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ABSTRACT: A hydroxyapatite (HA) particulate reinforced ultrahigh molecular weight polyethylene (UHMWPE) nanocomposite is fab-

ricated by internal mixer at 180�C and using of paraffin oil as a processing aid to overcome the high viscosity of melted UHMWPE.

The reinforcing effects of nano-HA are investigated on nanomechanical properties of HA/UHMWPE nanocomposites by nanoinden-

tation and nanoscratching methods. Results show that the nanocomposite with 50 wt % nano-HA exhibits a Young’s modulus and

hardness of 362.5% and 200% higher, and a friction coefficient of 38.86% lower than that of pure UHMWPE, respectively. VC 2015
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INTRODUCTION

The nanoindentation method is a powerful and advanced way

for measuring hardness and elastic modulus of bulk and nano-

featured materials. In addition, the nanoscratching test is a high

tech method to measure tribological properties such as coeffi-

cient friction of such materials.1–5 These techniques were intro-

duced in 1992 by Oliver and Pharr6 and have been widely used

to evaluate the mechanical and tribological properties of poly-

mers and composites.1–5 For example, Shokrieh et al.1 have

reported the nanoindentation and nanoscratch investigations on

graphene-based nanocomposites and found that the elastic

modulus and normal hardness of graphene-based nanocompo-

sites were improved by adding more graphene nanoplatelets

(GNPs) into the polymer matrix.1 Naimi-Jamal et al.5 have

recently reported that interphase evaluation was possible by

investigation of nanomechanical responses of UHMWPE/SCF/

nano-SiO2 hybrid composites in different phases. They found

that the nanomechanical properties of the polymeric matrix and

interphase regions showed significant differences in reduced

Young’s modulus and hardness.5 However, little investigations

have been carried out for studying the nanomechanical and tri-

bological properties of nanocomposites.

In conventional nanoindentation method, a small tip is pressed

into a sample with a known load (force) and retracted sequen-

tially, which generates a force–displacement curve.6,7 The nano-

scratching test is also performed using a two-dimensional

nanoindentation machine at a chosen normal load (FN), while

shearing by the required lateral force (FL) for the scratching and

with a known constant scratching speed and length.8,9

Many composite materials, including ceramic matrix and poly-

mer matrix composites have been developed for biomedical

applications. Current polymer processing technology makes it

possible to produce highly filled polymers of excellent quality,

which enables us to manufacture bioactive, high performance

ceramic/polymer composites as biomaterials.10–13 Among the

others, the polymer–matrix composites are widely used in engi-

neering, due to their much smaller weight, good mechanical

properties, better corrosion resistance and biocompatibility than

the metal–matrix and ceramic–matrix composites. For example,

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4205242052 (1 of 11)

http://www.materialsviews.com/


ultra-high-molecular weight polyethylene (UHMWPE) has been

widely used in bearing applications due to its good chemical

stability, biocompatibility, friction-reducing and antiwear abil-

ity.14 UHMWPE is a kind of high density polyethylene with an

average molecular weight (Mw) of up to several millions g/

mol.15 The short-term advantages offered by UHMWPE include

high strength characteristics, very good sliding properties, good

fatigue resistance, excellent biocompatibility, low friction factor,

high wear resistance, and high chemical resistance in corrosive

media. In the long-term implantation, the behavior of

UHMWPE is compromised by its insufficient wear perform-

ance, low stiffness and high creep compliance. As chemical

nature and physical–mechanical properties of UHMWPE are

similar to bio-tissues, it is widely used as a material for the

manufacturing of implants.16–20

Calcium phosphates are primarily used as bone substitutes in

biomedical industry due to their biocompatibility, low density,

chemical stability, and their compositional similarity to the

mineral phase of bone. Hydroxyapatite (HA), having a chemical

composition of Ca10(PO4)6(OH)2, is a kind of calcium phos-

phate bioceramic materials. It is one of the most widely investi-

gated bioceramic materials used for bone and tooth substitution

applications.21 Micron-size HA reinforced polymer based

implants may be undesirability affected by the interaction with

articular fluid resulting to micronsize pore skeleton formation

and subsequent lack of wear resistance and strength. In contrast,

adding of nanosize HA particles into polymer matrix will pre-

pare porous nanoskeleton, which does not adversely affect

mechanical properties and will be accompanied by the reposi-

tion of synovial liquid in the pores. This liquid will improve

wear resistance of polymer by allocation at the interface of

metal head and plastic cup of hip prostheses.16–18 HA nanopar-

ticles suffer from a high tendency to aggregate. It is generally

difficult to manufacture a nanocomposite with nonaggregated

nanoparticles, due to the high surface free energy of them. Dif-

ferent mechanical and chemical dispersion techniques have been

developed, which can be used to disperse inorganic nanopar-

ticles in organic solvents or resins.22 Our study describes the

use of internal mixer and paraffin oil as a processing aid to dis-

perse nano-HA into UHMWPE.

Many researchers have tried to develop HA reinforced high den-

sity polyethylene (HDPE) as bone-analog composites for bio-

medical applications. As a pioneer, Bonfield et al. have reported

the effect of HA on mechanical properties of HA/HDPE com-

posite for bone replacement. They demonstrated that HA effec-

tively reinforced HDPE, with a considerable increase in Young’s

modulus.13,23 Although, HDPE has been widely used as matrix

for bone-analog composites,23–25 its mechanical and tribological

properties are inferior to UHMWPE. The low mechanical prop-

erties of HA/HDPE composites have limited their applications

as bioimplants. Therefore, the use of UHMWPE as a composite

matrix has been developed for such applications. Many

researchers have reported on mechanical and biological proper-

ties of UHMWPE as matrix in biocomposites. For example, the

HA/UHMWPE composites for orthopedic applications were

evaluated by Liming et al.26 They presented a novel processing

method of combining ball milling and swelling for fabricating

HA/UHMWPE biocomposite. Knets et al. investigated on natu-

ral HA/UHMWPE composite for replacement of bone tissue.

They found that elastic modulus was enhanced by a higher per-

centage of natural HA, but deformation was decreased.27 Fili-

penkov et al.28 determined the mechanical characteristics and

biocompatibility of natural hydroxyapatites (NHA)/UHMWPE

composites as bone replacement. They stated that a change in

the matrix to reinforcement ratio would change the mechanical

properties of NHA/UHMWPE composites.

In this study, we tried to manufacture HA/UHMWPE nano-

composites and investigate on their nanomechanical and tribo-

logical properties as a candidate for bone substitute. At First,

HA/UHMWPE nanocomposites were fabricated by internal

mixer and then nanomechanical and tribological characteristics

of HA/UHMWPE nanocomposites were measured by nanoin-

dentation and nanoscratch methods. Results show that the com-

posite with 50 wt % nano-HA exhibits a Young’s modulus and

hardness of 362.5% and 200% higher, and a friction coefficient

38.86% lower than that of pure UHMWPE, respectively.

EXPERIMENTAL

Raw Materials

Nano-HA powders were synthesized by sol-gel method from

analytical grade calcium nitrate tetrahydrate Ca(NO3)2.4H2O

[Merck] and phosphoric pentoxide P2O5 [Merck]. The matrix

was UHMWPE with a weight average molecular weight of 6 3

106 g/mol (0.94 g/cm3 at 25�C, Sigma-Aldrich with 429015

trade code). Pharmaceutical grade paraffin oil was used as a

processing aid (107174 trade code, 0.86 g/cm3 at 20�C, Merck,

Germany).

Preparation and Characterization of Composites

UHMWPE is usually prepared by a Ziegler–Natta polymeriza-

tion method at a temperature around 60�C, where chain crys-

tallization rate is much lower than chain propagation rate. The

resulting polymer has very large numbers of entanglements.

Due to the nature of this process, one mg of this polymer with

a million g/mol molecular weight contains ca. 1014 entangled

chains.29 Because of this fact, the mobility of the UHMWPE

chains is very much limited, resulting in an extremely high melt

viscosity of the polymer. To overcome this problem, at first, the

sufficient amounts of UHMWPE, required for a given weight

fraction in the final composite, was hand-mixed with the liquid

paraffin oil at 100�C. The UHMWPE grains absorbed the paraf-

fin oil and swelled. Paraffin oil was used, as it is an inert and

nontoxic hydrocarbon lubricant. During the swelling process,

the short-chain oligomers of paraffin oil increased the distance

between the polymer molecules and led to higher chain mobil-

ity. Thus, the viscosity of the system was lowered significantly

to a range that allowed mix processing.

The compounding of nano-HA and swelled UHMWPE granules

was carried out using a laboratory scale melting mixer (Bra-

bender plastic-corder). All the materials were dried in a vacuum

oven for 5 h at 110�C before the melt-mixing process. Then,

UHMWPE was fed into the mixing chamber with a rotation

speed of 120 rpm at 180�C. After melting, rotation speed of

roller was decreased to 80 rpm and nano-HA particles were

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4205242052 (2 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


added. The total mixing time was 15 min. Finally, the samples

were cooled to room temperature. The same condition was

applied to fabricate a pure UHMWPE sample as the control

sample.

Extracting Paraffin Oil

For nanomechanical tests, it was necessary to remove the paraffin

oil. The removal of paraffin oil was undertaken by a two-step

process. In the first step, the obtained materials from compound-

ing were squeezed by hot press at 100�C at a pressure of 3.8 MPa

for an hour. Subsequently, the still remaining oil was removed by

three times extraction in a soxhlet extractor using acetone. Prior

to each extraction step, the sample was cryomilled to enhance

the diffusion process of the solvent (acetone). Then, acetone was

vacuum evaporated in an oven for 24 h at 100�C. The solid was

then grinded by a laboratory scale grinder (Retsch ZM200) into

fine powders to improve distribution and dispersion of filler into

the matrix. The sample was then compression-molded by a Toyo-

seiki machine (Japan) at 200�C under a pressure of 3.8 MPa into

cylinders with a diameter of 10 mm and a height of 3 mm for

nanoindentation and nanoscratching tests. After 30 min, the cyl-

inders were cooled naturally under the same pressure. Table I

summarizes the samples formulations.

Nanomechanical Test Method

Nanoindentation tests were conducted by using a TriboScope
VR

system (Hysitron, USA) nanomechanical test Instrument with a

2D transducer, equipped with a Berkovich type indenter tip

according to the procedure described in ISO14577. Samples were

polished successively by 0.05 lm diamond suspension to reach a

relatively flat surface. A loading-unloading function with a maxi-

mum load of 200 lN was used. The load was reached its maxi-

mum in 30 s and was removed again in 30 s after a 10 s holding

time at peak load (Figure 1). Three samples were manufactured

for each composition. To obtain statistically significant results,

five indentations were made for each sample at random locations

(totally, 15 indentations were carried out for each composition).

The reduced elastic modulus and the hardness were calculated

from the unloading curve, after calibrating contact area function

of the indenter by a quartz standard sample.30 The hardness (H)

is defined as the maximum indentation load (Fmax) divided by

the projected contact area (Ac) of the indentation:6,30

H5
Fmax

Ac

(1)

Where, Ac is a function of contact depth (h), which is measured

in situ during the test according to the area function calibra-

tion. The stiffness (S) and the reduced elasticity modulus (Er)

are related by the following equations given by Oliver and

Pharr:6,30

Er5
ðpÞ

1
2

b
3

S

ðAcÞ
1
2

(2)

b is a constant, which also depends on the indenter geometry

(1.034 for the Berkovich one).31

The reduced modulus, Er is related to the elastic modulus E

by:32

1

Er

5
12 m2

E
1

12 m2
i

Ei

(3)

Where m, E, mi (0.07), and Ei (1140 GPa) are Poisson’s ratio and

elastic modulus of the material and indenter, respectively.32

The plasticity index (w) is a parameter, which is used to evalu-

ate the elastic-plastic behavior of materials under external stress

and strain condition. In the nanoindentation test, the plasticity

index is related to the area under the loading curve (S1) (or the

total indentation work) and unloading curve (S2) (or elastic

deformation work) by the following equation (Figure 2):33,34

w5
S12S2

S1

(4)

Nanoscratching Test Method

Nanoscratching test is used as a representation of tribological

behavior of a material’s surface. A loading–unloading function

with a maximum load of 150 lN was applied (Figure 3). The

load was reached its maximum in 5 s, and removed within 5 s

after scratching. The scratching time was 30 s. To obtain statisti-

cally significant results, three scratches were made for each sam-

ple at random locations (totally, nine scratches were performed

for each composition). The scratch path was 4.0 lm and the

rate of scratching was 0.133 lm/s for all specimens. The normal

displacement (depth) and lateral displacement of the indenter

tip were recorded, as well as the normal and the lateral force

exerted. The parameter l (friction coefficient) was determined

Table I. Formulations and Densities of the Composites

Composite
UHMWPE
(wt %)

HA
(wt %)

Composite
density (g/cm3)

Control 100 0 0.94

A1 90 10 1.166

A2 80 20 1.392

A3 70 30 1.618

A4 60 40 1.844

A5 50 50 2.07

Figure 1. The loading–unloading function with 200 lN as peak load and

30 s for both loading and unloading time with 10 s holding time.
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by the ratio of lateral force (FL) over normal force (FN) data as

follows:5

l5
FL

FN

(5)

At the beginning of each scratch, the lateral force changes rap-

idly from zero. So, to have more consistency in friction coeffi-

cients data, the first third part of each scratch was not

considered.

RESULTS AND DISCUSSION

Microstructure Characterization

Figure 4 shows the scanning electron microscopy (SEM) evalua-

tions of dispersion states of the nanoparticles into matrix on

cross-sections after sputtering a gold layer (with a thickness of

50 nm approximately). As heavy atoms with a high atomic

number are stronger scatters than light ones, to highlight HA

nanoparticles from the cross-sections of the composite system, a

secondary electron (SE) detector was used. Figure 4 demon-

strates that nano-HA particles were homogenously distributed

by melt-mixing process, but also agglomerated. It occurs

because by using nano-HA, the free surface energy and conse-

quently the tendency to interaction between filler nanoparticles

increases and this leads to agglomeration of nanoparticles.

Nanomechanical Properties

As it is known, the matrix materials (polymers, metals, and

ceramics), the dimensions/shapes of reinforcement (short fibers,

particles, and continuous fibers), the reinforcement/matrix ratio,

the dispersion states of the filler into matrix, and the adhesion at

the filler–matrix interface are the main factors, which affect the

mechanical properties of engineering composite materials.35,36

The stiffness of composite materials can be improved by adding

smaller particle size of filler into the matrix of composite. Fur-

thermore, the stiffness and wear properties of HA/UHMWPE

nanocomposites depend on the HA weight fraction. The higher

HA content results in higher interactions between the polymer

and the filler, which leads to improve strength at breaking,

when the implant is under mechanical loading.11,20,37,38 The

influence of adding HA nanoparticles on the hardness, elasticity

and scratch resistance of UHMWPE will be discussed in the

following.

Nanoindentation Results

Elastic modulus and hardness were calculated from the recorded

load–displacement curves in the unloading segment [Figure

5(a)]. The reported value for each composition is the average of

15 different indentations carried out. Figure 5(b and c) show

the modulus and hardness of the HA/UHMWPE nanocompo-

sites. Nanoindentation tests were performed at maximum peak

normal force of 200 lN, as described before. By increasing

nano-HA particles content, load-displacement curves were

shifted to the left and the maximum depths were reduced due

to the increasing hardness. According to Figure 5(b and c), the

incorporation of nano-HA into the polymer matrix significantly

increased the elastic modulus and hardness; this is obviously

due to much greater elastic modulus and hardness of HA in

comparison with UHMWPE. In Figure 5(b), the increasing

trend of modulus can be seen as a function of nano-HA con-

tent. This fact can be deduced from the loading-unloading

curves, because by increasing nano-HA content, the slope of

unloading curve has increased. Modulus and the slope of the

unloading curve have a direct relationship [eq. (2)] and an

increase in stiffness will result in a higher modulus. By adding

nano-HA particles into pure UHMWPE, modulus and hardness

of the composites were increased due to the incorporating filler

with high strength and high aspect ratio.

By adding 50 wt % nano-HA into pure UHMWPE, the modu-

lus increased by 362.5% (3.7 GPa), in comparison with pure

UHMWPE (0.8 GPa). The elastic modulus range of spongy and

Figure 2. A schematic load–penetration depth curve achieved from a real

nanoindentation test (S5 stiffness (dF/dh); S15 the area under the load-

ing curve (total work of indentation); S25 the area under the unloading

curve (elastic work of indentation). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. The loading–unloading function with 150 lN as maximum

force and 5 s for both loading and unloading time with holding time of

30 s and rate of scratch of 0.13 lm/s.
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Figure 4. SEM images of cross-sections of (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5 composites. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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cortical human bone is 0.01–1.57 GPa and 7–30 GPa, respec-

tively.39–44 Therefore, the elastic modulus of A5 sample is more

than spongy bone and less than cortical bone. This sample is

then not a good candidate for spongy bone replacement, due to

the mismatch of elastic modulus between A5 sample and

spongy bones, which will lead to the stress shielding effect. The

A1 sample has an elastic modulus (1.4 GPa) close to spongy

bone. In elastic modulus term, the A1 sample is more appropri-

ate for spongy bone replacement.

The hardness was also increased by adding nano-HA into the

polymer matrix as illustrated in Figure 5(c). By adding 50 wt %

nano-HA into pure UHMWPE, the hardness was increased to

0.12 GPa, showing a 200% improvement in comparison with

pure UHMWPE (0.04 GPa). As the hardness of a material is

defined as the degree of its resistance to plastic deformation,45,46

the greater hardness of A5 sample compared to control sample

contributes to more resistance of A5 sample to plastic

deformation.

As can be seen in Figure 5(b and c), the elastic modulus of A3

sample was the same as A2 sample, whereas the hardness of A3

sample was lower than A2 sample. This fact may be due to

poor dispersion of nano-HA in the matrix or experimental

error. According to Figure 4, the number of agglomerated nano-

HA in A3 sample is more than other samples. On increasing of

such aggregated particles, the stress concentration sites increase

and the interface area between filler and matrix decreases.

Therefore, the efficiency of interfacial bonds for stress transfer

was reduced and mechanical properties of A3 sample were

decreased.

The results reported in literature are comparable with our study.

Liming26 have reported an average HA (20 vol % or � 50 wt

Figure 5. (a) Recorded load-displacement curves, (b) elastic modulus, and (c) hardness data evaluated by 15 indented points for each composition.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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%)/UHMWPE composite elastic modulus of 1633 6 73 MPa. In

his study, the modulus showed about 84% enhancement

(EUHMWPE 5 887 6 41 MPa). His study was performed by

micron-sized HA as the reinforcement.26 In our study, by add-

ing 50 wt % nano-HA into pure UHMWPE, the modulus

revealed about 360% improvement in comparison with pure

UHMWPE. This difference in elastic modulus improvement in

the same weight percentage of reinforcements is due to the size

of the filler. By decreasing the particle size of the filler at a fixed

particle weight percentage, more individual particles are present,

and the surface area and surface energy are increased and then

more efficient interfacial bonds are provided.26

Figure 6 shows penetration depths at maximum force for differ-

ent compositions. According to this figure, the maximum depth

was decreased by adding nano-HA into pure UHMWPE. At a

peak force of 200 lN, the depth of the indent of control, A1,

A2, A3, A4, and A5 compositions were 362, 283, 256, 267, 222,

and 204 nm, respectively. This fact indicates that the nanocom-

posites have more hardness due to an increase of the amount of

nano-HA powders into UHMWPE. As can be seen in Figure 6,

the value of depth at maximum force of A3 sample is between

A2 and A1 samples, which has no special meaning and may be

related to poor dispersion of reinforcement into UHMWPE or

experimental error, as previously stated.

Plasticity Index

The plasticity index determines the elastic recovery ability of the

material after removal of the deformative load. Irreversible work

during the nanoindentation test (the plastic work) is deter-

mined by the difference between S1 and S2. The value of plastic-

ity index (w) is between 0 and 1 for viscoelastic-plastic

materials such as polymers, while fully plastic and the fully elas-

tic materials have w51 and 0, respectively. Surface roughness

and hardness of the material are main factors, which plasticity

index depends on them. Usually, soft and rough materials have

higher w in comparison to other materials.47 Generally, materi-

als with higher w have higher friction wear volume and higher

friction coefficient.48 Figure 7 shows the influence of nano-HA

particles on the plasticity index of the specimens. According to

Figure 7, the plasticity index of the pure UHMWPE polymer

and the nanocomposites was observed to be 0.658, 0.633, 0.623,

0.612, 0.584, and 0.531, respectively. As shown in Figure 7, A5

composite exhibited 19.3% reduction in plasticity index in com-

parison with pure UHMWPE. The reduction in plasticity index

after adding the filler is because the reinforcement improved the

hardness and the stiffness of the nanocomposites. It is known

that the harder materials have lower plasticity index than the

softer materials.27 The increase in nano-HA content leads to an

increase in the interfacial bonding between filler and matrix,

and as a result, the stress transfer from polymer to matrix is

improved, and thus plasticity index decreases.

Tribological Properties

Nanoscratching Results. The thermoplastic polymers exhibit

elastic, plastic, viscoelastic, viscoplastic, and brittle properties,

which influence their mechanical properties. Numerous studies

on macroscratching and microscratching have been performed

in terms of wear and scratch resistance.9 A nanoscratching test

can exhibits a qualitative evaluation of the tribological proper-

ties of the material surface. This method was mainly described

in detail by Hodzic et al.49 The FN and FL of the indenter tip

and also the normal and the lateral displacements were simulta-

neously recorded. The friction coefficient (l) is defined as the

ratio of the FL to the FN. Table II summarizes lateral force (FL),

and normal force (FN) of the indenter tip and l of the speci-

mens [eq. (5)]. According to this table, by increasing the

amount of nano-HA, the normal displacement and FL (which

can be described as the opposite force applied to the indenter

Table II. Lateral and Normal Forces of the Scratches and Calculated

Friction Coefficients of Nanocomposites

Composite FL (lN) FN (lN) l 5 FL/FN

Control 44.053 92.366 0.476

A1 40.187 121.997 0.329

A2 37.592 114.852 0.327

A3 33.484 111.986 0.299

A4 33.229 113.409 0.293

A5 29.496 101.360 0.291

Figure 6. Depths at maximum force during nanoindentations for different

compositions. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Calculated plasticity indexes of nanocomposites. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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tip by the sample during the scratching) were decreased, while

FN is principally constant (with some minor fluctuations

around 115). This leads to a decrease in l.

Figure 8 exhibits the friction coefficient of the composites calcu-

lated from the nanoscratching tests data. As can be seen in Fig-

ure 8, significant deviations in friction coefficient occurred,

when control sample was tested. By adding 50 wt % nano-HA

into pure UHMWPE, the friction coefficient was measured as

0.291, showing a 38.86% reduction in comparison with pure

UHMWPE. This remarkable change indicates significant change

in the properties of the scratched material along the scratch

path. This phenomenon denotes the effect of nano-HA on the

scratch resistance of nanocomposites. In fact, when the tip con-

fronts nano-HA in the scratch direction, it needs more force to

move forward. As a result, the tip has to move upward.1 The

nano-HA increases the scratch resistance of nanocomposites not

only by individually impeding the tip, but also by improving

mechanical properties globally. As discussed, incorporation of

nano-HA into the pure UHMWPE improved the elasticity mod-

ulus and normal hardness. Therefore, the improvement of these

parameters gives better elastic recovery and less deformation

under a specified load, hence the coefficient of friction will

improve in the nanocomposites.

Adam et al.50 reported that the maximum friction coefficient

between indenter of nanoindentation machine and bone was 0.3

for bone with elastic modulus E513.56 GPa. Shockey et al.

Figure 8. Friction coefficient (FL/FN) variations of composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Online penetration depths during the scratching and residual depths of (a) A1 and (b) A5 sample measured from AFM data. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reported that the friction coefficients range of tibia and femora

is 0.372–0.706 and 0.394–0.407, respectively.51 The friction coef-

ficients of A4 and A5 samples are less than friction coefficients

of tibia and femora. Therefore, the A4 and A5 composites are

good candidates for bone substitute application, where it is

needed to wear-bearing materials with l less than 0.3.

Figure 9 compares the penetration and the maximum residual

depths of A1 and A5 composites. As shown, normal displace-

ment (nm) data versus time (seconds) exhibits in situ penetra-

tion depths. In addition, in Figure 9, the vertical distance

measured from atomic force microscopy (AFM) data immedi-

ately after the scratching test, is the vertical distance between

two indicated points in the diagram, which in turn illustrates

the maximum residual depth of the scratch. According to this

figure, the maximum penetration and maximum residual depth

of the A1 and A5 samples were observed to be 319.4, 65.834

(online maximum penetrations during the scratching), and

139.64 and 55.817 nm (the residual penetration depths calcu-

lated from AFM), respectively. It is revealed that only 20.61%

and 39.97% of maximum penetration depths of A1 and A5

samples were remained. As a consequence of adding nano-HA

particles into neat UHMWPE, the hardness of the materials in

the direction of scratches were also improved, while the maxi-

mum penetration depths were decreased.

CONCLUSIONS

The nanoindentation and nanoscratching tests were used to

investigate the nanomechanical and tribological properties of

HA/UHMWPE nanocomposites. From the above discussion, the

following important conclusions can be drawn:

1. The idea behind choosing nano-HA was that the addition of

this bioceramic will improve the nanomechanical and tribo-

logical properties of UHMWPE polymer as a bone substi-

tute biomaterial. Also, adding this bioceramic will provide

bioactive sites on the surface of UHMWPE polymer, which

can be filled with osteoblast cells and hence could be biore-

sorbed and replaced by natural bone cells.

2. Incorporation of nano-HA into pure UHMWPE results in

remarkable enhancements in the elastic modulus and hard-

ness of the nanocomposites.

3. The elastic modulus of A5 nanocomposite is less than corti-

cal human bone and more than spongy human bone. There-

fore, it is not suitable for spongy bone substitute, due to the

stress shielding effect. On the other site, the A1 composite

has an elastic modulus (1.4 GPa) close to spongy bone

(0.01–1.57 GPa); hence, in elastic modulus term, it seems it

can be an appropriate candidate for spongy bone

replacement.

4. Nano-HA particles reduced the friction coefficients of neat

UHMWPE considerably (for example, a 38.86% decrease in

friction coefficient by adding 50 wt % HA).
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