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ABSTRACT: To establish implant longevity of hip prosthesis
in orthopedics, a new approach was proposed to improve
dramatically the wear resistance and to reduce the surface
friction of the acetabular cup as a bearing material in the
femoral head. To do so, ultrahigh molecular weight poly-
ethylene (UHMWPE) and hydroxyapatite (HA) composites
with four amounts of HA content were prepared by a sol—gel
process, and the four composites were hot-molded to make a
composite with HA gradient content. When the resultant
UHMWPE/HA agglomerates by the sol—gel method were
molded in the narrow temperature range of 145—153 °C, the
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(110) planes with highest density of atoms in the PE crystal unit were oriented predominantly parallel to the resultant film
surface. Such an unusual planar orientation contributed excellent wear resistance and low friction on the surface. Polarized light-
scattering patterns, SEM images, and FTIR spectra of the specimens with such unusual planar orientation supported that the
narrow molding temperature range achieves good dispersion of HA particles and high crystallinity of the UHMWPE matrix on
the surface layer. Negative complex Poisson’s ratio reduced from complex tensile and shear moduli was attributed to spongy-like
tissue formation under crystallization of UHMWPE chains on the HA particle surface. The gradient composite molded
maintained the spongy-like structure, which played an important role to avoid the cracking under bending stress.

KEYWORDS: hydroxyapatite composite, gradient composite, sol—gel techniques, hip replacement prosthesis,

excellent wear resistance and low friction

1. INTRODUCTION

Ultrahigh molecular weight polyethylene (UHMWPE) has
been used in orthopedics as a bearing material in artificial
joints'~* because of notable properties such as chemical
inertness, lubricity, impact resistance, and abrasion resistance.
However, wear damages of the UHMWPE have been one of
the factors limiting implant longevity.> That is, the resultant
wear of polyethylene bearing purportedly produces billions of
wear particles with submicrometer size that cause adverse
pathological reaction in the surrounding tissues leading to
osteolysis and joint loosening.” The recent wear tests have
indicated that the wear resistance of UHMWPE can be
improved by cross-linking with desirable gamma irradiation, but
the radiation does not bring any good to mechanical properties
such as tensile strength.®

Hydroxyapatite (HA) is one of the bioceramics with good
bioactivity, but the brittle nature has limited the scope of
clinical application. Tough composites with bioactivity have the
advantage of overcoming the problems of brittleness while
maintaining the bioactivity.” "> On the basis of this concept, a
number of methods have been proposed for the preparations of
UHMWPE/HA composites by solid-state mixing, thermal
forming,'*"* compounding HA particles and UHMWPE in
paraffin oil using twin-screw extrusion, and subsequently
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compression molding.'*"” These methods, however, are
difficult to allow uniform dispersion of HA powders in the
UHMWPE matrix because of the extremely high melt viscosity
of UHMWPE.

In the present work, the gelation/crystallization method by
using paraffin with nontoxic property as a solvent is adopted to
prepare UHMWPE/HA composites since the high viscosity of
UHMWPE solution is helpful to provide a shear stress ensuring
uniform dispersion of HA particles. Such a phenomenon was
demonstrated for the systems of UHMWPE/carbon black,18
UHMWPE/carbon ﬁber,19 and UHMWPE/multiwall carbon
nanotubes (MWCNTSs).”**! By extraction of paraffin in hexane
surrounded by an ice—water bath and the drying, the resultant
dry UHMWPE/HA agglomerates were molded as a film under
3 MPa pressure in temperature range 143—180 °C. After
thoroughly reviewing data, it becomes clear that the surface of
the composites molded in the very narrow temperature range,
145—153 °C, provides an enormous advantage as an acetabular
cup. Thus, the surface of the resultant composites assured
better wear resistance and friction than well-known
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UHMWPE/HA composites prepared by a kneading method.
Accordingly, the present UHMWPE/HA composites indicate
notable properties for implant longevity of hip prosthesis in
orthopedics.

To understand the enormous advantages, this paper focuses
on three factors: (1) planar orientation of the (110) plane with
the highest crystal modulus and the highest density among the
crystal planes parallel to the c-axis, (2) the gelation/
crystallization mechanism of UHMWPE chains on the
specimen surface estimated for scissoring vibration of 6(CH,)
by attenuated total reflection (ATR) as well as by statistical
analysis of polarized small-angle light-scattering (SALS)
patterns, and (3) merits of sponge-like tissues of the gradient
composite estimated by Poisson’s ratio.

On the basis of the above issue, the gradient composites were
prepared to prevent cracking at the bending strain beyond 4%,
in which the four kinds of composite film with different HA
contents were overlapped and pressed at 150 and 180 °C to
prepare gradient composites. The schematic diagram is shown
in Figure 1(d). The overlapped film was simulated to prepare

(@)

(b)

Figure 1. (a) Hip prosthesis in orthopedics used for operation, (b)
acetabular cup as a bearing material in the femoral, (c) a model of
gradient composite of the acetabular cup, and (d) gradient composite
used in the present experiment.

the gradient acetabular cup (Figure 1(c)), which is based on the
real artificial hip joint used for operation shown as Figure 1(a)
and (b) (no gradient phase). The main concept is focused on
the fact that the gradient composite molded at 150 °C was
much better than that molded at 180 °C as bearing materials
with high wear resistance and smooth surface.

The gradient structure in Figure 1(d) was introduced to
avoid the cracking under bending stress because gradations in
microstructure and/or porosity are commonly seen in bio-
logical structures such as bamboo, plant stems, and bone, where
the strongest elements are located in regions that experience
the highest stresses.”” Gradient structure, which helps to
redistribute stress and increase damping,23 is discussed
experimentally and theoretically in terms of the temperature
dependence of complex Poisson’s ratio v* reduced from
complex tensile moduli E¥ and complex shear moduli G*.**
The negative value of v* is discussed in relation to the spongy-
like structure observed by scanning electron microscopy (SEM)
and analyzed by the statistical approach® >’ of polarized Hv
light scattering patterns.

2. MATERIALS AND METHODS

2.1. Materials and Preparation of UHMWPE/HA Gradient
Composites. UHMWPE was kindly provided by Ticona U.S. with an
average viscosity molecular weight of 3 X 10%. UHMWPE was purified
by Soxhlet extraction by ethanol for 12 h. HA powders (MH-HAPO;)
with an average size of 200 nm were purchased from Nanjing Emperor
Nano Material Co., Ltd., China. The purity of HA was 97.5%. Four
amounts of HA content against UHMWDPE were chosen to be 0 vol %,
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13.3 vol %, 23.5 vol %, and 31.5 vol % in preparing the homogeneous
UHMWPE/HA dispersion solution. The concentration of UHMWPE
was set to be 1 g/100 mL with respect to the solvent. By using a
successful method for MWCNT,'® 2?82 3 uniform dispersion of the
HA powders into paraffin solutions could be achieved by alternate
ultrasonic and stirring for more than 12 h at room temperature. After
that, UHMWPE powder was added into the dispersed solvent
containing the HA, and the mixture was stirred at room temperature
for 1 h. Under stirring by screw, the mixture was heated to 145 °C and
was maintained for 30 min at the same temperature. Then the
UHMWPE/HA dispersion solution was extracted by hexane in an
ice—water bath. The resultant UHMWPE/HA agglomerates were
dried at 60 °C in a hot oven after the extraction. After drying, the
agglomerates were pressed to prepare the composite film at a fixed
temperature in the range of 143—180 °C under the pressure of 3 MPa
for 1S min. Furthermore, the gradient composite of UHMWPE/HA as
shown in Figure 1(d) was prepared by overlapping and pressing the
four composite films with 0 vol %, 13.3 vol %, 23.5 vol %, and 31.5 vol
% together at 150 or 180 °C under 3 MPa.

Suitable different sample thickness was selected for various
measurements, but the value of the gradient composite must be set
to be the same as the values of the composites with different HA
contents, for example, when the thickness of each resultant molded
composite was selected to be ca. 0.2 mm and the gradient composite
thickness must be ca. 0.2 mm, in which the thickness of each
composite layer to overlap was ca. 0.05 mm, that is, 0.05 X 4 = 0.2
mm. The molding was done in a cupper frame covered by clean
cupper plates. The displayed temperature in the hot press instrument
was confirmed to be equivalent to the temperature of the molding
plate, which is also thought to be equal to the polymer’s temperature.

2.2. Phase and Microstructural Analysis. Sacnning Electron
Microscopy (SEM) Observation and the Energy Dispersion X-ray
Spectrometry (EDS) Spectra. SEM observation was carried out by
QUANTA 450 by coating chromium on the agglomerates. The
chromium thickness is ca. 10 nm. Energy dispersion X-ray
spectrometry (EDS) (Oxford Instruments X-Max) was used to
analyze atomic elements of HA agglomerates and UHMWPE/HA
agglomerates under observation of SEM at 20 kV.

Before investigating surface characterization of the UHMWPE/HA
composites, SEM and EDS supplemental experiments were carried out
in Figures 2—4.

To take SEM image (a) in Figure 2, the HA agglomerates were
treated by alternative ultrasonic and stirring at room temperature as
discussed before. By the treatment, the sizes of the HA agglomerates
were 30—45 nm, indicating cutting of the original narrow HA particles,
the average long length being ca. 200 nm, by ultrasonic treatment and
screw stirring. The treated HA particles and UHMWPE/HA
agglomerates with 23.5 vol % HA content after the drying were
adopted. Image (b) shows the UHMWPE/HA agglomerates (before
the molding). The sizes of the HA agglomerates were 30—45 nm. The
sizes were 90—95 nm. Because of the large different domain sizes
between images (a) and (b), the surfaces of HA agglomerates were
obviously covered by UHMWPE layers as like MWCNT.***® A similar
structure was confirmed for the UHMWPE/HA agglomerates with
31.5 vol % HA content.

To demonstrate the covering decisively, EDS are shown in columns
(c) and (d). The EDS spectrum (c) of HA particles shows a normal
profile, and the contents of the atomic elements are listed in the frame.
The spectrum (d) of the UHMWPE/HA agglomerates with 23.5 vol %
HA content shows the summation of PE and HA since the carbon
element listed in spectrum (d) is much higher than that of spectrum
(c). Obviously, this indicates that the surfaces of HA agglomerates
were covered by UHMWPE layers since the clear peaks for Ca and P
elements can be observed in spectrum (d). The atomic elements listed
in frames (c) and (d) indicate the covering of UHMWPE on the HA
surface clearly.

Figure 3 shows that image (a) shows HA agglomerates with the
diameter of 30—45 nm, and image (b) shows UHMWPE/HA
agglomerates with 23.5 vol % HA melted at 220 °C for 30 min. As
shown in image (b), most of the melted UHMWPE chains were
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Figure 2. (a) SEM picture of HA agglomerates, (b) UHMWPE/HA
agglomerates with 23.5 vol % HA content, (c) EDS spectrum for HA
agglomerates, and (d) EDS spectrum of UHMWPE/HA agglomerates
with 23.5 vol % HA content. The inset in (a) shows the original HA
powders.

Figure 3. SEM photographs of the HA and UHMWPE/HA
agglomerates. (a) HA agglomerates and (b) UHMWPE/HA
agglomerates with 23.5 vol % HA content after melting at 220 °C
for 30 min.

50 ym

Figure 4. SEM photographs of gradient UHMWPE/HA composites.
(A) Molded at 150 °C: I, 0 vol %; II, 13.3 vol %; III, 23.5 vol %; IV,
31.5 vol %. (B) Molded at 180 °C.

flowed off from the HA surface. However, melted UHMWPE chains
remained on the HA surface, and the remaining UHMWPE chains
were recrystallized on the HA surface. Consequently, the diameter
45—65 nm of the UHMWPE/HA agglomerates melted at 220 °C is
much smaller than the diameter 90—95 nm of the corresponding
agglomerates before the melting (see Figure 2(b)) but is slightly larger

1770

than the diameter 30—4S nm of the HA agglomerates shown in Figure
3(a). The flowed off UHMWPE chains from the surface of the HA
agglomerate play a role in adhering adjacent UHMWPE/HA
agglomerates.

Figure 4 shows the cross-section of the graded structures of the
composites layers molded at 150 and 180 °C. To observe the cross-
section of the composite film, the film was put into liquid nitrogen,
and the frozen film was cracked by hand to observe the fractured
surface of the samples. Then, chromium was coated on the surface.
Each thickness of the four composite layers to make the gradient
composite was 0.05 mm, and the thickness of the gradient composite
was 0.2 mm. At 150 °C, SEM image (A) shows the clear boundary
layers with different HA contents. On the other hand, at 180 °C, SEM
image (B) shows unclear boundary lines of the layers with different
HA contents because of partial melt-flowing of UHMWPE (mainly
from layer I). The two gradient composites molded at 150 and 180 °C
revealed quite different structures.

2.3. Thermal Property Analysis. The differential scanning
calorimeter (DSC) measurements were performed on about S—10
mg of sample sealed in aluminum pans by a DSC-204 (NETZSCH) at
a heating rate of 10 °C/min under N, atmosphere. To pursue smooth
discussion about surface characterization of UHMWPE/HA compo-
sites, DSC results are added as supplemental experiments.

Figure 5(a) shows DSC results for UHMWPE/HA agglomerates,
and (b) and (c) show the DSC curves for the composites molded at
150 and 180 °C, respectively. The measurements were done three
times for the same kinds of specimen, but the observed profiles were
almost the same. As can be seen in DSC curves, the endothermic peaks
appeared in the range from ca. 130 to ca. 142 °C. The endothermic
peak by molding shifted to the lower temperature side in comparison
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Figure 5. DSC curves of the UHMWPE/HA composite with different
HA contents. (a) UHMWPE/HA agglomerates (before molding), (b)
molded at 150 °C, and (c) molded at 180 °C.
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Table 1. Crystallinity for UHMWPE/HA Agglomerates and the Composites Molded at 150 and 180 °C with Different Content

agglomerate crystallinity (%) melted sample

150-melting

0 vol % (g) 84.5 150-0 vol % (g)
13.3 vol % (g) 80.1 1 50-13.3 vol % (g)
23.5 vol % (g) 81.7 150-23.5 vol % (g)
31.5 vo 1% (g) 82.0 150-31.5 vol % (g)

crystallinity (%) melted sample crystallinity (%)

53.1 180-melting 56.5
58.8 180-0 vol % (g) 55.1
55.7 180-13.3 vol % (g) 53.7
56.1 180-23.5 vol % (g) 57.9
58.7 180-31.5 vol % (g) 564

with the original agglomerates. The right foot of the peak of pristine
UHMWPE was ca. 150 °C, which indicated perfect melting occurred
at 150 °C. Interestingly, as discussed in Figure 3, it should be noted
that UHMWPE did not flow off from the surface of HA agglomerates
even at 220 °C perfectly because of the very high viscosity of
UHMWPE. Judging from such a phenomenon, most of the melted
UHMWPE chains were not flowed off and were recrystallized again on
the surface of HA agglomerates in the composite molded at 150 °C.
On the other hand, at 180 °C, some of the melted UHMWPE chains
were flowed off, and the residual UHMWPE chains were recrystallized
again on the surface of HA agglomerates. This shall be discussed later
in Figure 14.

With increasing HA content, the endothermic peak top tends to
shift to lower temperature. The crystallinities of the composites were
evaluated by heat of fusion of each specimen, heat of fusion of 100%
PE (280.5 J/g), and volume fraction of UHMWPE.” The average
values by three trials were listed in Table 1.

As listed in Table 1, the crystallinity of UHMWZPE covered on the
HA surface was beyond 80%, but the high crystallinity of original
UHMWPE/HA agglomerates decreased drastically by molding at 150
and 180 °C. These results were the average value for the three
measurements. The crystallinity difference between 150 and 180 °C is
not noticeable. This suggested that the crystallinity was not accelerated
by recrystallization under the cooling process after heat melting. The
supplemental DSC results shall be discussed in relation with wide-
angle X-ray diffraction (WAXD), attenuated total reflection (ATR),
and small-angle light-scattering (SALS) results shown later.

2.4. Mechanical and Tribological Characterization. The
sliding wear of the samples was measured by using a friction and
wear experimental machine (M-2000 A) under dry station (as shown
in Figure 6(a)).>**' The sliding pair consisted of a tested sample

L2

(a)

(b)

Figure 6. (a) Schematic diagram of the friction tester: (1) support
axes, (2) test specimen, (3) steel ring, (4) weight. (b) A schematic
diagram of bending tester: (/) length of test specimen; (h) thickness of
test specimen; (F) applied force; (L) length of span between supports;
(W) width of the test specimen.

(UHMWPE/HA) block and a steel ring, in which the upper side was
the sample and the lower side was the steel ring. The external and
inner diameters of the ring were 40 and 16 mm, respectively. The
counter surface of the ring was polished to the roughness Ra 0.8 ym.
Under normal load up to 1200 N, the sliding was achieved by the
rotation of 45 steel ring with the sliding speed of 0.42 m/s
corresponding to the axis rotation speed of 200 rpm. The sliding
time was 3 h, and the tests were done more than three times for each
sample to ensure reproducibility. The average coeflicient was
measured at the ring rotation more than 10000 cycles, ensuring a

stable sliding stage.
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The wear rate was calculated by volume loss of per sliding distance
as follows™!

AW
2npRN

(1)

In eq 1, @ represents the wear rate (mm®/m), AW the mass loss (g), p
the density of the sample (g/mm?), R the radius of the counterpart
(steel ring) (m), and N the number of rotations. The friction
coefficient y# was calculated by

"R )
where T and P are the friction torque (Nm) and the normal load (N),
respectively.

Shallow dent shapes by the wearing were estimated by Talysurf PGI
1240, in which the sliding speed of the point was 0.2 mm/s.

Bending tests were carried out by using INSTRON-5567A
(American Instron company) for a specimen 40 mm long, 3 mm
wide, and with 2 mm thickness at the speed of pressure head 2 mm/
min.** The gradient composite with 2 mm thickness was prepared by
hot-pressing the four overlapped composite layers with 0.5 mm
thickness (0.5 mm X 4 = 2 mm). The well-known schematic diagram
to measure bending strength was shown in Figure 6(b).3* The
calculation was carried out by the flexural-stress parameters defined
using the following equation

_ 3FL
2bh? (3)

where o; is the flexural-stress parameter, which is given by F (the
applied force (N)), L (span length (mm)), b (specimen width (mm)),
and h (specimen thickness (mm)).

Complex Dynamic Tensile Modulus and Shear Tests. The
complex dynamic tensile modulus E* was measured at 10 Hz in the
temperature range from —146 to 130 °C by using a visco-elastic
spectrometer (VES-F) (Iwamoto Machine Co. Ltd.). The length of the
specimen between the jaws was 30 mm, and the width was about 4
mm. The external strain was 0.002 mm. The complex shear modulus
G* was measured in the temperature range from 20 to 140 °C at a
heating rate of 3 °C/min under initial strain of 0.01% by using a
Rheometer (AR 2000ex) with an oscillation temperature ramp method
at TA Instruments company. The length, width, and thickness of each
specimen were 60 mm, 10 mm, and 2 mm, respectively.

2.5. Structural Property Analysis. Small-Angle Light Scattering
(SALS). Small-angle light scattering (SALS) under Hv polarization
condition was observed with a 3 mW He—Ne gas laser as a light
source. The observation method was described elsewhere.*?

Wide-Angle X-ray Diffraction (WAXD). Diffraction peak profiles for
UHMWPE/HA composite films were measured by a transmission
method with a 12 kW rotating-anode X-ray generator (Rigaku
RDArA), in which WAXD intensity measurements were carried out
using a step-scanning method with a step interval of 0.1°, each at a
fixed time of 40 s, in the range from 10 to 35°. The X-ray instrument
was operated using Cu K, radiation (1 = 0.1542 nm) at 150 mA and 40
kV. The incident beam was monochromatized by a curved graphite
monochromator.** The film thickness of each composite was 0.2 mm.

Attenuated Total Reflection (ATR). Attenuated total reflection
(ATR) measurements were performed by a NEXUS FTIR
spectrometer. All spectra in the range 675—4000 cm™ were obtained
from a total reflection mold with 2 cm™ spectral resolution, in which

the penetration depth d, of the evanescent wave is given by**73*

O¢
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A

Ziml\/sin2 a— nfl (4)

where A is the wavelength of the incident radiation; « is the angle of
incidence measured from the normal to the surface; n,, = n,/n, with n;
> n,, where n, is the index of the sample, which is assumed to be 1.5;
and n, is the refractive index of the optical material (KRSS = 2.38). In
the present experiment, @@ was fixed to be 45°. The film thickness of
each composite was 0.2 mm.

dP

3. RESULTS AND DISCUSSION

Figure 7(a) and (b) shows a frictional coefficient against the
normal load for the composites molded at 150 and 180 °C,
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Figure 7. (a) and (b) Friction coefficient of UHMWPE/HA
composites molded at 150 and 180 °C, respectively. Each error bar
is very small, indicating high accuracy. (c) Wear rate of the
UHMWPE/HA composite molded at 150 and 180 °C, in which the
normal load and the rotating period were 1200 N and 3 h, respectively.
(d) The shallow dent shapes by the wearing measurement of (c). (e)
and (f) friction coefficient vs the distance traveled during wear for
composites molded at 150 and 180 °C, respectively.

respectively. Figure 7(c) and (d) shows the corresponding wear
rates and shallow dent shapes by the wearing, respectively. As
shown in Figure 7(a) and (b), the frictional coefficient increases
with normal load, but beyond the maximum point, it decreased.
Such behavior has never been reported, but it plays an
important role in ensuring sufficient smooth movement of hip
prosthesis beyond 400 N when subjecting to the shock load.
The descent tendency beyond 400—600 N is probably thought
to be due to an acceleration of the surface smoothness by a
heavy normal load.

As a whole, the frictional coefficient becomes slightly lower
with increasing HA content, which indicates an advantage to
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using the composite with 31.5 vol % HA content as the inner
layer (IV) in Figure 1(c) (or (d)).

Here, two questions can be arisen: (1) why the friction
coefficient becomes lower with increasing HA content and (2)
why the maximum peak for 31.5% HA content shifted to 600
N. As the first, the intrinsic fraction of pristine HA becomes
lower than that of UHMWPE, but there is no method to
measure the intrinsic friction of pristine HA directly. Even so,
the same tendency for the composites was reported already.>”*°
As the second, the peak shift of the friction coefficient with
increasing normal load is obviously related to the disappearance
of the number of voids within the sponge-like structure
composites, which shall be discussed in relation to Poisson’s
ratio later in Figure 17.

Judging from adverse pathological reaction in the surround-
ing tissue by UHMWPE powder, the composite with 31.5 vol %
HA content is obviously favorable as the inner layer. By
considering the heavy weight of the trunk of the human body,
the wear rate against HA content in Figure 7(c) was estimated
after sliding for 3 h under normal load of 1200 N. The wear
rate is slightly higher with increasing HA content, but the
important factor is HA content with nontoxic property
contained in the wearing powder. Obviously, layer IV prepared
by molding at 150 °C plays an important role in restricting
amounts of scattering UHMWPE wear particles. However, the
further improvement for wear rate must be considered.

The corresponding wear shapes, for example, are shown for
the composites with 13.3 vol % HA content in Figure 7(d),
which is not symmetrical, reflecting nonuniform grinding of the
composites by rotation. Even so, the wear depth by the
grinding for the composite molded at 150 °C is shallower than
that at 180 °C, indicating better abrasion resistance. Of course,
the fraction of pristine UHMWPE prepared by gelation/
crystallization and molded at 150 °C is slightly better than that
prepared by the kneading (melting) method. Figure 7(e) and
(f) shows the fraction coefficient as a function of distance
traveled during wear up to 1500 m for the composites molded
at 150 and 180 °C, respectively. The friction coefficients as a
function of distance up to 1500 m are constant except the initial
stage, and the values for the composite molded at 150 °C are
slightly lower than that at 180 °C. The results obviously suggest
that the composite with 31.5% HA content is suitable as the
surface layer (IV) of the gradient composite on the viewpoint
of surface smoothness.

Figure 8 shows bending stress vs bending strain for the
pristine UHMWPE, UHMAWP/HA composites, and the
gradient composite molded at 150 and 180 °C, and a series

4
= a) ——0vol%(melting) - b) —— 0vel% (méiting) ' 40
20 ——0vol%(g) () 1T ——0vol%(g) (1)
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Figure 8. Bending stress and strain for UHMWPE films prepared by
melting (m) and gelation (g), UHMWPE/HA dry gel composite with
31.5 vol % HA content, and dry gel gradient composite shown in
Figure 1(d). They were molded at 150 °C (a) and 180 °C (b).
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Table 2. Flexural Yield Stress, Yield Strain, Maximum Strain, and Flexural Modulus for the Indicated Specimens Molded at 150
and 180 °C, in Which the Specimens Were Prepared by Melting or Gelation/Crystallization

flexural yield stress/MPa

yield strain/% maximum strain/% flexural modulus/MPa

melting (0 vol %) 150 °C S.65 4.06 6.42 200.39
180 °C 9.11 5.42 8.93 273.73
gelation/crystallization (0 vol %) 150 °C 644 6.32 7.39 2174
180 °C 12.19 6.35 10.07 322.89
gelation/crystallization (31.5 vol %) 150 °C 13.85 34 5.07 683.26
180 °C 23.84 4.1 6.10 1725.87
gelation/crystallization composite 150 °C 10.73 5.04 8.19 35243
180 °C 14.6 5.94 9.62 550.74
of flexural stress and strain values obtained from Figure 8 are
listed in Table 2. The measurements were carried outg;ilve or six _a) Licg (ggé) kd) 1RE (200)
times for the same kinds of specimens, and the representative 2| Tosaillone ‘ = I
curve among the three or four curves was selected after g " =0.935 2f ;2_53( (110)
eliminating the unusual curves by sample defects. With £ (Amon)J 2 (Bmor
increasing HA content, the flexural yield (maximum) stress ‘ - {)\
increased, while flexural yield strain at yield (maximum) stress i ,
decreased. The flexural yield stress was the highest for the S F—— L
composite with 31.5 vol % HA content, but the flexural yield 10 15 20 25 30 3510 15 20 25 30 35
strain was the lowest. This suggests that the acetabular cup 2-Theta () 2-Theta (°)
prepared by 31.5 vol % HA content shall be brittle for large — —
displacement, although the friction coeflicient is the lowest as 7b) 45T (110) e) 160 € (110)
shown in frames (2) and (b) in Figure 7. The advantage of the 5. (200) .l \ (200)
gradient composite is to avoid the cracking under bending B I_(21°°2)/(|)(”°) 21 ooflaioy |
stress. Actually, the maximum (up to breaking) flexural strain sl 7" § - =0.935
and flexural yield strain of the gradient composite were higher = (Amor)j = (Amor)
than those of the single composite with 31.5 vol % HA content, : N
and the yield stress was higher than that of pristine UHMWPE : o e . i .

(layer I). Incidentally, the flexural yield stress and maximum
flexural strain (up to breaking) of the pristine UHMWPE
prepared by the sol—gel method were higher than those
prepared by the kneading (melting) method. This indicates that
the UHMWPE/HA composite prepared by the sol—gel method
is thought to be the best as an acetabular cup in comparison
with methods reported elsewhere.'®*"** As a whole, flexural
yield stress, flexural yield strain (strain at maximum flexural
stress), maximum strain (up to breaking), and flexural modulus
of the composites molded at 180 °C were higher than those of
the composites molded at 150 °C. Such bending property
concerning large deformation was strongly affected by the
morphology of UHMWPE/HA agglomerates in the molded
composites, which shall be discussed later in relation to small-
angle light-scattering patterns in detail.

A series of experimental results in Figure 7 and Figure 8
indicate the advantage of the gradient composites to prepare
the acetabular cup. To further investigate the advantageous
reason about surface property of the composites molded at 150
°C, X-ray and FTIR measurements were carried out later for
pristine UHMWPE films molded in the temperature range
143—180 °C.

Figure 9 shows WAXD intensity distributions from pristine
UHMWPE films measured by a transmission method for the
films, taking a random orientation of crystallites around the film
thickness direction. In columns (b), (c), and (d), the diffraction
intensity from the (110) plane is weaker than that from the
(200) plane. Such behavior reveals unusual behavior for the
specimens molded in the temperature range from 145 to 153
°C. Generally, the diffraction intensity from the (110) plane
must be higher than that from the (200) plane, which is due to
the well-known fact that the structural factor of the (110) plane
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Figure 9. WAXD curves for pristine UHMWPE films molded at the
indicated temperatures. In each column, a black curve represents
experimental results and the green curves represent individual
components of the amorphous, the (110) plane, and the (200)
planes. The red curve is total contribution from the three components.

is much higher than that of the (200) plane. Hence, the films
molded at 145—153 °C assured the preferential orientation of
the (110) plane parallel to the film surface. Such an unusual
planar orientation of the (110) plane has never been reported
since most of the papers have reported the planar orientation of
the (200) glane by simultaneous biaxial stretching, rolling, and
extrusion,™*°

To investigate the molded temperature dependence on the
surface property quantitatively, the peak separation of the X-ray
diffraction profile was done by curve fitting using a computer.
In each column, the individual separated peaks are represented
as green curves for the (110) plane, the (200) plane, and the
amorphous phase, and the total intensity of the above three
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components is given as a red curve. The total curve as a
summation (red) curve of the three components is in good
agreement with the experimental (black) curve. As listed in
each frame of Figure 9, the ratio of intensity peak area, I1o)/
I(110) for the (200) and (110) planes for the specimens molded
at 143, 145, 150, 153, 160, and 180 °C, was estimated to be
0.935, 1.20, 3.12, 2.63, 0.935, and 0.578, respectively. I(3q0)/
I(110) > 1 reveals the preferential planar orientation of the (110)
plane.

The preferential orientation of the (110) plane realized by
molding in the narrow temperature range (145—153 °C)
provides an effective advantage for the film surface, since the
crystal modulus (4.21 GPa)* of the (110) plane estimated by
WAXD is higher than that (3.14 GPa)*® of the (200) plane
because of the highest atomic density of the (110) plane among
the PE crystal planes. The X-ray curve profile justifies the
results of friction and wear rate in Figure 7.

Figure 10 shows FTIR (ATR) spectra from pristine
UHMWPE films represented as a black curve in the range
1400—1500 cm™". The doublet peak bands appearing at 1463
and 1473 cm™" are known as scissoring vibrations of §(CH,) as
shown in a schematic PE crystal unit, and the established
assignment reported the widths to be 2 cm™ for the n-alkanes
at room temperature.”> > The detailed analysis by the
established procedure provided a further two peaks concerning
the amorphous phase. The one is the peak band at 1442 cm™
associated with the existence of gauche conformations, and the
other is the peak at 1467 cm™". In the present specimens, the
peak appeared at 1457 cm ™" instead of 1442 cm™". On the basis
of the two assignments, peak separation by curve fitting
provided the green curves for the individual components.

In each column, the total absorption curve of the four
individual peaks represented as a red curve is in good
agreement with the experimental (black) curve. As shown in
Figure 11, the crystallinity (X.) of penetration depth at ca. 1.4
um from the film surface, which was estimated by eq 4, was
given by using X. = (Aje; + Anzs)/(Augs + Auzs + Aupp +
Agr) X 100(%), in which, for example, A, denotes the
absorption peak area with a peak top at 1463 cm™'. The
calculated crystallinities (X.) were 54.9% at 143 °C, 60.1% at
145 °C, 66.7% at 150 °C, 55.5% at 153 °C, 55.1% at 160 °C,
and 55.1% at 180 °C. Interestingly, the crystallinities on the
surface layer molded at 145—153 °C were slightly higher than
the surface layer crystallinities of the specimens molded at 143,
160, and 180 °C. This is probably thought to be attributed to
the predominant planar orientation degree of the (110) plane
on the surface layer.

Judging from the results by WAXD and FTIR for pristine
UHMWPE films molded at the indicated temperatures, the
wear rate is found to be sensitive to the molding temperature of
UHMWRPE. As discussed before, the frictional coefficient and
wear rate at 150 °C which are lower than those at 180 °C (see
Figure 7) are attributed to the high preferential orientation of
the (110) plane and the high crystallinity on the surface layer.

Meanwhile, the UHMWPE/HA composites provided usual
WAXD profiles whose diffraction peak from the (110) plane
was much higher than that from the (200) plane, which is
different from the planar orientation behavior of the (110)
plane of the pristine UHMWPE film in Figure 11(b), (c) and
(d). Hence, the usual profiles are not shown as a figure in the
present paper. The normal profiles mean that the mixing of HA
caused a random orientation for UHMWPE crystallites in the
composite. The X-ray diffraction intensity from the (110) and
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Figure 10. FTIR (ATR) spectra for UHMWPE molded at the
indicated temperatures. In each column, the black curve represents
experimental results, and the four green curves are associated with
scissoring vibrations of 5(CH,) at 1463 and 1473 cm™ as shown in
the schematic crystal unit and amorphous bands at 1467 and 1442
cm™". The red curve is total contribution from the four components.

(200) planes became lower with increasing HA content. The
diffraction peak from UHMWPE crystallites disappeared for
31.5 vol % HA content, and the strongest peak from the (211)
plane of HA crystallites appeared at ca. 31.8°."' The X-ray
diffraction obtained by the transmission method provides the
orientation of crystallites in the entire composite and provides
no information only on the surface. The X-ray diffraction of the
composites suggested random dispersion of the UHMAPE
crystallites by incorporating the HA particles.

Figure 11 shows FTIR spectra of the UHMWPE/HA
composites in addition to the bottom FTIR spectrum from
HA powder. The absorption peaks at 1463 and 1473 cm™ for
UHMWPE/HA composites show profiles similar to pristine
UHMWPE film shown in Figure 10. In the range of 1400—
1450 cm™, however, most of the peaks of HA appearing for the
composites molded at 150 °C are negligibly small, while the
HA peaks for the composite molded at 180 °C are clearer with
increasing HA content. Such different ATR spectra provide

dx.doi.org/10.1021/am3030504 | ACS Appl. Mater. Interfaces 2013, 5, 1768—1780



ACS Applied Materials & Interfaces

Research Article

) 150 C(13.3%) d) 180°C (13.3%)

[ 1430cm" 1446 cr

Transmittance (%)
Transmittance (%)

THScn 1473 crre! 1483cm! 1473 cm”

400 1420 1440 1460 1480 1500 1400 1420 1440 1460 1480 1500
Wavenumbers (cm’') Wavenumbers (cm™)

-

[ by 150 C(23.5%) €) 180 C(23.5%)

<l <
8 8
= c
I 8
= =
E L £
w on
= c
£l :
1463em* 1475 e 1463 o1 1473 cm!

1400 1420 1440 1460 1480 1500 1400 1420 1440 1460 1480 1500
Wavenumbers (cm’™) Wavenumbers (cm’)

() 150 C (31.5%) 180'C (31.5%)

Transmittance (%)
Transmittance (%)

1463 cm’!

1473
1463cm‘
1400 1420 1440 1460 1480 1500 1400 1420 1440 1460 1480 1500

1473 cm!

Wavenumbers (cm”') Wavenumbers (cm’)

Lg) HA

Transmittance (%)

,1456gm!t,
1400 1420 1440 1460 1480 1500

Wavenumbers (cm™)

Figure 11. FTIR (ATR) spectra (a—f) for UHMWPE/HA composites
molded at 150 °C (left side) and at 180 °C (right side) and the
bottom spectrum (g) for HA powders.

important information to justify the different surface morphol-
ogy dependence for the composites molded at 150 and 180 °C.
The difference indicates very few existing possibilities of HA
agglomerates on the surface layer (from surface to depth of ca.
1.4 pym) in the composites molded at 150 °C, while enough HA
agglomerates dispersed in the thin surface layer in the
composites molded at 180 °C. Judging from two factors, (1)
very few existing probabilities of HA agglomerates on the
surface layer in the composites and (2) the planar orientation of
the (110) plane of the pristine UHMWPE film, it may be
concluded that planar orientation in the (110) plane is surely
maintained on the surface layer (almost no existence of HA
particles) of the composites molded at 150 °C and high
crystallinity of the thin layer of the composites. Accordingly,
this phenomenon provided better wear resistance and surface
friction in the composites molded at 150 °C than those molded
at 180 °C in Figure 7. The detailed analysis shall be discussed
later by using models (e) and (f) in Figure 14. Incidentally,
curve fitting by peak separation could not be achieved with high
accuracy because too many overlapped absorption peaks belong
to HA.

Figure 12 shows SALS patterns under polarization conditions
observed for the pristine UHMWPE films and UHMWPE/HA

Figure 12. Hv light scattering patterns. (a) UHMWPE molded at 150
°C, (b) UHMWPE molded at 180 °C, (c¢) UHMWPE/HA composite
(1.5 vol % HA) molded at 150 °C, (d) UHMWPE/HA composite (1.5
vol % HA) molded at 180 °C.

composites with 1.5 vol % HA content molded at 150 and 180
°C. The Hv patterns from pristine UHMWPE films molded at
150 and 180 °C show a circular type and a very dull X-type,
respectively. The very dull X-type lobes in pattern (b) with
maximum intensity at the center is due to the orientation
fluctuations of the optical axes glven as the correlation distance
between two optical elements,”®*” which is different from clear
scattering from anlsotroplc rods.*”*® The theory was proposed
by Matsuo et al”® to analyze gel structures with optical
anisotropy and is slightly different from the statistical approach
proposed by Stein and Wilson.>® In the proposed model
system,”® the difference between the polar and azimuthal angles
of the principal axes of the i-th and j-th elements, which were
defined with respect to the reference coordinate axis along the
distance between two optically anisotropic elements, was given
as a function of correlation distance between the two elements.
The geometrlcal arrangement was represented in a previous
paper.*® The Hv scattered intensity from such a system can be
obtained as follows

Iy, = K&* foﬂ /(;oou’(r){%f(r) +g(r (1 = f(r)

1 1 0
X [—(5 costa + 30 cos’ @ — 11) — —— cos® =
720 1 2

(s costa + 6 cos’ a — 3) + L cos”

0 .,
— sin” 2u
576 2

(35 cos* @ — 30 cos® @ + 3)]}cos [hrcos a

r* sin adrda (%)

where @ and y are the scattering and azimuthal angles of the
scattered beam.  is the angle between r; and h = (27/2)s, in
which r; is the vector between the 1th and j-th volume
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elements and s is given by s, — s’ (s,: incident beam, s':
scattering vector). Here, f(r) and g(r) are the correlation
functions associated with the polar and rotational angles in the
coordinate concerning two optically anisotropic elements.”
They are given by

2
,
f(r) = exp az (6)
and
2
r
g(r) = exp 7 o)

where a and b are the correlation distances concerning
orientation and rotational fluctuations between two optical
axes with distance r, respectively, and they are generally
described as parameters of a/A and b/A or b/a. 4 is the
wavelength in the medium. y'(r), relating to the fluctuation of
average polarizability, is independent of the shape of the
scattering pattern because of no u-dependence, while g(r) and
f(r) are sensitive to the profile of the scattering pattern. If the
correlation g(r) for the rotational angle between two elements
is zero, eq 5 reduces to
= Ls

= f W (RF(r) ©

Equation 8 provides a circular pattern w1th Do - dependence,
which was derived by Stein and Wilson.”® Incidentally, as
shown patterns (c) and (d), the incorporation of a small
amount of HA agglomerates provided a circular pattern
indicating free rotation between two optical element axes as
represented by eqs S and 8.

Figure 13 shows the scattering patterns calculated by using
eq 5. The patterns on upper and lower sides are calculated at a/

smh r o,

rodr

Ly

A

b/a=1

b/a=3 b/a=10

Figure 13. Hv light scattering patterns calculated by eq S as a function
of b/a=1,3,and 10 at a/4 = 1 (upper side) and a/1 = 3 (lower side).

A = 2 and 3, respectively. Through the numerical calculation,
the patterns are found to be sensitive to the values of a/4 and
b/a. The lobes of the calculated pattern become slightly duller
with decreasing b/4, and then the pattern becomes close to a
circular type. This indicates that the X-type pattern is attributed
to the strong distance correlation for the rotational angle
between two optically anisotropic elements. The patterns
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calculated at b/a = 1 and 3 were in good agreement with the
patterns observed for pristine UHMWPE molded at 150 and
180 °C, respectively. This indicates that an X-type with the
duller y-dependence observed for UHMWPE molded at 180
°C indicates slightly strong correlation distance between optical
elements, while the film molded at 150 °C has a weak
correlation of crystallites for the rotational angle. Interestingly,
the circular and X-type scattering patterns can elucidate (1)
why the composites molded at 150 and 180 °C provided
different morphology by SEM observation (Figure 14) and (2)
why stress—strain curves of the specimens molded at 150 and
180 °C in Figure 8 are different.

Surface

150 C
2

Figure 14. SEM images for cross-section area of pristine UHMWPE
molded at 150 °C (a) and 180 °C (b) and UHMWPE/HA composites
with 23.5 vol % HA content molded at 150 °C (c) and 180 °C (d).
Models (e) and (f) are schematic designs for the cross-section of the
UHMWPE/HA composites molded at 150 and 180 °C respectively.

Figure 14 shows SEM images of cross section for the pristine
UHMWPE film and HA/UHMWPE composite molded at 150
and 180 °C, respectively. As for the pristine UHMWPE films,
images (a) and (b) reveal that fibrous tissues formed by the
gelation/crystallization process were maintained under the
melting (molding) at 150 °C and recrystallization, while fibrous
tissues became indistinct by melting (molding) at 180 °C and
recrystallization. Hence, the X-type lobes of Hv pattern indicate
that there exists strong rotational (azimuthal angle) correlation
distance between two optical element axes concerning
UHMWPE crystallites in the indistinct continuous UHMWPE
fibrous tissues by melting at 180 °C. On the other hand, the
correlation between optical elements in clear fibrous tissue is
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very weak at 150 °C, since most crystalline fibrous tissues exist
on HA surfaces without forming continuous film-like structures.

As shown in SEM images (c) and (d), the average size of
UHMWPE/HA agglomerates in the composite molded at 150
°C were bigger than that in the composite at 180 °C. Judging
from the supplemental SEM images in Figures 2 and 3, it may
be expected that most of the HA agglomerates in the composite
molded at 150 °C were covered by the UHMWDPE layer.
However, the UHMWPE layer on HA particles became thinner
by partial flowing of UHMWPE chains when molding at 180
°C, and then the average size became slightly smaller. As
discussed before, most of the melted UHMWPE chains were
recrystallized on the surface of HA agglomerates, but the flowed
off UHMWPE chains from the surface of HA agglomerates by
molding at 180 °C were crystallized on the space area between
UHMWPE/HA agglomerates.

Actually, as shown for gradient composites in Figure 4, the
boundary lines could be observed clearly at 150 °C, while they
could not be recognized at 180 °C

The crystallization of flowed off UHMWPE chains provided
the formation of continuous films, and the films connect
adjacent UHMWPE/HA agglomerates. Hence, as shown in
Figure 8 and Table 2, most of the UHMWPE/HA agglomerates
in the composite molded at 180 °C are connected to each
other, and then the flexural yield stress, yield strain, maximum
strain, and flexural modulus of the composites molded at 180
°C are higher than those of the composites molded at 150 °C.
The formation of continuous films by partial melting at 180 °C
has strong correlation distances for the azimuthal angels
between two optical elements. This supports the indistinct X-
type Hv pattern shown in Figure 12.

On the basis of a series of experimental results, the
morphology of the composites molded at 150 and 180 °C
can be represented as schematic designs (e) and (f),
respectively. The models are proposed on the basis of SEM
images (c) and (d) by considering WAXD profiles in Figure 9
and ATR spectra in Figure 11. To propose models (e) and (f)
(in Figure 14) drawn by different scales, two units, #m and nm,
were adopted, in which ym denotes depth distance from the
surface containing a gap, while nm denotes average spherical
agglomerate size.

As for the UHMWPE/HA composite molded at 150 °C,
UHMWPE crystal chains existing on the surface layer (up to
1.4 ym depth from the surface) were oriented predominantly
parallel to the resultant film surface because of the preferential
orientation of the (110) plane on the surface, since most of the
HA agglomerates did not exist in the surface layer. In contrast,
UHMWPE crystal chains in UHMWPE/HA composites
molded at 180 °C took a random orientation, and HA particles
dispersed everywhere in the entire composite.

Furthermore, different from the molding at 180 °C, the
flowing of melted UHMWPE chains at 150 °C fairly occurred,
and then the diameter of the average spherical agglomerate size
(ca. 75—90 nm) at 150 °C was bigger than the average diameter
(50—65 nm) at 180 °C.

Certainly, the structure change by the difference of the
molding temperatures, 150 or 180 °C, was sensitive to the
mechanical properties of the composites. Returning to Figure 7,
the frictional coeflicient and wear resistance of the composite
molded at 150 °C are superior to those of the composite
melted at 180 °C as the acetabular cup. Such differences at 150
and 180 °C were strongly affected by the morphology on the
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sample surface layer but were hardly affected by crystallinity of
the entire sample measured by DSC (see Table 1).

The shift of frictional coefficient maximum to higher load
with increasing HA content (see Figure 7(a) and (b)) is
obviously due to surface smoothness leading to the decreasing
of the number of voids in the composite. To investigate the
degree of sponge-like structure of the composites with
increasing HA content, the Poisson’s ratio is estimated by
using a complex tensile modulus and shear modulus.

To obtain Poisson’s ratio, it may be noted that very small
external strain must be applied on the basis of infinitesimal
deformation theory to satisfy the corresponding principle
between elasticity and visco-elasticity of Hook’s law, which is
based on the different concept from large deformation for the
bending in Figure 8.

The complex tensile and shear moduli measured for the
composites molded at 150 and 180 °C were confirmed to be
almost the same within the experimental error in spite of quite
different morphology in Figure 4. Such a phenomenon
sometimes has been observed for the composites whose
particle contents are the same in the entire compositions.
This is attributed to the very small external excitation to obtain
a tensile modulus based on the infinitesimal deformation
theory. Figure 15 shows temperature dependence on the
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Figure 15. Left side: (a) temperature dependence of the storage
tensile modulus E” and (b) loss tensile modulus E” for UHMWPE/HA
composites with the indicated HA contents. Right side: (c)
temperature dependence of E' and (d) temperature dependence of
E” for the gradient composite, in which the theoretical data are
calculated by eq A-1.

storage tensile modulus E’ and loss tensile modulus E”. The
measured temperature was in the range of —140—130 °C. The
plots on the left side show the experimental results of each
composite, and those on the right side show the comparison
between experimental and theoretical results for the gradient
composite shown in Figure 1(d). On the left side in Figure 16,
the storage modulus (a) increases with increasing HA content.
At 20 °C, the modulus at 31.5 vol % is about 2.5 GPa, which is
more than 3 times of pristine UHMWPE. The imaginary part
(b) has three dispersion peaks at —120, —20, and 60 °C
corresponding to the y, B, and a relaxations associated with the
side group motion of amorphous chains, amorphous main
chain motion, and crystal dispersion.** ' The theoretical
calculation of the gradient composite on the right side was
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Figure 16. Left side: (a) temperature dependence of the storage shear
modulus G’ and (b) loss shear modulus G” for UHMWPE/HA
composites with the indicated HA contents. Right side: (c)
temperature dependence of G’ and (d) temperature dependence of
G" for the gradient composite, in which the theoretical data are
calculated by eq A-2.

carried out by using eq A-1 in the Appendix. The theoretical
curves for storage modulus Efc in frame (c) and loss modulus
E{c in frame (d) calculated by the parallel model were in good
agreement with the experimental curves, which ensured the
smooth propagation of inner stress against external stress
without avulsion on each boundary.

Figure 16 shows temperature dependence of the real G’ and
imaginary parts G” for the composites in the temperature range
25—130 °C. The results on the left side show the experimental
results, and those on the right side show the comparison
between experimental and theoretical results for gradient
composites shown in Figure 1(d). On the left side, the
imaginary part (a) increases with increasing HA content, and
the dispersion peak of the imaginary part (b) corresponding to
the a relaxations is observed at around 60 °C similar to the
behavior of E” in Figure 15. The theoretical curves for Egc in
frame (c) and E{c in frame (d) calculated by eq A-2 are in
good agreement with the experimental curves for the gradient
composite. The good agreement between experimental and
theoretical results for E* (= E' + E”) and G* (= G' + G")
indicated high believability for the proposed parallel model.

Accordingly, it may be justified that the strains of isotropic
phases L II, III, and IV at each boundary as shown in Figure
1(d) are identical. As a result, it may be justified that the
complex Poisson’s ratio v{ of the gradient composite can be
calculated by the following relationship.>*

* *
% _ Bgc — 2Ggc

L =
GC *
2Gge

©)

Figure 17 shows the temperature dependence of complex
Poisson’s ratio for the individual UHMWPE/HA composites
(phase L, II, III, and IV in Figure 1(d)) on the left side and
shows the experimental and theoretical curves of the gradient
composite on the right side. Each Poisson’s ratio of phase I~IV
on the left-hand side is calculated by v = (Ef — 2G§)/2G§ (P
=, II, 1], and IV). The real part 2’ of complex Poisson’s ratio
close to room temperature for UHMWPE is ca. 0.3 indicating a
normal value of crystalline plastics, and the value is beyond 0.4
at 60 °C indicating a rubbery state beyond « dispersion. With
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Figure 17. Left side: (a) temperature dependence of the real Poisson’s
ratio v and (b) imaginary Poisson’s ratio v” or UHMWPE/HA
composites with the indicated HA contents. Right side: (c)
temperature dependence of v/ and (d) temperature dependence of
V" for the gradient composite, in which the theoretical data are
calculated by eq 9.

increasing HA content, the real part (a) becomes smaller and
tends to be negative beyond 23.5 vol %, indicating the
appearance of a pronounced spongy-like texture. The imaginary
part v” in column (b) takes a negative value for the composites
except the values of the pristine UHMWPE film beyond 70 °C,
which is reasonable because Gp(Ep + 2Gp) < Gp(Ep + 2Gp) for
the composites. Anyway, it may be emphasized that the
negative values justify the spongy-like structures observed by
SEM observation in Figure 14.

As shown in the right side for the gradient composite, the
calculated values of the real part (c) and imaginary part (d) are
in good agreement with the experimental results, which justifies
the application of infinitesimal deformation theory to model
(d) in Figure 1.

The Poisson’s ratio of each composite layer (I~IV) reflects
the deformation mechanism of spongy-like composites under
normal load. The increase of negative Poisson’s ratio in real
part with increasing HA content indicates an increase in the
number of voids in the spongy-like structure. Accordingly, the
maximum of the friction coeflicient shifted to higher normal
load side with increasing HA content and attained 600 N for
31.5 vol % HA content (see Figure 7(a) and (b)). The decrease
beyond the maximum is obviously thought to be due to the
disappearance of a number of voids under high normal load,
and it seems that the composite surface became markedly
smooth.

A series of experimental analyses indicated that the friction
coefficient and the wear resistance of the gradient composite
molded at 150 °C are obviously better than those of the
gradient composite molded at 180 °C, although the bending
property is slightly poorer. The most important factor of the
present study is to establish implant longevity of hip prosthesis
in orthopedics. Accordingly, high wear resistance and smooth
surface as bearing materials must be considered as the highest
priority. In this viewpoint, the gradient composite prepared by
gelation/crystallization seems to be the best as an acceptable
cup.
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4. CONCLUSION

The surface layer of the resultant composites ensured the
excellent wear resistance and surface friction among the
UHMWPE/HA composites which were prepared by the
gelation/crystallization method and molded in the narrow
temperature range 145—153 °C. The reason was analyzed in
terms of morphological aspects. X-ray diffraction intensity from
UHMWRPE film revealed high preferential orientation of the
(110) plane with the highest atom density of the PE crystal
unit. FTIR (ATR) spectra from pristine UHMWPE films and
UHMWPE/HA composites revealed that the existing proba-
bility of HA agglomerates on the surface layer (at ca. 1.4 um
depth) of the specimen molded at 150 °C was much lower than
that molded at 180 °C, and the crystallinity of the thin layer
was slightly higher. Furthermore, SEM observation and EDS
spectra revealed that most of the HA agglomerates were
covered by UHMWPE in the composites molded at 150 °C,
while partially flowed off UHMWPE layers on the surface of
HA agglomerates were observed at 180 °C. This means that
UHMWPE chains under gelation were crystallized on the
surface of HA agglomerates, but the partially flowed off
UHMWPE chains from the surface of UHMWPE/HA
agglomerates by molding at 180 °C were not recrystallized
on the surface of HA agglomerates. The complex tensile moduli
E*, complex shear moduli G* and complex Poison’s ratio v*
were hardly affected by the molding temperatures, 150 or 180
°C. Poisson’s ratio for the individual UHMWPE/HA composite
and the gradient composite provided that the value became
smaller with increasing HA content and tended to be negative
beyond 23.5 vol % HA content, indicating an increase in voids
in the spongy-like texture of the composites. Because of the
descent degree of a number of voids in sponge-like tissues,
surface fraction was smaller with increasing HA contents under
high normal load. Of course, the frictional coeflicient, wear rate,
and bending properties prepared by gelation/crystallization
were much superior to those prepared by a kneading method. A
series of results suggested that by controlling molding
temperature it turned out that the gradient composite prepared
by the sol—gel method provides great merits as an acceptable
cup of bearing material in an artificial joint.

B APPENDIX

E¥c and G¥c of the gradient composite can be obtained by the
concept that each layer lies adjacent to the other layer with the
interface parallel to the external excitation direction, so that the
strains of the two phases at the boundary are identical.*>** The
four layers as shown in Figure 1(d) are adjacent to each other
by the following process. Layers I and II are pasted together,
and the resultant layer is named as layer a. Then layer a and
layer III are pasted together. The resultant layer § is pasted
together with layer IV finally. Through a series of the
procedures, the complex tensile modulus E* and the complex
shear modulus G* can be obtained by postulating stress
hypothesis as follows

* 1
EGC - r*
Sll
L8, 1-0,
T opF v
Sih Sin
" w\ 2
( sh_ sh )
+ sh s

. \2 - 5\ 2
SIIY 1_ SII;/ + i 1_ 51/2
1-6 wr s b

3 sll 3 sll

= Egc + iEgc (A-1)
=880 +201 = 8)(SN - sy = ————
G T om 3) (511 12 Gie + Gl
(A2)

where 8; = 1/4 and Sg* are complex compliance as follows

1
Ej =
5 =
sh
N
- * TI*
Sf‘l Sll
se sy
s s
+ SIII* SIII* 2 su* Saz* 2
11 _ 12 S _ 1
1-9, 1 (511?*) + 5, 1 (31“1*>
(A-3)
* *® 1I* II1*
SB = 6,85 +2(1 = 8,) (S — s (A-4)
15,  1-4,
T e Y T
Sé SfZ SIZ

2
* it
S _ Su
st sy
. N2 . \2
S Si b sa ) (Si) _ g
1=, | \ si” 5, st

(A-5)

where &3 = 1/4 and Sj* are complex compliance as follows

1
Ef= —
(04 Slal*
_ 0, 1 -9
T oI I*
Nt N
Y
+ siosy
Ir* 1w+ \ 2 T 1\ 2
A
-5 I+ 5 0
1 1 Si 1 S (A—6)
a* _ 6 I* 6 * 1n*
Sep = 0.8, +2(1 = 6)(S);, = Sp,) (A-7)
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1 0, 1-96
a* T+ I
Si2 Sia Si2
si sy
Sh Sk
st sy _ Ly sy
-4, sty 1 S
(A-8)
where §;, = 1/2.
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