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ABSTRACT: This is a comparative study between ultrahigh molecular weight polyethylene (UHMWPE) reinforced with micro- and
nano-hydroxyapatite (HA) under different filler content. The micro- and nano-HA/UHMWPE composites were prepared by hot-
pressing method, and then compression strength, ball indentation hardness, creep resistance, friction, and wear properties were inves-
tigated. To explore mechanisms of these properties, differential scanning calorimetry, infrared spectrum, wettability, and scanning
electron microscopy with energy dispersive spectrometry analysis were carried out on the samples. The results demonstrated that
UHMWPE reinforced with micro- and nano-HA would improve the ball indentation hardness, compression strength, creep resistance,
wettability, and wear behavior. The mechanical properties for both micro- and nano-HA/UHMWPE composites were comparable
with pure UHMWPE. The mechanical properties of nano-HA/UHMWPE composites are better compared with micro-HA/UHMWPE
composites and pure UHMWPE. The optimum filler quantity of micro- and nano-HA/UHMWPE composites is found to be at 15 wt
% and 10 wt %, separately. The micro- and nano-HA/UHMWPE composites exhibit a low friction coefficient and good wear resist-
ance at this content. The worn surface of HA/UHMWPE composites shows the wear mechanisms changed from furrow and scratch
to surface rupture and delamination when the weight percent of micro- and nano-HA exceed 15 wt % and 10 wt %. © 2015 Wiley Peri-
odicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42869.

KEYWORDS: composites; friction; mechanical properties; nanoparticles; nanowires and nanocrystals; properties and characterization;
wear and lubrication

Received 12 March 2015; accepted 24 August 2015
DOI: 10.1002/app.42869

INTRODUCTION The studies of UHMWPE composites in abrasive wear conditions

are extensively investigated by many researchers. Tai et al.'*
reported that UHMWPE filled with grapheme oxide nanosheets
improved its wear resistance. Cao et al.'® also reported that wear
resistance of UHMWPE was effectively enhanced after reinforced
with basalt fibers. Ren et al.'® studied the mechanical and abrasive
wear resistance of UHMWPE was improved upon the addition of

quartz sand.

Ultrahigh molecular weight polyethylene (UHMWPE) is a type of
polyethylene (PE) with extremely high molecular weight (more
than 1 X 10° g/mol) and possesses the highest wear resistance,
better biocompatibility, lower friction, better chemical inertness,
and higher impact resistance compared with any other poly-
mers.'> UHMWPE has been used as bio-medical material for an
acetabular prosthesis component in hip and knee total joint
replacement, engineering bearing, valves, and automotive.*” The
use of UHMWPE has been limited by its low Young’s modulus,
low load bearing, and antifatigue capacity. To overcome these
problems, UHMWPE composites were fabricated by adding rein-
forced particles and fiber fillers to improve its mechanical and tri-

It is important to note that the filler loadings, filler-matrix
interaction, dispersion of the fillers in the composites, type of
fillers, filler’s size and shape are crucial in determining the
mechanical and wear behavior of the composites.'>'” Hydroxy-
apatite (HA) was used as the filler in this research since it exhib-

bological properties. The additives include carbon fiber,® kaolin,”
natural coral particles,” zirconium particles,® TiO,,'" AL O, car-
bon nanotubes,'? etc. Studies have shown that the addition of an
optimum amount of micro- and nano-scale of fibers, inorganic
particles, ceramic, and biomaterial with UHMWPE matrix would
significantly reduce the wear rate under sliding wear conditions."”

© 2015 Wiley Periodicals, Inc.
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its excellent mechanical properties, biocompatibility, and
bioactivity. HA is similar to bone minerals in composition, size,
crystal structure, and morphology.'®° Fang et al.*' reported
that nano-HA/UHMWPE composites exhibited a significant
enhancement of stiffness without decreasing the yield strength
and ductility of UHMWPE. Although numerous researches
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have used HA reinforced polymeric material to improve its
mechanical and tribological properties, the implementation of
micro- and nano-scale HA in UHMWPE composites not been
extensively studied. The addition of HA into the UHMWPE
would not only enhance the tribological properties, but also
induces additional biocompatibility and bioactivity, which may
be useful in implant materials.

MATERIALS AND EXPERIMENTAL

Materials

Micro- and nano-HA particles were provided by Shanghai Hualan
Chemical Technology Co., Ltd., China, with an average diameter
of 12 ym and 20 nm. UHMWPE powder GUR 4150 (molecular
weight 9 X 10° g/mol) was supplied by SCM Industrial Chemical
Co. Ltd., China. Silane coupling agent (y-aminopropyl triethoxy-
silane, trade name: KH550) was purchased from Shanghai
Wenhua Chemical Pigment Co. Ltd., China. It was used to intro-
duce reactive functional groups on the surface of HA particles.

Surface Modification of Micro- and Nano-HA

The silane coupling agent was dissolved in aqueous ethanol
solution containing 140 mL of ethanol and 10 mL of deionized
water. The solution was stirred for half an hour and then
micro- or nano-HA was added. The mixture was dispersed in
ultrasonic cleaner for 3 min, and then stirred for 3 h with
mechanical stirring. The pH of the mixture was adjusted to 9-
10 by sodium hydroxide solution. The precipitate was collected
and washed with ethanol to remove the byproducts, and then
dried at 100°C under vacuum conditions for 24 h.

Specimen Preparation

Firstly 5, 10, 15 and 20 wt % of micro- and nano-HA were mixed
homogeneously with UHMWPE using dry mechanical ball mill.
The mixing process took 4 h to complete: 2 h each for both clock-
wise and anticlockwise direction. After mixing, the samples were
preheated and hot pressed at a temperature of 200°C for 2 h and
the test pressure was 15 MPa. The final product with dimensions
(100 X 100 X 10) mm> was obtained after cooling under room
temperature. The roughness of the sample surface was measured
with a contact-type roughness measuring instrument (JB-4C) and
the value was no more than 0.08 ym.

Differential Scanning Calorimetric Analysis

To examine effects of micro- and nano-HA filling crystallinity,
differential scanning calorimetry (DSC, Model: DSC-100) were
performed on three specimens for each type of materials. The
specimen about 40-50 mg was used in each measurement. An
alumina pan was used in the sample cavity as a reference before
the testing. All samples were heated from 30 to 200°C at 10°C/
min. The total enthalpy of melting was calculated by integrating
the endotherm curve from 50 to 160°C. The degree of crystallin-
ity was calculated by dividing the value in enthalpy for the sam-
ple by 286.4 J/g, which is the theoretical heat of fusion for
perfectly crystalline polyethylene.”” The melting temperature
was determined by the peak point of the curve. To avoid the
effect of heating on the experimental results, each specimen was
only tested once. The results of three specimens for each type of
materials were averaged.
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Infrared Spectrum Analysis

To investigate the effects of filling and irradiation on molecu-
lar structure, UHMWPE, micro- and nano-HA/UHMWPE
composites were analyzed under infrared absorption spectros-
copy (VERTEX 80v, Bruker) using the pellet method. All
measurements were performed from 500 to 4000 cm ™' in the
transmission mode, with a scan resolution of 4 cm™'. To
compare the materials, distinct absorption peaks were marked
on spectrums.

Compression Property Characterization

The stress of wear-resisting material in actual use was com-
monly compression strength. The reference standard of com-
pression experiment was Din EN ISO 604-2003. The sample of
micro- and nano-HA/UHMWPE composites was (10 X 10
%x10) mm’. The test instrument was WDW-20 electronic uni-
versal testing machine and the test speed was 1 mm/min. The
stress and strain were calculated using the following equations:

6=P/A (1)

where ¢ is the stress, in MPa, P is the experimental load, in
Newton, and Ay is the original sectional area, in square meters.

e = (Ly—L)/L (2)

where ¢ is the strain, L is the length of the sample after defor-
mation, in millimeter, and L, is the original length of the
sample, in millimeter

Ball Indentation Hardness Test

To properly obtain the hardness of the micro- and nano-HA/
UHMWPE composites, the experiment tested the ball indenta-
tion hardness of the HA/UHMWPE composites. The UMT
tester (CETR, USA) was used to test the hardness and the test
took the standard of ISO 2039-1:2003 as a reference. The
indenter comprised a zirconia ceramic ball and the diameter of
the ball was 5 mm. The initial load was 9.8 N and the test load
was 49 N. Each sample was tested ten times and then averaged.
Measured depths of impression and the ball indentation hard-
ness could be calculated using the following equation:

0.21Poas

T 0.257Dhy s (3)

Where P, is the test load, in Newton, on the indenter, D is
the diameter of the ball indenter, in millimeter, and h,,,, is the
reduced depth of impression, in millimeter.

Creep Resistance Test

Visoelasticity is unique performance of UHMWPE and it will
produce creep deformation in the process of force. Serious creep
deformation will affect the precision of UHMWPE artificial
joint and cause joint replacement failure. The creep behavior of
materials, to some extent, can be reflected by indentation creep.
So, the experiment tested the indentation creep resistance of the
HA/UHMWPE composites. The indenter comprised a zirconia
ceramic ball and the diameter of the ball was 5 mm. The con-
stant load applied on the sample was 49 N for a period of 1
800 s. In the process of ball indentation, when the load was
increased to 49 N, the indentation depth was set as 0 and the
depth was noted.'® Each sample was tested five times and then
averaged.
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Figure 1. DSC curves of UHMWPE and 10 wt % nano-HA/UHMWPE

samples. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Contact Angle Test

To simulate the body fluid environment,” bovine calf serum
at room temperature was employed to deposit a 0.05 mL drop
on the HA/UHMWPE composites surface. Contact angle
measurement was carried out according to the sessile drop
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Figure 2. Results of DSC analysis: (a) crystallinity and (b) melting temperature
as a function of filling content for micro- and nano-HA/UHMWPE samples.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42869 (3 of 9)

Applied Polymer

CIENCE

technique and performed by the contact angle micrometer
(JC2000B). The bovine calf serum drop was deposited accu-
rately with a microsyringe on the sample surface. Each sample
was tested ten times and then averaged.

Friction and Wear Test

Friction and wear test was performed on MM-200 friction tester
using a block-on-ring test form. The test samples were cut from
hot pressed molded samples into square specimens with dimen-
sions of (10 X 10 X15) mm®. The abrasion surface of the sam-
ple was (10 X 15) mm® The ring was made of GCrl5 steel
with the diameter of 50 mm and the thickness of 10 mm. All
the rings were rubbed with fine sandpaper and polished with
diamond polishing paste. The roughness value of the ring sur-
face was 0.32 um. The test was carried out in the lubrication of
bovine calf serum for 7200 s. The applied normal load was 198
N and the test speed was 200 r/min. The coefficient of friction
was calculated by the following equation:

f=M/(R-P) (4)

Where, f1is the coefficient of friction, M is the torque, in Nm, R
is the radius of GCrl5 steel ring, in meter, P is the vertical load
of sample, in Newton.

Before and after wear test, each specimen was cleaned in an
ethanol-filled ultrasonic bath and dried. The wear volume was
taken as the wear parameter in this study, which was done on
MicroXAM three-dimensional profilmeter. Each sample was
tested seven times and then averaged.

Scanning Electron Microscopy Analysis

To study mechanisms of wear, the worn surfaces were examined
under scanning electron microscope (SEM, FEI Quanta TM
250). At least five specimens per group were used for the test-
ing, and the typical image was chosen for every material.
UHMPWE, micro- and nano-HA/UHMWPE composites surface
was sputter coated with gold, and the sample chamber was
drawn to low-vacuum with an accelerating voltage of 30 kV.
Furthermore,  energy  dispersive  spectrometry  (EDS,
Quanttax400-10, Bruker) was conducted on surfaces of filled
materials.

RESULTS AND DISCUSSION

The characterization of HA/UHMWPE composites reveals the
micro- and nano-HA particles have a strong influence on the
mechanical properties of composite. A comparative study of
micro- and nano-HA/UHMWPE composites against unfilled
UHMWPE is presented.

Crystallinity Analysis

Typical DSC curves of UHMWPE and 10 wt % nano-HA/
UHMWPE sample are shown in Figure 1 and results of crystal-
linity are shown in Figure 2. It can be seen that the crystallinity
and melting temperature of filled micro- and nano-HA samples
is higher than that of unfilled UHMWPE. The crystallinity and
melting temperature increases with increasing content of micro-
and nano-HA. At each filling content the melting temperature
and crystallinity of nano-HA is higher than that of micro-HA
filled samples. Previous study had demonstrated that filling
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Figure 3. Results of IR analysis for UHMWPE and 10 wt % nano-HA/
UHMWPE samples. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

particles would increase crystallinity and melting temperature of
polymer.**

Infrared Spectrum Analysis

Typical infrared spectrum (IR) analysis curves are shown in Fig-
ure 3. At the wave number of 720 cm ™, it is the rocking defor-
mation of polyethylene®® showing no difference among both
samples. At the wave number of 1031 ¢cm™ !, the orthophos-
phate group gives a broader band for nano-HA/UHMWPE
sample. At the wave number of 1470 cm™', it is the bending
deformation of polyethylene. Similar behavior could also be
observed at the wave number of 2835 cm™ ' and 2910 cm ™},
which are indicate of asymmetric stretching of CH;-CH,- and
symmetrical stretching of -CH,-CH,- groups.”® Furthermore,
there are some absorption peaks at the wave number of
1715 cm™ " for both samples, which represent the wave number
of carbonyl absorption peak. Thus, it indicates that there has an
oxidation in UHMWPE and nano-HA/UHMWPE samples
preparation. Oxidation can weaken the mechanical performance
of UHMWPE,” so other sample preparation methods can be
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Figure 4. Typical stress—strain curve of UHMWPE and HA/UHMWPE
samples. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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taken to eliminate oxidation. Micro-HA has the same effect on
UHMWPE as nano-HA.

Compression Properties

Figure 4 shows the typical stress—strain curves of HA/UHMWPE
composites. From Figure 4 it is clearly observed that three
regions corresponding to different stages of a compression test.
Stage A is elastic stage, and at this stage the height of the sam-
ple gets short with the stress increasing, but the height restores
to its original level when the stress removed completely. Stage B
is steady creeping stage, at this stage the sample keeps on defor-
mation with the stress increasing. Stress increase just because
the cross section area of sample increases. The deformation
can’t restore to its original level when the stress removed com-
pletely. Stage C is the final rupture stage and this induce defor-
mation non-uniformly, so the middle part of the sample
presents cydariform and the stress increases rapidly.

Figure 5 shows the compression strength of UHMWPE and
HA/UHMWPE composites under different content of HA par-
ticles. From Figure 5 we can see that the compression strength
of micro- and nano-HA/UHMWPE composites shows a rising
tendency with rising content of micro- and nano-HA from
5 wt % to 20 wt %. The reason for compression strength
change can be concluded as follows: First, HA is much stronger
than UHMWPE so composites with HA makes the UHMWPE
stronger. Second, the reinforcement particles in a polymer
matrix can impede the movement of UHMWPE molecular
chain and hence improving the compression strength. There-
fore, the improvement in compression properties is observed
after the incorporation of micro- and nano-HA fillers into the
UHMWPE matrix.

The compression strength of nano-HA/UMWPE composites is
better than micro-HA/UMWPE composites and the deforma-
tion of nano-HA/UHMWPE composites in each stage is larger
than that of micro-HA/UHMWPE with the same content of
HA. This can be further supported by the comparative studies
between nanoscale, microscale, and whisker shape of SiC fillers
reinforced polymer composites which have been reported by
Xue and Wang.”® The found that nanoscale SiC as a filler in
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Figure 5. Compression strength as a function of filling content for micro-
and nano-HA/UHMWPE samples.
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Figure 6. Ball indentation hardness as a function of filling content for
micro- and nano-HA/UHMWPE samples.

polymer significantly improved the mechanical properties as
compared with micro-sacle and whisker shape of SiC fillers.
Therefore, it shows that the size of the fillers plays an important
role in improving the compression strength of the polymer
composites.
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Figure 7. Indentation depth of (a) micro- and (b) nano-HA/UHMWPE
samples as a function of time. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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0.5mm

Figure 8. Microscopic picture of contact angle for HA/UHMWPE compo-

sites with bovine calf serum.

Hardness and Creep Resistance

Figure 6 shows the ball indentation hardness of micro- and
nano-HA/UHMWPE composites under different content of HA
particles. It is clearly observed that the filler addition increases
the ball indentation hardness. The ball indentation hardness of
pure UHMWPE is 14.32 MPa. The ball indentation hardness of
micro-HA/UHMWPE composites is 14.66 MPa, 16.12 MPa,
18.06 MPa and 19.03 MPa at room temperature when the con-
tent of micro-HA particles is 5 wt %, 10 wt %, 15 wt %, and
20 wt %, separately. The ball indentation hardness of nano-HA/
UHMWPE composites is 17.32, 19.64, 21.66, and 22.14 MPa at
room temperature when the content of nano-HA particles is 5,
10, 15, and 20 wt %, separately. The ball indentation hardness
of nano-HA/UHMWPE is higher than micro-HA/UHMWPE
composites when they have the same HA content.

Figure 7 shows the creep resistance of micro- and nano-HA/
UHMWPE composites. It can be seen from Figure 4 that the
indentation depth of HA/UHMWPE composites increases dras-
tically in the first 200s of the test and then increases slowly. The
final indentation depth of micro-HA/UHMWPE composites
reduces significantly with increasing content of micro-HA
particles. The final indentation depth of nano-HA/UHMWPE
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Figure 9. Contact angle as a function of filling content for micro- and
nano-HA/UHMWPE samples.
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Figure 10. The friction coefficient of (a) micro- and (b) nano-HA/
UHMWPE as a function of time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

composites reduces significantly when the content of nano-HA
particles from 0 to 5 wt %, but it reduces, not obviously, when
the content of nano-HA is more than 5 wt %. This can be
explained by the close relationship between the hardness and
creep resistance of the composites and the filler content. The fil-
ler embedded in the UHWPE matrix and the distribution of
fillers is uniform when the fillers quantity is below a certain
amount.”® Likewise, the dispersion of the fillers is poor when
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the filler content is above the optimum amount i.e., around 10
wt % in this work. This is because at a higher filler content, the
filler interparticle distance is reduced and particles tend to
agglomerate.”® The agglomeration of fillers would severe hard-
ness and creep resistance. Therefore, the strength effect will
reduce when the filler content above the optimum level.

The reason for ball indentation hardness and creep resistance
change is similar to the change of compressive performance.

Wetting Properties

Figure 8 shows microscopic picture of the contact angle with
bovine calf serum on HA/UHMWE composites surface. Figure
9 shows the change of contact angle under different content of
HA particles at room temperature. It can be seen from Figure 9
that contact angle of the composites decreases with the content
of HA particles increasing. According to the change of contact
angle, it can be seen that the wettability of HA/UHMWPE com-
posites increases with increasing content of HA particles and
the wettability of micro-HA/UHMWPE composites is better
than that of nano-HA/UHMWPE composites, mainly because
of the difference wettability of micro-HA, nano-HA particles
and UHMWPE with calf serum.? It will be easy to form lubri-
cating film on the friction surface when the sample has good
wettability and then improve its friction and wear properties.

Friction and Wear Performance

Friction and wear property of composites is characterized by
friction coefficient and wear volume. Figure 10 shows the varia-
tion of friction coefficient of HA/UHMWPE composites during
wear test. All curves show an increasing tendency of friction
coefficients as a function of testing time; friction coefficients
have a stability value after 3 600 s. It can be seen that the stable
friction coefficient of UHMWPE without adding HA is about
0.095. The stable friction coefficient of HA/UHMWPE compo-
sites decreases when the content of micro-HA increasing from 0
to 15 wt % and nano-HA increasing from 0 to 10 wt %, then
the stable friction coefficient increases with the content of
micro- and nano-HA particles increasing.

Figure 11 shows three dimension morphology of wear. Wear
volume can be obtained according to the wear width because it
was a circular arc and its diameter equals to the diameter of
CoCrMo steel ring. Figure 12 shows the wear volume change
with the content of micro- and nano-HA. The wear volume

Figure 11. Three dimension morphology of wear surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. The wear volume as a function of filling content for micro-
and nano-HA/UHMWPE samples.

decreases with the increase of HA particles content, but it
increases when the content of micro- and nano-HA particles
exceeds 15 wt % and 10 wt %. Figure 13 shows morphologis
of worn surfaces of UHMWPE and HA/UHMWPE compo-
sites, and EDS results of the areas, surrounded by black edges,
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are shown in Figure 14. It can be seen from Figure 13 that the
friction and wear mechanism is furrow and scratch in
UHMWPE, micro- and nano-HA/UHMWPE composites.
However, samples filled with more than 15 wt % micro-HA
and 10 wt % nano-HA exhibit surface rupture and delamina-
tion. Bright spots are found on surface of all filled samples,
especially for those filled with more than 15 wt % micro-HA
and 10 wt % nano-HA. EDS results indicate that these spots
are mainly composed of HA. UHMWPE filled with more HA
results in a higher concentration of Ca.’’

The enhanced wear resistance of filled HA samples when the
content of micro- and nano-HA particles under 15 wt % and
10 wt % is mainly because two reasons. First, supporting
function of filling particles on the contact surfaces, where fill-
ing HA particles could act as rigid spots against the counter-
face to reduce the normal load and shear stress of UHMWPE,
resulting in a lower rate’> Second, the wettability of
UHMWPE is improved by HA particles and this enhances the
wear resistance of HA/UHMWPE composites. To these rea-
sons the more prominent supporting function and the
increased mechanical properties would lead to a synergistic
enhancement of wear resistance under the abrasive condition,

Figure 13. Wear morphology of (a) UHMWPE, UHMWPE samples reinforced with (b) 5 wt %, (c) 10 wt %, (d) 15 wt %, (e) 20 wt % micro-HA
particles and (f) 5 wt %, (g) 10 wt %, (h) 15 wt %, (i) 20 wt % nano-HA particles.
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Figure 14. EDS results of worn surface for: (a) pure UHMWPE and (b)
15 wt % nano-HA/UHMWP.E.

resulting in a lower wear rate than both UHMWPE and with
lower content of micro- and nano-HA. Although a previous
research pointed out that a brittle reinforced material with a
higher hardness is prone to delaminate under vivo reciprocat-
ing loads.”” When the filler reach to certain content, it may
generate high stress concentration at the interfaces of fillers,
so as to induce the delamination and reduce the friction and
wear properties of micro- and nano-HA/UHMWPE.

CONCLUSION

The following conclusions are drawn from present study:

1. The compression strength, ball indentation hardness, creep
resistance, crystallinity, and melting temperature of micro- and
nano-HA/UHMWPE composites are improved with increasing
content of micro- and nano-HA particles. These properties of
nano-HA/UMWPE composites are better or higher than micro-
HA/UMWPE composites with the same content of HA.

2. There are oxidation in UHMWPE and HA/UHMWPE sam-
ples preparation. The orthophosphate group gives a broader
band for HA/UHMWPE around the wave number of
1031 cm ™.

3. The contact angle of UHMWPE with bovine calf serum
decreases with increasing content of micro- and nano-HA
particles, so the wettability increases with the increase of
content of micro- and nano-HA particles. The wettability of
micro-HA/UHMWPE composites is better than nano-HA/
UHMWPE composites with the same content of HA.

4. Friction coefficient and wear volume determined by wett-
ability and surface morphology of micro- and nano-HA/
UHMWPE composites. According to the wear volume and worn
morphology, the composites with micro- and nano-HA particles
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weight percent of 15 and 10 exhibit a low friction coefficient and
good wear resistance.

5. Friction and wear mechanism is furrow and scratch when the
content of micro- and nano-HA under 15 and 10 wt %, but
there are surface rupture and delamniation on the worn sur-
face of HA/UHMWPE composites when the content of micro-
and nano-HA particles is more than 15 and 10 wt %, and the
wear debris increases with increasing content of HA particles.

In the future, significant efforts are still needed to study the bio-
logical performance of micro- and nano-HA/UHMWPE com-
posites in joint implants.
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