treatment may affect 

polymer surface characteristics according to previous reports, 

but this mechanism was not directly confirmed in the present 

work [33]. 

 

 
 

Figure 18. Comparison of wear coefficient for the composite 

reinforced with 40 wt.% fibers and the hybrid composite 

containing 3 wt.% nano-hydroxyapatite 

 

 
 

Figure 19. Comparison of wear coefficient for the hybrid 

composite before and after plasma treatment 

 

3.10.3 Wear volume 

The wear volume results obtained from the sliding tests are 

presented in Figures 20 and 21. The hybrid composite 

containing 3 wt.% nHAp showed a lower average wear 

volume than the 40 wt.% fiber composite under the present 

dry-sliding condition. As shown in Figure 20, the average wear 

volume changed from 0.048986 mm³ for the 40 wt.% fiber 

composite to 0.024177 mm³ for the hybrid composite. This 

lower average value may be associated with the presence of 

nano-hydroxyapatite particles in the matrix; however, the 

exact wear mechanism was not directly confirmed because 

wear-track SEM, transfer-film observation, and counterface 

analysis were not performed. Figure 21 presents the 

comparison between the hybrid composite before and after 

PIII treatment. The average wear volume changed slightly 

from 0.024177 mm³ before plasma treatment to 0.023905 mm³ 

after plasma treatment. Since PIII is a surface treatment, this 

small change may be related to changes occurring at the outer 

polymer surface rather than to bulk modification of the 

composite. Previous studies have reported that plasma 

treatment can alter polymer surface characteristics, including 

surface chemistry and surface activity [34]. In addition, 

limited surface cross-linking or surface chemical changes have 

been reported for plasma-treated polymer surfaces [35]. 

However, these surface changes were not directly confirmed 

in the present work because surface-sensitive analyses were 

not performed. Therefore, the wear-volume change after PIII 

treatment is discussed only as a possible surface-related 

response under the present dry-sliding condition. 

 

 
 

Figure 20. Comparison of wear volume for the composite 

containing 40 wt.% fibers and the hybrid composite 

containing 3 wt.% nano-hydroxyapatite 

 

 
 

Figure 21. Comparison of wear volume for the hybrid 

composite before and after plasma surface treatment 

 

3.11 In vitro cytocompatibility 

 

Figure 22 shows the cell viability evaluated by the MTT 

assay for both HdFn and Mg-63 cell lines after 0, 24, 48, and 

72 h of incubation with the selected composite. Cell viability 

values were above 90% during the whole test period for both 

cell lines. HdFn viability decreased from 99.053 ± 0.550% at 

0 h to 95.782 ± 0.648% at 72 h, while Mg-63 cell viability 

decreased from 98.264 ± 0.834% at 0 h to 94.715 ± 0.067% at 

72 h. Although a decrease was observed with increasing 

incubation time, the results remained within an acceptable 

range under the present in vitro conditions [36]. 

A direct comparison between the two cell lines is presented 

in Figure 23. The MTT results showed that cell viability 

remained above 90% for both HdFn and Mg-63 cells under the 

reported test conditions. However, because some procedural 
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details were not available from the external laboratory report, 

including the exact control-group design and replicate 

structure, these results should be interpreted only as an initial 

in vitro cytocompatibility screening. Further biological testing 

with fully reported experimental conditions is required before 

making broader conclusions about biomedical applicability 

[37]. 

 

 
 

 
 

Figure 22. Cell viability determined by the MTT assay for 

the selected composite at different incubation times (0, 24, 

48, and 72 h): (a) HdFn cell line and (b) Mg-63 cell line 

Note: HdFn = Human dermal fibroblast cells 
Note: MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

 

Before exposure, the control cells were spread on the 

surface and showed a spindle-like form with good attachment. 

After contact with the UHMWPE fiber/nHAp hybrid 

composite, the cells kept a close general appearance to the 

control cells, and no clear cell detachment or obvious 

morphological damage was seen, as shown in Figure 24. The 

cell images also agree with the MTT data, where the measured 

viability stayed above 90% during the test period [36]. These 

images are therefore used only as supporting observations and 

not as a full biological evaluation of the material. 
 

 
 

Figure 23. Comparison of cell viability between HdFn and 

Mg-63 cell lines after exposure to the selected composite at 

different incubation periods 

 

 
 

 
 

Figure 24. Microscopic images of HdFn cells used for the 

MTT assay: (a) control cells before exposure, 

 (b) cells after exposure to the UHMWPE fiber/nHAp 

composite 
Note: MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

 

 

4. LIMITATIONS AND FUTURE WORK  

 

The present work was performed under controlled 

laboratory conditions, so the results should be interpreted 

within these conditions. The wear tests were carried out under 

dry sliding, while real biomedical contacts usually work in 

lubricated environments. For this reason, future studies should 

include wear tests in simulated body fluid, Phosphate-

Buffered Saline (PBS), or other lubricated media. Another 

(a) 

(b) 

(b) 

(a) 
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limitation is that the individual replicate values were not 

available for all mechanical and tribological datasets. 

Therefore, standard deviations, error bars, and statistical tests 

could not be added for these results. The comparisons are 

consequently limited to the observed average trends, and 

stronger statistical conclusions require future testing with fully 

reported replicate data. Also, PIII treatment was applied only 

to the selected composite containing 40 wt.% fibers and 3 

wt.% nHAp. More treatment groups are needed in future work 

to separate the effect of nHAp from the effect of plasma 

treatment. In addition, direct porosity measurement and more 

detailed fiber distribution analysis should be included to 

support the interpretation of the composite structure. The 

explanation of the plasma-treated surface should also be 

supported in future work by surface tests such as XPS, contact 

angle, AFM, or nanoindentation. The biological part was 

limited to the MTT assay on HdFn and Mg-63 cells, and the 

available external laboratory report did not provide all 

procedural details such as seeding density, culture medium 

composition, sterilization method, incubation atmosphere, 

control-group design, or the exact replicate structure. 

Therefore, the biological results should be interpreted only as 

an initial in vitro screening under the reported conditions, and 

longer cell studies and in vivo tests are still required before 

making broader conclusions about biomedical use. 

 

 
5. CONCLUSION 

 

The composites in this study were prepared using 40 wt.% 

UHMWPE fibers with different additions of nHAp. After 

comparing the tested samples, the material containing 3 wt.% 

nHAp was taken forward to the PIII treatment step. The 

average density, hardness, and impact strength values became 

higher as nHAp was added to the UHMWPE matrix. This 3 

wt.% nHAp sample was also chosen for the later 

characterization work because it gave higher average bending-

related values, including flexural strength, flexural modulus, 

and maximum shear stress. At the same time, its tensile 

strength stayed close to that of the fiber composite without 

nHAp. The FTIR spectra showed the main UHMWPE bands 

together with phosphate-related bands from nHAp. DSC 

analysis showed only a small change in the melting behavior 

after nHAp addition, so the main thermal behavior of 

UHMWPE was mostly retained. The FESEM images showed 

a more compact-looking morphology in the hybrid composite; 

however, the interface quality and particle distribution were 

not measured quantitatively. Under dry sliding conditions, the 

hybrid composite gave lower average friction and wear-

volume values than the fiber composite without nHAp. After 

PIII treatment, the selected hybrid composite showed a further 

small decrease in the average friction and wear values. This 

change is discussed only as a possible surface-related response 

under the dry-sliding condition used in this study, because 

surface-sensitive tests were not carried out. The MTT assay 

showed cell viability above 90% for both HdFn and Mg-63 

cell lines under the reported test conditions. Still, the 

biological test was limited to an initial in vitro screening, and 

some procedural details were not available from the external 

laboratory report. For this reason, further biological testing 

with fully reported experimental conditions is needed before 

making broader conclusions about biomedical applicability. 
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