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Abstract Composite materials consisting of TiO, nanopar-
ticles and high-density polyethylene (HDPE), designated
hereafter as TiO,/HDPE, were prepared by a kneading and
forming process. The effect of TiO, content on the mechan-
ical properties and apatite forming ability of these materi-
als was studied. Increased TiO, content resulted in an in-
crease in bending strength, yield strength, Young’s modulus
and compressive strength (bending strength = 68 MPa, yield
strength = 54 MPa, Young’s modulus = 7 GPa, and com-
pressive strength = 82 MPa) at 50 vol% TiO,. The compos-
ite with 50 vol% TiO, shows a similar strength and Young’s
modulus to human cortical bone. The TiO,/HDPE compos-
ites with different TiO, contents were soaked at 36.5 °C for
up to 14 days in a simulated body fluid (SBF) whose ion
concentrations were nearly equal to those of human blood
plasma. The apatite forming ability, which is indicative of
bioactivity, increased with TiO, content. Little apatite for-
mation was observed for the TiO,/HDPE composite with 20
vol% content. However, in the case of 40 vol% TiO, content
and higher, the apatite layers were formed on the surface of
the composites within 7 days. The most potent TiO, content
for a bone-repairing material was 50 vol%, judging from the
mechanical and biological results. This kind of bioactive ma-
terial with similar mechanical properties to human cortical
bone is expected to be useful as a load bearing bone substitute
in areas such as the vertebra and cranium.
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Introduction

It has been reported that some ceramics, such as Nay,O-
Ca0-SiO,-P,05 glasses [1], sintered hydroxyapatite [2],
and glass-ceramics containing crystalline apatite and wollas-
tonite (A—W) [3], can bond to living bone. These ceramics
are already clinically used as important bone-repairing ma-
terials. Recently, it was also reported that even metals such
as titanium and its alloys can bond to living bone when they
have been previously subjected to alkali and heat treatment
[4] or alkali, water and heat treatment [5]. However, they have
much higher elastic moduli than does natural bone. This is
a critical problem, since a high elastic modulus of the ma-
terials may induce bone resorption because of their stress
shielding. On the other hand, polymeric materials generally
possess low elastic moduli, but none bond to living bone ex-
cept for Polyactive™, which is biodegradable [6]. Therefore,
new types of materials having a high bioactivity as well as
mechanical strengths analogous to those of the natural bone
must still be developed for load-bearing bone substitutes.

A composite (HAPEX™) of hydroxyapatite particles
with high-density polyethylene (HDPE) was developed in
the early 1980s as a bone substitute with analogous mechan-
ical properties to those of the bone [7]. It is already clini-
cally used for artificial incus bones. Some of the mechanical
properties of HAPEX™, such as the tensile strength, have
already been found to be desirable for its use in the body
[8-10]. However, the fracture toughness and elastic modulus
of HAPEX™ are lower than those of living bone. Addition-
ally, glass — ceramic A-W-reinforced HDPE was developed
in 1998 [11, 12]. The bioactivity of this composite is higher
than that of HAPEX™  but its mechanical strengths are lower
than that of HAPEX™.

On the other hand, hydroxyapatite-reinforced poly—
(L-lactide) (PLLA) [13] has an initial bending strength of
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280 MPa, which exceeds the bending strength of the hu-
man cortical bone (50 to 150 MPa), and an elastic modulus
of 12 GPa, which is in the range of the elastic modulus of
the human cortical bone (7 to 30 GPa) [14]. These mechan-
ical properties of this composite, however, decrease to 200
MPa after 25 weeks in the phosphate-buffered saline because
of the biodegradability of PLLA. Therefore, this composite
is not useful as a load-bearing bone substitute but only for
fracture-fixation devices such as pins or screws. Therefore,
in order to develop a bone-repairing material with bone-like
mechanical properties, it is necessary to incorporate a bioac-
tive ceramic particulate with a high mechanical strength and
elastic modulus into a nondegradable ductile matrix.

Kokubo et al. reported that titania gels with an amorphous
structure did not induce apatite formation on their surfaces
in a simulated body fluid (SBF), which was prepared to have
an ion concentration nearly equal to that of human blood
plasma (Nat 142.0, K+ 5.0, Ca’* 2.5, Mg?* 1.5, C1~ 147.8,
HCO;~ 4.2, HPO,>~ 1.0, and SO4>~ 0.5mM) [15], whereas
the gels with an anatase or rutile structure induced apatite
formation on their surfaces [ 16—18]. The deposition of apatite
was more pronounced on the anatase gels than on the rutile
gels. Therefore, a titania with a specific crystal structure,
such as anatase, is effective in inducing apatite nucleation in
a body environment.

Fillers have an important role in modifying the properties
of various polymers. In polymeric materials, inorganic par-
ticles are used as fillers to improve their strength, toughness
and wear properties [19]. The effect of fillers on the prop-
erties of the composites depends on their concentration and
particle size and shape, as well as their interaction with the
matrix. As yet, there has been no study regarding the effect of
TiO; on the mechanical strengths of HDPE. TiO; has high
mechanical strengths. For example, the elastic modulus of
TiO, (300-320 GPa) is much higher than that of hydroxyap-
atite (86—110 GPa) [14]. So incorporating TiO; particles into
the polymer matrix is considered to be effective to enhance
the mechanical properties of the polymer matrix.

In this study, the effects of TiO, content on the bending,
yield strengths, Young’s modulus, the strain to failure, and
compressive strength of TiO,/HDPE composite were investi-
gated. In addition, the apatite forming ability of TiO,/HDPE
composite in SBF was studied.

Materials and methods

Materials

Solvents and reagents, all of special reagent grade, were used
without further purification. An anatase-type TiO, nanopow-

der was manufactured by Ishihara Sangyo Kaisha, Ltd., Mie,
Japan. The phase of the TiO, powders was analyzed by
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powder X-ray diffraction. The TiO, particles were analyzed
in terms of size using a laser scattering particle size distri-
bution analyzer (MasterSizer 2000, MALVERN Co., Japan)
and a BET-specific surface area analyzer (NOVA-2000, Yua-
saionics Co., Japan). The surface chemical composition of
the outermost layer of the as-received TiO, was analyzed by
an X-ray photoelectron spectrometer (XPS) with an ESCA
LAB MKII Model (VG Scientific, East Grin stead, England).
An MgKa X-ray was used as the source. The photoelectron
take—off angle was set at 30°. The measured binding energy
was corrected by referring to that of the Cls as 285.0 eV. The
zeta potential of the surface of the as-received TiO, was mea-
sured by laser electrophoresis with a Penmkem 501 Model
in 0.01 mol/l phosphate buffer saline of pH 7.2 at 20 °C.

HDPE (Japan Polyolefins Co., Ltd., Tokyo, Japan) had the
following number-average molecular weight: Mn, weight-
average molecular weight in 1.2 x 10* Mw in 7.67 x 10*
and z-average molecular weight; Mz in 47.6 x 10*, Mw/Mn
in 6.35 and Mz/Mw in 6.20. The melt flowing rate (MFR) of
this polyethylene is 8.

Preparation of TiO,/HDPE composites

The manufacturing process of the TiO,/HDPE involved
kneading and compression moulding. The filler content was
set at 20, 40, 45, 50, 52, 52.5 and 55.6 vol%. These compos-
ites were denoted as TiO,/HDPE —20, 40, 45, 50, 52, 52.5
and 55.6, respectively. HDPE was dried at 80 °C for 8 h and
then kneaded at 210 °C in a batch kneader PBV 0.3 (Irie
Seisaku-sho, Ltd., Tokyo, Japan). TiO, particles were added
slowly into the melted HDPE with kneading at 210 °C in air.
After adding TiO,, the TiO,/HDPE compound was kneaded
with a 25 rpm rotation speed for 30 min.

The obtained compounds were molded at 230 °C for 1 h
and then hot-pressed in air under a pressure of 2.5 MPa.

Characterization of TiO,/HDPE composites
Mechanical test

Three-point bend testing of TiO,/HDPE composites was per-
formed using ten samples of each type of composite. The
specimens were cut to the desired shape and then polished,
using 400 grit silicon carbide paper, to a size of 40 mm x
10mm x 4mm. A testing machine, Model 5582 (Instron
Co. Ltd., L. A., USA), was used to apply a load over a
30 mm span. Measurements were performed with a cross—
head speed of 1.0 mm/min at room temperature according
to JIS K 7171. The fracture surfaces were examined using
a field emission scanning electron microscope (FE-SEM)
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with a JSM-6330F Model (JEOL DATUM Co. Ltd., Nagoya,
Japan) after coating with a thin layer of Au.

The values for bending strength, Young’s modulus, yield
strength and strain to failure were calculated according to the
following equations: [12, 20]

Bending strength o = 3pL/2bd> (1)

Young's modulus E = o/(6d8/L2) 2)

Yield strength oy = (3pr/2bd2)((n +2)/3) 3)
Strain to failure ¢ = (6d8/L*)((2n + 1)/n)(1/3), @

where pis the load at elastic limit (N), p s is the load at fracture
(N), L is the sample length (mm), § is the displacement of
the cross head (mm), b is the sample width (mm), d is the
sample height (mm) and »n is a strain-hardening exponent
O<n<l).

For compressive mechanical analysis, specimens of the
dimensions 10 mm x 10 mm x 4 mm were cut from the hot-
pressed composite plates. They were subsequently polished
using 400 grit silicon carbide papers to remove defects from
the specimen surfaces. The strength measurement was car-
ried out at a cross—head speed of 1.0 mm/min according to
JIS K 7181. The tests were carried out at room temperature
in air.

The compressive strength was calculated from

Compressive strength, oy = F/A, o)

where F is fracture load (N) and A is the initial cross sectional
area (mm?).

Density

The densities of the TiO,/HDPE composites were measured
by the Archimedes method using a pycnometer and a glass
bottle of known volume with a capillary tube at the top as a
container. The liquid medium for all materials was distilled
water.

Bioactivity test

The bioactivity of the TiO,/HDPE composites was evalu-
ated by examining apatite formation on their surfaces in the
simulated body fluid (SBF). It has been revealed that mate-
rials that form a bone-like apatite on their surfaces in SBF
form the apatite even in a living body and bond to living
bone through the apatite layer [21]. The bioactivity of the
composite was compared with that of TiO, particles or pure
HDPE. The TiO; particles were embedded on the tape stuck
to a glass slide I0mm x 10mm x 2mm in size. For both

HDPE and TiO,/HDPE composites, specimens of 10 mm x
10mm x 4mm in size were cut, polished with a 400 grit
silicon carbide paper for 5 min, washed with distilled wa-
ter and dried at room temperature. SBF with ion concen-
trations nearly equal to those of human blood plasma was
prepared by dissolving the reagents NaCl, NaHCO;, KCl,
K,HPO4-3H,0, MgCl,-6H,0, CaCl, and Na,SO,4 (Nacalai
tesque, Inc. Kyoto, Japan) in distilled water and buffered
at pH7.4 and 36.5 °C with (CH,OH);CNH, and 1M HCI
(Nacalai tesque, Inc. Kyoto, Japan). The specimens were
soaked in 30 ml of SBF at 36.5 °C. After various time pe-
riods, the specimens were removed from the fluid, washed
moderately with ion-exchanged distilled water, and dried at
room temperature for 1 day. Their surfaces were analyzed
by thin-film X-ray diffraction (TF-XRD) with RINT Model
2000 (Rigaku Denki Co. Ltd., Tokyo, Japan). The morphol-
ogy of the surface layer of the composites was observed by
FE-SEM after coating them with a thin Au film.

Results
Characterization of TiO,

The as-received TiO, particles were confirmed to be essen-
tially of the anatase phase by powder X-ray diffraction anal-
ysis. They had a broad particle size distribution, with a me-
dian particle size of 535 nm. The BET surface area of the
as-received TiO, was approximately 8.56 m?g~!. Figure 1
shows a TEM photograph of the as-received TiO;. TiO, par-
ticles possessed a round shape and smooth surface. Figure 2
shows O(1s) spectra of the as—received TiO,. Both TiO, and
Ti-OH peaks were detected. This result indicates that the
as-received TiO, already has Ti-OH groups, which is es-
sential for apatite nucleation. The zeta potential of the sur-
face of the as-received TiO, was found to be highly negative
(=22.5mV).

Fracture surface of composites

Figure 3 shows FE-SEM images of the fracture surfaces of
TiO,/HDPE composites with different TiO, contents after
the bending test. As the FE-SEM image in Fig. 3a shows, at
20 vol% filler content there was a large degree of polymer
deformation; this was indicated by the presence of elongated
strands of polyethylene. However, with greater than 40 vol%
of TiO, (Figs. 3b,c and d), there was a small degree of poly-
mer deformation. Along with the formation of polymer fib-
rils, the particles of TiO, were still clearly seen within the
polyethylene matrix. It was easy to detect the TiO, agglom-
erates in the TiO,/HDPE-52 (Fig. 3c) and TiO,/HDPE-56
(Fig. 3d).
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Fig. 1 Transmission electron micrograph of the as-received TiO, par-
ticles

TiO,

Intensity

540 536 532 528

524 520 516
Binding energy / eV

Fig. 2 O(ls) peak in the XPS spectrum of as-received TiO,

Mechanical properties of composites

The values for bending strength, yield strength, Young’s
modulus, fracture strain and compressive strength of the
TiO,/HDPE composites and HDPE are shown in Table 1.
The bending strength, yield strength and Young’s modulus
increased with increasing TiO, content up to 50 vol% and
decreased with increasing content above 52 vol%. The yield
strength and Young’s modulus were, respectively, 28 MPa
and 1.4 GPa for HDPE, 49 MPa and 7.6 GPa for TiO,/HDPE-
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40, 54 MPa and 7.1GPa for TiO,/HDPE-50, and 29 MPa and
6.8 GPa for TiO,/HDPE-55.6. The strain to failure decreased
as the TiO, content increased up to 40 vol%. However, the
values obtained for the strain to failure increased for the com-
posites with a TiO, content higher than 45 vol%.

The increase in the TiO, volume fraction resulted in an
increase in compressive strength. The following compressive
strengths were obtained: 22 MPa for HDPE, 61 MPa for
TiO,/HDPE-40, 75 MPa for TiO,/HDPE-50, and 87 MPa
for TiO,/HDPE-55.6.

The representative load-displacement curves of three-
point bend testing were demonstrated for TiO,/HDPE com-
posites in Fig. 4. Figure 4 shows that HDPE did not fracture
within the limits of the three-point bending apparatus. This
behavior resulted in mechanical properties, in that they had
a low bending strength, yield strength and Young’s mod-
ulus, and a large strain to failure. For TiO,/HDPE-20 and
TiO,/HDPE-40, this ductile behavior was no longer a dom-
inant feature. As the TiO, content increased from 40 vol%,
the fracture strain also increased.

Density of composites

Figure 5 shows the densities of TiO,/HDPE composites.
Compared to the theoretical density, which was calculated
by the rule of mixture, the density of TiO,/HDPE composites
with a low TiO, content (20 vol%) almost matched the theo-
retical value. However, as the amount of TiO, was increased
up to 55.6 vol%, the discrepancy between the measured and
theoretical densities increased.

Bioactivity of composites

Figure 6 shows TF-XRD patterns of TiO, particle (a) and
HDPE (b) which were soaked in SBF for 3 and 14 days,
respectively. Apatite was able to form on the TiO, particles
after 3 days of soaking; however, it was not formed on the
HDPE even after 14 days of soaking in SBF.

Figure 7 shows TF-XRD patterns of TiO,/HDPE compos-
ites that were soaked in SBF for 14 days. Apatite peaks were
detected on all of the TiO,/HDPE composites except for those
with 0 and 20 vol% of TiO,. This result indicates that the ap-
atite forms on TiO,/HDPE composites with a TiO,content
greater than 40 vol% in SBF and that apatite-forming abil-
ity increases with increasing TiO, content. Figure 8 shows
TF-XRD patterns of a TiO,/HDPE composite with 50 vol%
of TiO; that was soaked in SBF for various periods up to 14
days. Small apatite peaks were detected at 7 days of soak-
ing. With 14 days of soaking, these apatite peaks increased.
This result indicates that the apatite formed on a TiO,/HDPE
composite with 50 vol% of TiO, increased with increasing
soaking time.
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Fig. 3 Scanning electron micrographs of fracture surfaces of TiO,/HDPE composites —20 (a), 40 (b), 52 (c) and 55.6 vol% (d)
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Fig. 4 Load-displacement curves for TiO,/HDPE composites

Figure 9 shows FE-SEM photographs of the TiO,/HDPE
composite with 50 vol% of TiO, that was soaked in SBF at
36.5 °C for various periods shorter than 14 days. No crystals
were formed on the TiO,/HDPE (Fig. 9b) surfaces after soak-
ing in SBF for 5 days. The TiO,/HDPE surface was covered
with hemispherical particles around several micrometers in
diameter after 7 days of soaking in SBF (Fig. 9c), and the
number and size of the apatite nuclei increased with increas-
ing soaking time (Fig. 9d). The morphology of the apatite on
the TiO,/HDPE composite was polycrystalline fine particles.

2.5

241
23L Theoretical density

2.2F
S 2.1+
> 2.0r
1.9

m-a

Measured
density

1 ) 1 1 1
%0 30 40 50 60
TiO, content / vol%

Fig. 5 Density of TiO,/HDPE composites as a function of the TiO,
content

Discussion

The results shown here demonstrate that only the 20 vol%
TiO, incorporation into the HDPE matrix was effective in
enhancing the mechanical strengths of the HDPE. The rea-
son for this effect is that the high mechanical strength of
TiO; (Young’s modulus 300-320 GPa) and its smaller par-
ticle size allow for a greater surface area to be available
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% 20 vol % _,'\,/\,'\__“ Therefore, the voids form at the particle matrix interface,
- v first in the direction of the applied stress (Fig. 5). This void
then grows and merges as shear stresses deform the rest of
the matrix, leading to the eventual failure of the composites.
This result is consistent with the model proposed by Juhasz
, ‘ et al. for an apatite-wollastonite reinforced HDPE composite
25 30 35 40 with no interfacial bonding [12].

20 / degree

Fig. 7 TF-XRD patterns of the surfaces of TiO,/HDPE —x composites
soaked in SBF at 36.5 °C for 14 days (X = 0, 20, 40, 45, 50, 52 vol%)

for polymer/filler interaction and adhesion. The bending
strength, yield strength and Young’s modulus increased with
increasing filler content, but they decreased when the filler
content was greater than 52 vol%. Achieving a homogeneous
dispersion of nanoparticles in a polymeric matrix is very
difficult due to the strong tendency of nanoparticles to ag-
glomerate [22]. Consequently, nanoparticle—filled polymers
are liable to form a number of loosened clusters of particles.
Figures 3c and d show TiO, aggregate in the HDPE matrix.
These agglomerated for the composites with a TiO, content
greater than 52 vol% and decreased the bending strength,
yield strength and Young’s modulus.

TiO,/HDPE-20 and —40 also exhibited a much smaller
plastic region after yielding, indicating that the interfacial
bond between TiO, and HDPE was weak. As mentioned
previously, TiO, nanoparticles (Fig. 1) had loosened clusters
created by the aggregation of smaller TiO, particles this is
shown in Figs. 3c and d. This structure caused a higher strain
to failure due to an increase in crack deflection with increas-
ing particle size of the composite with larger than 40 vol%
TiO,. For TiO,/HDPE composites, no residual polyethylene
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Bonfield et al. developed hydroxyapatite-reinforced
HDPE composite (HAPEX™) as an analogue material
for bone replacement [7—10].The closer Young’s modulus
matching of the material to bone is an important factor in
solving the problem of bone resorption. The fracture tough-
ness and Young’s modulus of HAPEX™ have a lower value
than those of the human cortical bone.

The yield strength (50 MPa) and Young’s modulus (7 GPa)
for TiO,/HDPE-40 were much larger than those for the
HAPEX™ with 40 vol % of hydroxyapatite (28 MPa and
4.1 GPa, respectively). It has been generally observed that
the addition of ceramic filler can substantially improve the
mechanical strengths of the polyethylene. The mechanism
of the reinforcing action is as follows. Inorganic fillers are
actually bonded to the macromolecular chains and thereby
immobilize the polymer chains. The degree of adhesion be-
tween the polymer matrix and fillers, the surface area of the
filler, and the packing characteristics of the filler particles are
important factors that determine the mechanical properties of
the composites [23-25]. Comparing TiO, with hydroxyap-
atite as a ceramic filler, the surface area (8.56 m?>g~!) and
average particle size (535 nm) of TiO, were much larger and
lower than those of hydroxyapatite [7] (7.61 m?’g~! and 7.3
um, respectively). TiO,(40 vol%) homogeneously dispersed
in the HDPE matrix via the kneading and compacting of TiO,
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days (b), 7 days (c) and 14 days (d)

nanoparticles and HDPE (Fig. 3b). Many kinds of polyethy-
lene exist, including ultrahigh molecular weight polyethylene
(UHMWPE), HDPE and low density polyethylene (LDPE).
Our previous study indicated that the degree of TiO, nanopar-
ticle dispersion in the various polyethylene matrixes varied
[26-28]. Therefore, the degree of homogeneous dispersion
decreased in the order: HDPE (MFR8) > HDPE (MFR20)
> HDPE (MFRO0.3) >~ HDPE (MFR40) >»> UHMWPE =~ 0.
These results indicate that the HDPE (MFRS8) matrixes, in
which TiO, nanoparticles with a high surface area are homo-
geneously dispersed have high mechanical properties, and
that those with micrometer—sized hydroxyapatite particles
eventually have low ones.

Biomineralization processes such as apatite formation are
complex and involve the controlled nucleation and growth of
apatite from aqueous solutions. Organisms create the proper
organic matrix as a host for nucleation and growth, for con-
trol of solution concentrations, and for the supersaturation of
precipitating phases. Most of the macromolecules known to
promote surface nucleation contain functional groups that are
negatively charged at pH’s where the crystallization occurs
[29].

In general, the crystallization of many sparingly soluble
salts involves the formation of metastable precursor phases.

In the case of calcium phosphate, various metastable phases
have been identified. It is believed that the initial formation
of an amorphous calcium phosphate may be followed by its
transformation to hydroxyapatite. A recent X-ray diffraction
crystallographic study by Kokubo showed that the anatase gel
induces apatite formation the most effectively, followed by
the rutile gel; the amorphous gel, however, forms no apatite
[18]. The Ti-OH groups on the anatase gel combine with
Ca’* ions in the SBF to form amorphous calcium titanate.
This calcium titanate later combines with phosphate ions
in the SBF to form amorphous calcium phosphate with a
low Ca/P ratio [30, 31]. The calcium phosphate transforms
into the apatite, which exhibits a Ca/P ratio of 1.65. This
demonstrates that the surface functional groups, which are
capable of binding soluble ionic precursors, may become
sites for surface nucleation.

The XRD study showed that the apatite formed on all the
TiO,/HDPE composites except for those with 0 and 20 vol
% of TiO,, as exemplified by the composite with 52 vol%
of TiO, shown in Fig. 7. The induction period of the apatite
nucleation was 7 days, as shown in Fig. 8. The as-received
TiO, has an anatase structure, a Ti-OH group (Fig. 2) and a
negative zeta potential (—22.5 mV). Figure 6 shows the ap-
atite formed on the TiO, particles after soaking in SBF for as
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little as 3 days; however no apatite formed on the polyethy-
lene after soaking in SBF for 14 days. The TiO,/HDPE sur-
faces were ground to a 30 um finish with #400 silicon car-
bide abrasive paper. This suggests that the HDPE polymer
chains were elongated and partially covered the surfaces of
the TiO, particles. Therefore, the induction period of the
apatite formation would be delayed for a longer time than
that for TiO, particles. To enhance the apatite forming abil-
ity of the TiO,/HDPE composite, it is necessary to remove
by surface treatment the polyethylene that covers the TiO,
particles.

Conclusions

The bending strength, yield strength, Young’s modulus and
compressive strength increased with increasing TiO, content
up to 52 vol% (maximum bending strength = 68 MPa, yield
strength = 54 MPa, Young’s modulus = 7 GPa and compres-
sive strength = 82 MPa). The strain to failure was reduced
with increasing TiO, up to 40 vol%. However, as the filler
content was increased from 45 to 52 vol%, the strain to fail-
ure increased due to the larger particle size resulting from
the aggregation of TiO, nanoparticles. Three—point bending
and compressive testing demonstrated that the composites
with a filler content between 40 and 50 vol% showed the
most suitable mechanical properties for maxillofacial appli-
cations. Apatite formed on TiO,/HDPE that had greater than
40 vol% of TiO, after soaking in SBF for 7 days. These re-
sults indicate that the TiO,/HDPE-50 composite is the most
promising material in the present study for use as a load—
bearing bone substitute.
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