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Abstract 

In this study, polypropylene (PP)/nano-hydroxyapatite (HA) nanocomposites were prepared using a twin-screw extruder to 

investigate the effect of different weight percentages of nano-HA (1, 2, and 3 wt.%) on the mechanical and tribological 

properties of PP. The tensile properties (i.e., tensile strength, modulus, and elongation at break) of the nanocomposites were 

determined; also, hardness, wear properties, and Fourier transform spectroscopy (FTIR), Scanning electron microscope (SEM), 

Differential scanning calorimetry (DSC) and contact angle (CA) were performed. The tensile test results showed that tensile 

strength and elongation increased to 23 MPa at 2% wt. of HA, while both Modulus and hardness increased with the increase in 

nano-HA content. By contrast, the wear rate and coefficient of friction (COF) decreased with the increase in nano-HA content. 

The FTIR results showed that only a physical interaction occurred between PP and nano-HA. SEM images indicate that there 

is a good dispersion of nano-HA within PP matrix. DSC results show that thermal stability improved with the addition of 

nanoHA.  

Keywords: Polypropylene (PP); Hydroxyapatite (HA); nanocomposite; mechanical; wear properties; FTIR. 

1. Introduction 

The development of new materials that can mimic 

human tissue in order to reduce the risk of rejection by 

the human body is one of the most difficult challenges 

faced by modern medicine. According to a 2002 study 

conducted by the American Orthopedic Surgeons 

Association, bone implants are the second most 

frequent transplants after blood transfusions. In this 

context, researchers around the world have focused on 

developing new and improved hard tissue replacement 

implants with unique properties. They have been 

investigating the field of biomaterials for this purpose 

[1]–[3]. The bone is an important tissue/organ in the 

human body; it plays an important role in organizing 

muscles so they could perform various functions and 

could respond to environmental variations; moreover, 

it provides mechanical support, protects tissues, and is 

involved in hematopoiesis and mineral loading [4]–

[7]. Metal components, such as stainless steel, 

chromium and cobalt, and titanium-based alloys, are 

used in the best orthopedic implants because of their 

excellent mechanical strength and ductility. However, 

their Young's modulus was far higher than that of 

human bones. This has a stress-relieving impact on the 

neighboring bone tissue, allowing it to sustain a 

greater portion of the implant's weight. The failure 

occurred as a result of the metal implant's resorption 

and disintegration. Furthermore, sodium chloride-

containing human bodily fluids are hostile to metallic 

surfaces that are prone to corrode, causing the release 

of metallic ions that induce irritation, allergic 

reactions, and cytotoxicity [8]. Meanwhile, HA 

provides rigidity, and collagen fibrils provide 

flexibility and reinforcement to bones. Figure 1 shows 

how the biological building blocks of weight-bearing 

bones' dense outer sections are arranged for maximum 

structural support, as seen by the juxtaposed assembly 

of diverse structures with varying topologies, ranging 

from folded structures to larger super structural units 

[9].  

The primary inorganic component of vertebrate 

hard tissues is hydroxyapatite (HA). An artificially 

synthesized HA is bioactive (osseoconductive), that is, 

it promotes bone development on its surface in the 

presence of viable bone or differentiated bone-forming 

cells [10]. Artificially synthesized HA ceramics (in 

porous, powder, and dense forms) have therefore been 

used in orthopedic and dentistry applications [11]–
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[13], whereas traditional HA ceramics are only used in 

non-load-bearing bones due to their poor mechanical 

characteristics. 

 

 
Figure 1: The distinct and intricate organization 

characterizing the internal bone structure. 

 

Consequently, combining HA with other 

substances, such as polymer, has been becoming 

increasingly popular. Bonfield invented the bio-

ceramics/polymer composite concept, wherein bone, 

which is an organic matrix, is reinforced with HA 

nanoparticles [14]. The addition of HA to bone cement 

might improve its biocompatibility as well as its 

mechanical properties [15]–[18]. The amount of added 

HA affects the thermal and mechanical characteristics 

of bone cement [19]. Moreover, it has been reported 

that surface properties and particle size affects the 

mechanical properties of bone cement [20], [21]. 

Polyolefin–HA composites (Ca10(PO4)6(OH)2) 

have emerged as viable alternatives. Polymers are an 

appropriate use in the field of biomedicine because of 

their light weight, simplicity of production, and 

comparatively low cost. By reinforcing using 

micrometer-sized fillers, the tensile stress and 

modulus could be evaluated. As a result, the composite 

approach is a good way to make bone transplants out 

of polymers with good mechanical characteristics 

[22], [23]. The development of novel materials for the 

replacement and repair of natural bones has 

considerably sparked attention in recent years [24]. 

Biocompatible and biostable polypropylene (PP) can 

be used as a matrix material for bioactive composites 

instead of polyethylene (PE). Mechanical fatigue 

performance and mechanical property loss at high 

temperatures are both critical for bone replacement 

materials and PP outperforms PE in each of these 

areas. Any load-bearing implant must be capable of 

maintaining mechanical characteristics while 

withstanding millions of loading–unloading cycles at 

body temperature [24], [25]. 

      A PP reinforced with HA (PP/HA) 

biocomposite has been created, and some aspects of 

this composite have been investigated. The 

manufacture, structure, and mechanical properties of 

PP/HA composites have been investigated using a 

systematic approach [24]. 

In this study, PP and different percentages (1%, 2%, 

and 3%) of nano-HA were prepared using a twin-

screw extruder to be used as lightweight bone 

replacement. The effects of nano-HA on the 

mechanical, thermal, morphological and wear 

properties of PP were studied.  

2. Materials and Experimental Procedures 

2.1. Materials and Methods  

HA nanopowder with a particle size 20 nm was 

obtained from N&R INDUSTRIES, INC. Different 

weight percentages of HA nanopowder (1, 2, and 3 

wt.%; Table 1) were dispersed in acetone for 15 min 

using an ultrasonication device and then mixed 

manually with PP pellets. Subsequently, the PP pellets 

mixed with nano-HA dried in an oven at 70°C for 30 

min. The mixture was then placed in a twin-screw 

extruder at 130°C and 150°C for zones 1 and 2, 

respectively, to obtain a composite sheet from PP and 

HA. 

Table (1): The Composition of PP/HA Nanocomposite 

Materials. 

Samples   (PP) wt.%  (HA) wt.% 

PP 100 0 

PP /1%-nanoHA 99 1 

PP/2%-nanoHA 98 2 

PP /3%-nanoHA 97 3 

2.2. Characterization 

The tensile strength of all samples was tested at a 

load of 5 KN and at a speed of 2 mm/min at room 

temperature. The prepared samples were cut according 

to ASTM D1708-02 for the determination of tensile 

strength, elongation at break, and elastic modulus. A 

Shore D hardness device was used to measure the 

hardness of the samples that were cut according to 

ASTM D 2240; the average of three readings was 

calculated to obtain accurate results for each sample. 

Wear and friction tests were performed according 

to ASTM G99–05 by using a pin-on-disc machine. 

The dimensions of the tested sample (d*t) were 40 mm 

x 2mm, and it was sliding against a steel pin with a 

diameter of 6 mm; the sphere had a hardness of HRC 

56, and a surface roughness of R = 3.2 μm in the 

vertical configuration. The pin slides in a track with a 
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diameter of 24 mm at a speed of 0.4 m/s, a sliding 

distance of 1000 m, and a load of 40 N.  

The wear rate as a function of volume loss in cubic 

millimeters was calculated using equation (1) shown 

below [26]: 

Volume loss= (∆W/ρ) *1000 ………… (1) 

Where Volume loss: The volume of wear rate in 

mm3, ∆𝑤: loss in sample weight before and after test 

(g), and 𝜌: density of spample (g/cm3). 

The interaction between PP and nano-HA and the 

shifting of bands were investigated using Fourier 

transformation spectroscopy (FTIR) type IR Affinity-

1, the samples were examined at a wavelength of 500–

4000 cm-1. 

Scanning electron microscope (SEM) has been 

used to identify the distribution of HA nanoparticles 

within PP matrix, also the compatibility of HA 

particles with PP. 

Differential scanning calorimetry (DSC) has been 

used to evaluate thermal properties (Tm, Tc, ΔH, and 

Xc) of PP and its nanocomposites. The samples were 

heated from 25-250 οC, then cooled from 250-25 οC 

with a heating and cooling rate 10 οC/min.  

The wettability of PP and its nanocomposites with 

HA at different wt. % percentages have been 

investigated using contact angle CA type SL 200C 

Static Contact Angle Meter, which using circle fitting 

method of water on samples surface.  

3. Results and Discussion 

3.1. Tensile test 

The effects of the incorporating of HA nanopowder 

into PP on the tensile strength and the elongation at 

break of the nanocomposite at different percentages 

are shown in Figures 2 and 3. The tensile strength and 

elongation decreased with increased HA content; the 

tensile strength decreased from 22 MPa for pure PP to 

17 MPa and 16 MPa at 1 wt.% and 3 wt.% HA, 

respectively. This result is due to the agglomeration of 

nanoHA that formed in the voids between the matrix 

PP and the filler particles HA. Furthermore, increasing 

the agglomeration of the dispersed filler particles 

reduced tensile strength, and the inclusion of the HA 

bioceramic stiffened the PP/HA nanocomposite, thus 

reducing both the tensile strength and the elongation at 

break. This result agrees with Liu and Wang [24]. 

While, at 2 wt.% HA, the highest tensile strength and 

elongation are 23 MPa and 385%, respectively, which 

can be attributed to the well-distributed particles 

within the matrix PP, which lengthen the crack 

propagation channel, absorb a portion of the energy, 

and promote plastic deformation. As a result, the 

strength of the nanocomposite increased.  

Figure 4 shows the elastic modulus of the PP/HA 

nanocomposites. It can be seen that the elastic 

modulus increases as the HA content increases. The 

elastic modulus increased from 0.12 GPa for PP to 

0.22 GPa for 3% wt. of HA, indicating that the 

addition of the HA bioceramic stiffened the PP/HA 

nanocomposites, which is consistent with the theories 

and general observations that fillers with a higher 

stiffness than the matrix can increase the elastic 

modulus of composites. Aside from the bioactivity 

brought about by the presence of HA, the greater 

Young’s modulus and hardness of the PP/HA 

composite makes it ideal for hard tissue replacement 

[24], [27]. 

Figure 2: The tensile strength of PP as functions of 

weight percent of HA. 

Figure 3: Elongation at break of PP as functions of 

weight percent of HA. 

 

 

Figure 4: Elastic modulus of PP as functions of weight 

percent of HA. 
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3.2. Hardness result 

Figure 5 shows that the Shore D hardness of the PP 

nanocomposites increased with the increase in nano-

HA content. The hardness increased from 49 shore D 

for PP to 55.6 shore D for 3% wt. of nano-HA. This is 

because nano-HA is stiffer than the polymer and 

restricts the motion of molecular chains, resulting in 

higher resistance to penetration and hardness [28]. 

Figure 5: The Hardness of PP as functions of weight 

percent of HA. 

3.3. Volumetric wear rate and coefficient of friction 

Pin-on-disk device has been used to determine the 

effect of nano-HA addition with different weight 

fractions of HA (1 wt.%, 2 wt.%, and 3 wt.%) on the 

friction coefficient COF and volume loss, which were 

used to calculate the rate of friction. Figure 6 shows 

the effect of the different weight fractions of nano-HA 

on the wear rate, and Figure 7 illustrates the 

relationship between the wear rate and time. Its shown 

that there is a decrease in the volume loss of wear with 

an increase in nano-HA content. This is due to the 

efficient distribution of nano-HA in the PP matrix, as 

well as to the strong interaction between the polymer 

PP and the HA nanoparticles. The loss in volume 

decreased from 1.3 mm3 for pure PP to 0.406 mm3 at 

3 wt.% of HA [29], [30]. 

 

Figure 6: The Volume loss of PP/HA nanocomposite. 

 

Figure 7: The relationship between wear rate and time 

as a function of HA. 

The coefficient of friction (COF) shown in Figure 

8 decreased with the increase of nano-HA content, the 

COF decreased from 0.47 for pure PP to 0.34 for 3 % 

wt. of HA, as shown in Table 2. This result can be 

attributed to the favorable interaction and homogenous 

dispersion between the polymer PP and HA 

nanoparticles, allowing for efficient load transfer from 

the PP matrix to the reinforcement HA nanoparticles. 

The COF also decreased due to the transfer of material 

from the composite to the hard metal counterface and 

the formation of a protective film. This film protects 

the nanocomposite materials from the hard pins, thus 

decreasing the COF and wear rate[30], [31]. 

 

Table (2): Coefficient of friction for PP and PP/HA 

nanocomposite. 

Samples  Coefficient of friction (COF)   

PP 0.47 

PP /1%-nanoHA 0.40 

PP/2%-nanoHA 0.41 

PP /3%-nanoHA 0.34 

 

 

Figure 8: The coefficient of friction for pure PP and 

PP/HA nanocomposite. 

3.4. FTIR Analysis 

FTIR spectrometry was used to analyze the effect 

of the reinforcement material (nano-HA) on the 

chemical structure of the polymer (PP). Figure 9 

shows the band values and the changes in these values 

with the addition of HA. Table 3 lists the most 

important bands of pure PP and its nanocomposites, as 

derived from Figure 9, and compares them with the 

bands mentioned in [32]. The following bands were 

identified for pure PP: 808.17 cm-1 for C–C stretching, 

840.96 cm-1 for C–H rocking. The bands at 972.12 cm-
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1 and 997.20 cm-1 for CH3 rocking and C–C stretching, 

1166.93 cm-1 for C–H wagging and CH3 rocking, 

1369.46 cm-1 and 1452.40 cm-1 for CH3 symmetrical 

bending, 2868.15 cm-1 and 2914.22 cm-1 for CH3 

stretching and CH2 asymmetrical stretching, and 

2953.02 cm-1 for CH3 asymmetrical stretching. The 

addition of nano-HA had no effect on the bands of pure 

PP, except for the CH3 symmetrical bending bands 

shifting to 1369.82 cm-1 and 1454.33 cm-1 and the CH3 

asymmetrical stretching band shifting to 2949.16 cm-

1.From the results, it can be concluded that the 

interaction between the polymer PP and nano-HA is 

physical and not chemical. 

  
Pure PP PP+1%HA 

  
PP+2%HA PP+3%HA 

Figure 9: FTIR of PP and its nanocomposite with HA. 

Table (3) The Transmission Bands of IR Spectrum for pure PP and PP/HA nanocomposite. 

3.5. SEM Images results  

Figure 10 shows the SEM images of nanocomosites 

at different scales (10, 5, and 2) µm. The images for 

all percentages shows a good dispersion of nano-HA 

within the PP matrix and also a good interfacial 

bonding between the reinforcement nano-HA and 

matrix PP, that reflected on the some properties 

(mechanical and wettability) of PP/HA 

nanocomposites [33]. Also, it's shown that the absence 

of voids and defects on the nanocomposites (PP/HA) 

surface as in the literature of Chan et.al [8]. 

3.6. DSC result analysis 

The thermal behavior of PP and its nanocomposites 

with different percentages of HA have been studied 

using DSC device as indicated by Figure 11. Figure 

11a shows the melting temperature (Tm) of PP and 

PP/nano-HA, its shown that the melting temperature 

increased with the increase of HA nanoparticles. The 

melting temperature increased from 163.39 οC for PP 

to 165.18 οC, 165 οC, and 164.79 οC for 1%, 2%, and 

3% of nano-HA respectively. This enhancement due 

to the good thermal properties of HA as in the 

literature of shao-Zhi [34].  Also, from Figure 11b, its 

shown that the crystallization temperature (Tc) have 

been slightly improved, this improvement may 

attribute to the good dispersion of nanoparticles HA 

within PP matrix. All the data that observed from DSC 

are tabulated in Table 4. Also, its found that the degree 

crystallinity of nanocomposites PP/HA decreased at 

1% and 3% of nano-HA, while increased at 2% of 

Type of bond PP standard [32] Neat PP PP+3% HA 

C-C stretching 808 808.17 808.17 

C-H rocking 840 840.96 840.96 

CH3 rocking 

C-C stretching 
973 972.12 972.12 

CH3 rocking 

C-C stretching 
996 997.20 997.20 

C-H wagging 

CH3 rocking 
1166 1166.93 1166.93 

CH3 symmetrical bending 
1376 

1456 

1369.46 

1452.40 

1369.82 

1454.33 

CH3 stretching 2870 2868.15 2868.15 

CH2 asymmetrical stretching 2920 2914.44 2914.44 

CH3 asymmetrical stretching 2950 2953.02 2949.16 
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nano-HA due to the better compatibility and 

dispersion at this percentage, these results are so 

correlated with the tensile strength results [35]. From 

the results above, it can concluded that the thermal 

stability of nanocomposites PP/HA have been 

improved by the addition of nanoHA. 

 

 Figure 10: SEM images of PP/HA nanocomposites. 

Table 4: The thermal properties of PP and PP/HA obtained from DSC. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 11: DSC thermograms for PP and PP/nano-HA, a) Heating, b) Cooling. 

 

Samples 10 µm 5 µm 2 µm 

PP/1%-nanoHA 

   
PP/2%-nanoHA 

   
PP/3%-nanoHA 

   

Samples Tm (οC) Tc (οC) ∆Hm (J/g) Xc % 

PP 163.39 111.31 107.1 51.24 

PP/1%-nanoHA 165.18 111.33 94.89 45 

PP/2%-nanoHA 165 111.62 132.16 62 

PP/3%-nanoHA 164.79 111.46 103.12 47.9 
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3.7. Contact angle CA results 

Table 4 shows the CA of PP and its nanocomposites 

with nano-HA particles at 0 and 60 sec. As shown by 

Table 5, the contact angle decreased with the increase 

of nano-HA content, which mean that the surface of 

PP become more able to be wet (more hydrophilic) as 

indicated by SEM images. The more hydrophilicity, 

means that the adhesion between the bone (PP/HA 

nanocomposites) and the tissues that will generated 

around the bone (PP/HA nanocomposites) are more 

favorable [36].  

Table 5: Contact angle CA Data for PP and PP/HA 

nanocomposites. 

Materials Contact Angle  Time  

PP 

 

86ο 0 sec 

76.5ο 60 sec 

PP/1%-nanoHA 82.1ο 0 sec 

78.5ο 60 sec 

PP /2%-nanoHA 82.1ο 0 sec 

75.4ο 60 sec 

PP/3%-nanoHA 77.9ο 0 sec 

75.1ο 60 sec 
   

4. Conclusion 

Nanocomposites using PP and nano-HA particles 

were synthesized by twin-screw extruder to study the 

effects of nano-HA on the mechanical, thermal, 

morphological and wear properties of the resulting 

nanocomposites. The tensile strength and the 

elongation at break decreased at 1 wt. % and 3 wt. % 

HA, respectively, while increased at 2 wt. % HA. The 

hardness of the nanocomposite increased with 

increasing HA content due to the higher stiffness of 

nanopartcles, while both the wear rate and COF 

decreased with increasing HA content. FTIR 

spectrums of PP and PP/nano-HA shows that there is 

no change in wavenumber bands, which is an 

indication of the absence of chemical reaction between 

PP and nano-HA. SEM images shows that there is a 

good distribution and compability of nano-HA within 

PP matrix that reflected on wear properties and contact 

angle. DSC analysis results reveled an improvement in 

thermal stability of nanocomposites, the melting 

temperature Tm and crystallization temperature Tc 

have been enhanced by the addition of nanoHA, while 

the dgree of crystallinity Xc improved only at 2%-

nanoHA.   
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