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Abstract: Synthetic hydroxyapatite (HA) whiskers have
been utilized as a new, biocompatible reinforcement for
orthopedic biomaterials. High-density polyethylene (HDPE)
was reinforced with either the synthesized HA whiskers or
a commercially available spherical HA powder using a
novel powder processing technique that facilitated uniform
dispersion of the reinforcements in the matrix prior to com-
pression molding. Composites were processed for up to 60
vol % HA whiskers and up to 50 vol % spherical HA. The
mechanical properties of the new composite biomaterials
were examined by uniaxial tensile tests. As expected, in-
creased volume fraction of either reinforcement type over
0–50 vol % resulted in increased elastic modulus, a maxi-

mum in ultimate tensile stress, and decreased work to fail-
ure. Composites reinforced with HA whiskers had higher
elastic modulus, ultimate tensile strength, and work to fail-
ure relative to composites reinforced with spherical HA.
Thus, HA whisker-reinforced HDPE composites possessed
improved mechanical properties over those reinforced with
spherical HA. HA whisker-reinforced composites were
anisotropic due to alignment of the whiskers in the matrix
during processing. © 2003 Wiley Periodicals, Inc. J Biomed
Mater Res 67A: 801–812, 2003
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INTRODUCTION

Improved orthopedic biomaterials for bone substi-
tutes are needed in the treatment of diseased bone
(e.g., osteoporosis), injured bone (e.g., fractures), or
bone defects.1–3 Optimum synthetic biomaterials for
load-bearing orthopadic implants must meet biologic,
functional, and mechanical performance criteria.1,2 At
minimum, the biomaterial must be biocompatible, but
may also possess the added benefit of being bioactive,
bioresorbable, osteoconductive, or osteoinductive de-
pending on the surgical procedure, implant site, and
patient indications. Functional criteria include factors
such as shapability, deliverability, and the cost of the
biomaterial. Successful biomaterials have possessed a
range of mechanical properties, but an ideal synthetic
biomaterial should hypothetically match the mechan-
ical properties of the surrounding host tissue. To date,

there have been no synthetic bone substitutes possess-
ing both the mechanical and biologic properties re-
quired to adequately test this hypothesis. For example,
autografts and allografts, despite well-documented
drawbacks, remain the gold standard over synthetic
bone substitutes.1–3 Further, implants with an elastic
modulus that significantly exceeds that of the sur-
rounding host tissue are thought to cause stress
shielding and contribute to degradation of the host
tissue.4,5

Cortical bone in the human femoral shaft has an
elastic modulus of 17–27 and 6–13 GPa, and tensile
strengths of 80–150 and 50–60 MPa, in the longitudi-
nal (along bone axis) and transverse directions, respec-
tively.1,6,7 Cancellous bone has an effective elastic
modulus and tensile strength in the range of 0.05–0.5
GPa and 1–20 MPa, respectively, depending on the
apparent density.1,6,7 While the effective properties of
cancellous bone are significantly lower than cortical
bone due to the highly porous structure (typically
70–95% porosity), the actual trabecular tissue proper-
ties are similar to cortical bone.6–8 Thus, the metallic
implants most commonly used today, as well as dense
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ceramics, have mechanical properties that are typi-
cally an order of magnitude greater than bone tissue.
A stiff metal device acts to “shield” the adjacent bone
tissue from mechanical stresses. When bone tissue is
insufficiently loaded the relative rate of bone resorp-
tion by osteoclasts exceeds the rate of new bone for-
mation by osteoblasts, resulting in a weakened bone
and bone–implant interface. Efforts to utilize porous
ceramics or poly(methyl methacrylate) (PMMA) bone
cement in place of stiffer materials have been limited
by the low fracture toughness of these materials, as
well as other functional and biologic issues. Finally,
thermoplastic polymers offer many potential advan-
tages,1 especially for tissue engineering scaffolds,9 but
are alone too weak and compliant for load-bearing
applications.2

To remedy the mechanical mismatch problems,
such as stress shielding, associated with most cur-
rently available orthopedic biomaterials, much work
has been dedicated to producing synthetic biomateri-
als that match the mechanical properties of human
bone tissue. Composite materials offer a rational de-
sign approach but have not yet found significant clin-
ical success.10 Particulate-reinforced polymers have
comprised a popular design approach due to consid-
erations such as cost and ease of processing. Calcium
phosphates, typically hydroxyapatite or �-tricalcium
phosphate, have comprised a logical choice for the
reinforcement phase based on similarities to human
bone mineral. Consequently, many research groups
have developed a variety of calcium phosphate-rein-
forced polymer composites, including hydroxyapatite
(HA)- reinforced polyethylene,11–14 polylactide,15–18

and polyacrylics,19–22 to name a few. Perhaps the most
extensive work to date was in the development of
HAPEX, an HA-reinforced high-density polyethylene
(HDPE).11–14 However, despite significant improve-
ments, these isotropic composites, as well as the other
works cited above, still remained well short of the
mechanical properties of bone tissue—too compliant
and weak to be used for most load-bearing orthopedic
applications.

As a material, bone contains directional structural
features across several hierarchical scales, ranging
from nanoscale crystals and molecules to the macro-
scopic shape.7 Each hierarchical scale has unique fea-
tures and directionality that influence the anisotropic
properties and in vivo processes in the living tissue.
However, the foundational structural unit across all
scales is a relatively simple two-phase arrangement of
reinforcement and matrix. A matrix of oriented colla-
gen molecules is reinforced with a distribution of ori-
ented, anisometric crystals of bone mineral. Bone min-
eral crystals have an elongated c-axis (either plate or
whisker shaped), and most closely resemble HA in
chemical composition and crystal structure. Cortical

bone mineral crystals in the bovine femur have been
measured to have an overall preferred orientation of
8–14 MRD (multiples of a random distribution) along
the longitudinal bone axis.23–25 Mechanical anisotropy
in human cortical bone is largely due to alignment of
bone mineral crystals26 and has been character-
ized.27,28 However, to date, virtually no work has been
dedicated to producing synthetic biomaterials that
match the mechanical anisotropy present in bone tis-
sue.

The purpose of this study was to produce a novel
biomaterial that mimics one aspect of the structure of
human bone tissue that has been given relatively little
attention, namely, the preferred orientation of bone
mineral. We hypothesized that anisotropic mechanical
properties nearly matching those of human bone tis-
sue could be achieved by reinforcing a polymer matrix
with anisometric reinforcements that are aligned dur-
ing processing. To this end, synthetic HA whiskers
(short single-crystal fibers) have been utilized as a
new, biocompatible reinforcement for orthopedic bio-
materials. A variety of matrix materials for a range of
potential applications are also being explored. In this
work, HDPE was chosen as an exemplary matrix ma-
terial by virtue of Food and Drug Administration ap-
proval14,29 and ease of processing. We report the pro-
cessing and characterization of HA whisker-
reinforced HDPE.

EXPERIMENTAL METHODS

HA whisker reinforcements

HA whisker reinforcements were synthesized at low tem-
perature (� 200°C) from chemical solutions containing cal-
cium, phosphate, and a calcium chelating agent. The tech-
nique was developed elsewhere and is often termed the
“chelate decomposition method.”30–34 Homogenous solu-
tions were prepared by adding 0.10M dl-lactic acid
[CH2CH(OH)COOH, Sigma Chemical Co., St. Louis, MO],
0.03M phosphoric acid (H3PO4, Sigma Chemical Co.), and
0.05M calcium hydroxide [Ca(OH)2, Aldrich Chemical Co.,
Inc., Milwaukee, WI] to distilled, deionized water at room
temperature and dissolving under constant stirring for �2 h.
The molar ratio of P to Ca in solution was 0.6, which is
equivalent to that of stoichiometric HA. Solutions were fil-
tered, measured for pH (pH � 4.0), and stored under nitro-
gen.

HA whiskers were precipitated from the chemical solu-
tion under hydrothermal conditions. 1250 mL of the solution
was placed in the Teflon liner of a stainless steel pressure
reactor (Model 4600, Parr Instrument Co., Moline, IL) and
purged with nitrogen. To provide uniform thermal trans-
port, 250 mL of distilled, deionized water was placed in the
gap between the liner and stainless steel vessel. Reaction
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conditions were controlled by a heating assembly (Model
4910, Parr Instrument Co.) and temperature controller
(Model 4840, Parr Instrument Co.). The reaction temperature
was measured by a thermocouple placed inside the ther-
mowell of the vessel. All reactions were ramped to 200°C in
2.5 h and held at 200°C for 1.0 h. The autogenous pressure
reached a maximum of 14 MPa at 200°C. After the reaction,
the reactor was cooled to less than 100°C within 1 h using an
aluminum block and cooling fan. The precipitated whiskers
were separated from the supernatant solution by vacuum
filtration. The whiskers were then washed under constant
flow of 1250 mL of distilled, deionized water and dried in an
oven at 80°C for at least 12 h.

The crystallographic phase of the precipitated whiskers
was characterized by powder X-ray diffraction (XRD)
(D5000, Siemens Analytical X-Ray Instruments Inc., Cherry
Hill, NJ) using Cu K� radiation generated at 50 kV and 40
mA. Powders were examined over 20–60° two theta with a
step size of 0.02° and step time of 1.0 s. The size and
morphology of the precipitated whiskers was characterized
using quantitative stereology. Measurements of whisker
length, width, and aspect ratio were taken using an optical
microscope (Optiphot-2, Nikon, Tokyo, Japan) and a digital
camera (Optronics, Goleta, CA) connected to a stereology
software package (Bioquant 98, R&M Biometrics, Inc., Nash-
ville, TN). Microscopy slides were prepared by ultrasoni-
cally dispersing 0.003 g of the whiskers in 1 mL of methanol
and pipetting drops of the suspension onto a glass slide
placed in an oven at 80°C to quickly evaporate the methanol.
All slides were analyzed at 400� magnification. A 10 � 10
square grid was digitally overlaid using the imaging soft-
ware to facilitate random whisker selection. The length and
width was measured and recorded for each whisker located
at grid intersections. The aspect ratio of each whisker was
calculated by dividing the length by the width. A total of 500
whiskers were measured in this manner.

Spherical HA reinforcements

A commercially available equiaxed (spherical) HA pow-
der (Product 21221, Fluka Chemical Corp., Milwaukee, WI)
was used as a control for comparison to the HA whisker
reinforcements. The commercial HA powder was ground
using a mortar and pestle to break up any agglomerates
present in the as-received powder. The crystallographic
phase and morphology of the commercial powder was char-
acterized by XRD and quantitative stereology, respectively,
using the same techniques described above for the HA whis-
kers reinforcements.

HDPE powder

HDPE polymer powder was produced from commercially
available HDPE polymer beads (Product 427977, Aldrich
Chemical Co.). The polymer beads were dissolved in boiling
p-xylene (Fisher Scientific, Acros Organics, Fairlawn, NJ)

under rapid stirring. The solution was allowed to reflux
under a nitrogen blanket for 10 min and then cooled to room
temperature while still under rapid stirring. Upon cooling to
�83°C, polymer particles were precipitated from the solu-
tion. The HDPE precipitates were vacuum filtered and dried
in an 80°C oven for 3–12 h. After drying, the precipitates
were washed with ethanol (Aldrich Chemical Co.) to remove
residual xylene and homogenized with a high-speed blender
(Model 909, Hamilton Beach/Procter-Silex, Inc., Washing-
ton, NC). The powder was again vacuum filtered and dried
in an oven at 80°C for 1–4 h. The HDPE powder was
characterized by XRD and optical microscopy using tech-
niques similar to those described above for the HA whiskers.

HA-reinforced HDPE composite processing

Reinforced polymer composites were produced using ei-
ther the synthesized HA whiskers or the commercially avail-
able spherical HA powder as reinforcements. Using the
desired volume of the final composite (3.4 cm3) and the
known densities of the HA and HDPE powders (3.10 and
0.96 g/cm3, respectively), the appropriate masses of HA and
HDPE powder was measured to produce composites con-
taining 10, 20, 30, 40, 50, and 60 vol % HA reinforcements.

Powder suspensions were prepared to provide an inti-
mate, uniform mixture of the HA and HDPE powders. For
each composite produced, the HA and HDPE polymer pow-
ders were ultrasonically co-dispersed in ethanol at 14.5 vol
% total solids loading using a sonic dismembrator (Model
2020, Fisher Scientific, Pittsburgh, PA) pulsed at 1.0 cycle/s
under constant stirring. The HA powder was first added to
the ethanol and ultrasonically dispersed for 1 min before
adding the HDPE powder and ultrasonically dispersing an-
other 5 min. Wet co-consolidation of the HA and HDPE
powders was performed by vacuum filtration immediately
after dispersing. The resultant particulate composite mixture
was dried in an oven at 80°C for at least 12 h to remove
residual ethanol.

Two thermomechanical processing steps were used to
produce dense composite bars from the particulate mixture.
First, each particulate composite mixture was densified by
uniaxial pressing at ambient temperature using a 10-mm
diameter cylindrical pellet die. Pressure was applied to 45
MPa using a hydraulic platen press (Model 3912, Carver
Laboratory Equipment, Inc., Wabash, IN). The dense com-
posite pellets were then subjected to a second thermome-
chanical processing step to align the HA particles and shape
the composite. A channel die was specially fabricated to
compression mold dense composite pellets into 2.6 � 10 �
120-mm bars using the hydraulic platen press. The compos-
ite pellets were vertically placed in pairs at the center of the
mold and the mold was heated above the melting tempera-
ture of HDPE to 145°C. Upon compression molding the
viscous reinforced polymer was extruded bilaterally to the
open ends of the mold. The polymer solidified as the mold
was allowed to cool for 10 min on the platen press (to
�80°C). The mold was then moved to a water-cooled alu-
minum block until it reached room temperature.
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Additional composites containing 20 vol % HA whiskers
were processed and annealed near the melting point of the
HDPE polymer to examine the effects of preferred molecular
orientation in the polymer matrix. Composite bars processed
as above were returned to the mold and heated to 130°C.
The mold temperature reached 130°C in �90 min and was
held at temperature for 20 min. The mold was then cooled in
a manner consistent to that described previously.

Composite characterization

The mechanical properties of the new composite biomateri-
als were examined by uniaxial tensile tests. Two ASTM stan-
dard D 638-98, Type V, tensile specimens were machined from
the halves of each composite bar processed such that the ex-
trusion direction during molding corresponded to the tensile
axis. Machining was performed using a template and router bit
on a high-speed end mill. Thus, for each experimental group
three composite bars were processed, yielding five tensile spec-
imens (n � 5) and one specimen for microstructural analysis.
All tensile tests were performed using a screw-driven testing
machine (Q-Test, MTS Systems Corp., Eden Prairie, MN) fol-
lowing ASTM standard D 638-98 for reinforced polymer com-
posites. Tensile tests were conducted under ambient conditions
at a crosshead speed of 1 mm/min. A digital extensometer
(Model 632.26E-20, MTS Systems Corp.) was used to directly
measure strain within the specimen gage length for accurate
measurement of the elastic modulus. The elastic modulus (E),
ultimate tensile stress (UTS), and work to failure (wf) were
calculated from force-displacement data and are reported. The
failure surface of tensile specimens corresponding to the me-
dian specimen in each group was sputter-coated with Au-Pd
and examined using a scanning electron microscope (SEM)
(AMRAY SEM, AMR Corp., Bedford, MA).

Analysis of variance (ANOVA) (Statview 5.01, SAS Insti-
tute Inc., Cary NC) was used to compare the reinforcement
type (whisker vs equiaxed), volume fraction, and annealing
treatment. Two-way ANOVA was used to examine interac-
tions between these experimental variables. Post-hoc com-
parisons were performed using a Fisher’s protected least
significant difference test. A log transform of the data for
work to failure was used to provide a normal distribution
for statistical analysis.

The preferred crystallographic orientation of HA in the
composites was characterized by XRD (D5000, Siemens An-
alytical X-Ray Instruments Inc., Cherry Hill, NJ) using Cu
K� radiation generated at 50 kV and 40 mA. Polished sec-
tions for each of the three orthogonal specimen directions
(orthogonal to the length, width, and thickness of the com-
posite bar) were examined over 20–60° two theta with a step
size of 0.02° and step time of 1.0 s. For comparison, human
cortical bone specimens were taken from the proximal end
of a femoral midshaft provided by the Indiana Regional
Blood Center and Tissue Bank. The donor was a 22-year-old
female Caucasian presenting no pathology or toxicology.
Thick sections (� 500 �m) were deproteinized by soaking
72 h in 7% NaOCl. A powdered bone mineral sample was
prepared by grinding deproteinized sections using a mortar
and pestel. Polished sections were prepared for each of the

three orthogonal, anatomic directions (orthogonal to the
length, radius, and circumference of the femoral shaft) and
examined as above. All composite and human cortical bone
sections were cut using a diamond wafering saw, embedded
in methacrylate, and polished to a 0.05-�m Al2O3 final fin-
ish.

RESULTS

Starting powders

The size and morphology of the as-prepared com-
mercial, spherical HA powder, HA whiskers, and
HDPE powder are shown qualitatively by the optical
micrographs in Figure 1. Note the difference in scale of
Figure 1(a) relative to Figures 1(b) and 1(c). The com-
mercial, spherical HA powder was measured to have
an average diameter of 1.3 � 0.4 �m. The HA whiskers
were measured to have an average length of 18.0 � 8.9
�m, an average width of 2.3 � 0.8 �m, and an average
aspect ratio of 7.9 � 3.4 �m. Note that the HA whis-
kers were single crystals as revealed by their transpar-
ency to transmitted light. The particle size distribu-
tions of the two types of HA reinforcements are shown
in Figure 2. The size of the HDPE powder was not
measured quantitatively due to irregularities in parti-
cle shape and agglomeration. However, as can be seen
from the representative micrograph in Figure 1, the
individual particles were in general spherical and on
the order of 5–50 �m.

XRD patterns revealed that the HA whiskers were
phase pure, while the commercial, spherical HA pow-
der contained small amounts of �-tricalcium phos-
phate (�-TCP) (Fig. 3). �-TCP is known to form with
heat treatment or calcination of Ca-deficient HA above
800°C.35 The peaks observed for the HDPE powder are
indicative of a semicrystalline polymer.

Composite processing

Composite bars were processed with up to 60 vol %
HA whiskers and up to 50 vol % spherical HA. Occa-
sional cracking was observed perpendicular to the
direction of flow (the length of the bar) during com-
pression molding in the 50 vol % spherical HA com-
posites. Otherwise, the molded composite bars for all
volume fractions of either type of HA reinforcement
were reliably and repeatedly processed.

The ability to process composites at such a high
ceramic content was partially limited by an inability to
evaluate the mechanical properties using the proce-
dures of this study. The brittleness of the 60 vol % HA
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whisker composites prohibited machining and testing
of tensile bars without premature failure in the mill or
testing machine grips. Similarly, only one of the five
possible tensile specimens was successfully machined
and tested for 50 vol % spherical HA.

Composite mechanical properties

Exemplary stress–strain curves for the median spec-
imen in each experimental group qualitatively depict
the overall effects of the reinforcement type and vol-
ume fraction on the composite mechanical properties
in tension (Fig. 4). Figure 5 and Table I show quanti-
tative and statistical results for the elastic modulus (E),
ultimate tensile stress (UTS), and work to failure (wf)
for varying volume fraction of both HA whisker and
spherical HA reinforcements. Two-way ANOVA of all
experimental groups except 0 vol % HA is shown in
Table II. All measured mechanical properties showed
statistically significant (p � 0.05) differences for the
HA reinforcement type and volume fraction, sepa-
rately. The elastic modulus and work to failure
showed a statistically significant (p � 0.05) interaction
between the reinforcement type and volume fraction.
The ultimate tensile stress showed no such interaction.

As expected, increased reinforcement volume frac-
tion resulted in an increase in elastic modulus for
either type of reinforcement [Figs. 4 and 5(a)]. HA
whiskers provided a greater than 10� increase in the

Figure 1. Transmitted light optical micrographs of the as-
prepared starting powders: (a) commercial, spherical HA
powder; (b) HA whiskers; (c) HDPE powder.

Figure 2. Particle size distributions measured for the as-
prepared HA reinforcements, including the commercial,
spherical HA powder, and the HA whiskers.
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elastic modulus from �1 GPa in the polymer alone to
greater than 10 GPa at 50 vol % HA. For greater than
10 vol % HA, HA whiskers resulted in a higher elastic
modulus compared to the spherical HA (p � 0.0001) at
any given volume fraction.

Increased reinforcement volume fraction resulted in
an initial increase followed by a decrease in the ulti-
mate tensile stress for either type of reinforcement
[Figs. 4 and 5(b)]. A maximum ultimate tensile stress
of approximately 30 and 25 MPa for HA whiskers and
spherical HA, respectively, was achieved in the range
of 20–30 vol % HA for either type of reinforcement.

For greater than 10 vol % HA, HA whiskers resulted in
a higher ultimate tensile stress compared to the spher-
ical HA (p � 0.05) at any given volume fraction.

As also expected, increased reinforcement volume
fraction resulted in a decrease in the work to failure
for either type of reinforcement [Figs. 4 and 5(c)]. For
greater than 10 vol % HA, HA whiskers resulted in a
higher work to failure compared to the spherical HA
(p � 0.05) at any given volume fraction except for the
40 vol % groups. The large changes in work to failure
with reinforcement volume fraction, spanning three
orders of magnitude in Figure 5(c), and changes in the
shape of stress–strain curves in Figure 4 suggest that a
transition from ductile to brittle failure occurred in the
range of 30–40 vol % HA. In Figure 4, the transition
appears to occur at a higher volume fraction for HA
whiskers compared to spherical HA reinforcements,
as shown by nonlinearity and postyield strain in the
stress–strain curves, but has not been statistically ver-
ified in this study.

Table III compares the mechanical properties mea-
sured for the 20 vol % HA whisker-reinforced com-
posites to those for composites that were annealed
near the polymer melting temperature after process-
ing. No significant differences were found for any of
the mechanical properties measured (p 	 0.05). There-
fore, the polymer molecular structure, specifically the
preferred molecular orientation, had little or no effect
on the composite mechanical properties. The strength-
ening effects observed for HA whiskers over the
spherical HA were thus concluded to be solely due to
the morphology and preferred orientation of the rein-
forcement phase.

Figure 3. XRD patterns for the as-prepared starting pow-
ders, including the commercial, spherical HA, HA whiskers,
and HDPE powders. All peaks for the HA powders corre-
spond to phase-pure HA except those noted.

Figure 4. Exemplary stress–strain data for tensile tests of HA-reinforced HDPE using either HA whiskers or spherical HA
reinforcements at (a) 0, 20, and 30 vol % and (b) 30, 40, and 50 vol %. Data is shown for the median specimen in each group.
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Composite microstructure

Tensile test data suggested that the improved me-
chanical properties of the HA whisker-reinforced
composites over spherical HA was due to mechanical
anisotropy caused by the morphology and preferred
orientation of the HA whisker reinforcements. A pre-
ferred orientation of HA whiskers in the HPDE matrix
was verified by XRD on polished cross-sections of the
three orthogonal specimen directions. Figure 6 shows
XRD patterns for the three orthogonal specimen cross-
sections compared to a randomly oriented powder of
the HA reinforcements for a composite reinforced
with 40 vol % HA whiskers and spherical HA. HA
powder peaks were indexed36 and are shown for the
randomly oriented powder patterns in Figure 6. Note,
however, overlap of peaks observed for HDPE relative
to those for the HA reinforcements (Fig. 3). Previous
studies have shown that the 
002� crystallographic axis
lies along the whisker length.32 Therefore, the degree
of preferred crystallographic orientation can be seen
qualitatively by comparing the relative intensity of the
{002} peak in the pattern, that is, the intensity of the
{002} peaks relative to the most intense peak the same
pattern. The HA whisker-reinforced composite [Fig.
6(a)] shows that {002} peaks had a much higher rela-
tive intensity on the longitudinal cross-sections (top
pattern) compared to the relative intensity in the ran-
dom powder (bottom pattern) and that {002} peaks
had a lower relative intensity on the width and thick-
ness cross-sections compared to the random powder.
In contrast, XRD patterns for the spherical HA-rein-
forced composite [Fig. 6(b)] showed no discernable
changes in the {002} relative intensity in the random
powder and orthogonal specimen cross-sections.
Thus, in HA whisker-reinforced HDPE HA whiskers
were predominately aligned both crystallographically
and morphologically along the length of the compos-
ite bar and tensile specimens. In spherical HA-rein-
forced HDPE, there was no observed preferred orien-
tation of HA reinforcements, as expected.

Figure 7 shows XRD patterns for the three orthog-
onal specimen cross-sections compared to a randomly
oriented powder of the bone mineral in a healthy
human cortical bone specimen taken from the proxi-
mal end of the femoral midshaft. The {002} peaks had
a much higher relative intensity on the longitudinal

Figure 5. (a) Elastic modulus, (b) ultimate tensile strength,
and (c) work to failure measured from tensile tests of HA-
reinforced HDPE using either HA whiskers or spherical HA
reinforcements at 0–50 vol %. Error bars span the first stan-
dard error. Asterisks denote a statistically significant differ-
ence (p � 0.05) between the HA whisker and spherical HA
reinforcements at the same volume fraction.
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cross-section (top pattern) compared to the relative
intensity in the random powder (bottom pattern) and
a lower relative intensity on the width and thickness
cross-sections compared to the random powder. The
relative peak intensities of the human bone mineral
were observed to be similar to those for the HA whis-
ker-reinforced composites. Therefore, the preferred
orientation in HA whisker-reinforced composites [Fig.
6(a)] appears similar to that found in human bone
tissue (Fig. 7).

The qualitative effects of the morphology and pre-
ferred orientation of the HA whiskers on the mechan-
ical properties were also evident in the failure surfaces
of tensile specimens. SEM revealed dramatic changes
in the failure surface topography with increasing re-
inforcement volume fraction and with the different
reinforcement types. The failure surfaces for compos-
ites reinforced with 20 and 50 vol % HA demonstrate
the basic trends and are shown in Figure 8. HDPE
fibrils protruded from all failure surfaces. The size
(length and diameter) of the fibrils decreased dramat-
ically with increasing HA volume fraction for either
reinforcement type. The most sizeable differences
were observed at less than 30 vol % HA (not shown).
The length of HDPE fibrils was observed to be longer
in composites reinforced with HA whiskers relative to

spherical HA. In HA whisker-reinforced composites,
HA whiskers were observed to protrude from the
failure surfaces, as shown in Figure 9.

DISCUSSION

HDPE reinforced with HA whiskers had higher
elastic modulus (E), ultimate tensile strength (UTS),
and work to failure (wf) relative to composites rein-
forced with spherical HA (Figs. 4 and 5). As expected,
increased volume fraction of either reinforcement type
over 0–50 vol % resulted in increased elastic modulus,
a maximum in ultimate tensile stress, and decreased
work to failure (Figs. 4 and 5). Thus, HA whisker-
reinforced HDPE composites possessed improved me-
chanical properties over those reinforced with spher-
ical HA. In particular, the enhanced elastic modulus
and work to failure associated with HA whisker rein-
forcement resulted in mechanical behavior more like
that of bone tissue than the spherical reinforcements.

The elastic modulus of composites containing 30–50
vol % HA whiskers was in the range of 6–11 GPa [Fig.

TABLE III
Tensile Mechanical Properties, Including the Elastic

Modulus (E), Ultimate Tensile Stress (UTS),
and Work to Failure (wf), for HDPE Reinforced

with 20 vol % HA whiskers, Showing the Effects
of Annealing After Processinga

Group E (GPa) UTS (MPa) wf (N-mm)

As processed 4.2 (0.1) 29.6 (1.7) 203 (67)
Annealed 4.3 (0.4) 26.5 (0.6) 86 (15)
p value p 	 0.05 p 	 0.05 p 	 0.05

aReported values include the group mean with the stan-
dard error given in parentheses.

TABLE I
Tensile Mechanical Properties for HA-Reinforced HDPE Composites Including the Elastic Modulus (E),

Ultimate Tensile Stress (UTS), and Work to Failure (wf)
a

Reinforcement

E (GPa) UTS (MPa) wf (N-mm)Vol % Type

0 None 1.1 (0.1) 22.3 (0.1) NA
10 HA whiskers 2.5 (0.1) 27.3 (0.5) 785.0 (105.5)
10 Spherical HA 2.2 (�0.1) 25.2 (1.1) 315.8 (168.7)
20 HA whiskers 4.2 (0.1) 29.6 (1.7) 202.9 (66.6)
20 Spherical HA 3.0 (0.1) 25.7 (1.1) 65.1 (9.9)
30 HA whiskers 6.5 (0.2) 29.1 (0.6) 50.1 (7.1)
30 Spherical HA 5.3 (0.1) 26.1 (1.6) 30.2 (4.8)
40 HA whiskers 8.4 (0.3) 21.0 (1.0) 10.7 (1.8)
40 Spherical HA 6.4 (0.2) 17.9 (0.6) 9.0 (2.7)
50 HA whiskers 10.8 (0.4) 16.2 (0.3) 4.2 (0.3)
50 Spherical HA 8.3 10.5 2.1
aReported values include the group mean with the standard error given in parentheses. NA, not applicable.

TABLE II
Statistical Results of Two-Way ANOVA for the Elastic

Modulus (E), Ultimate Tensile Stress (UTS),
and Work to Failure (wf) Grouping for the
Reinforcement Type and Volume Fraction

Grouping E UTS wf

HA reinforcement type p � 0.0001 p � 0.0002 p � 0.0117
HA volume fraction p � 0.0001 p � 0.0001 p � 0.0001
HA type � volume

fraction p � 0.0001 p � 0.8183 p � 0.0109
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5(a)], which corresponds to the range of values for
human cortical bone. Recall that the longitudinal and
transverse elastic moduli for human cortical bone are
17–27 and 6–13 GPa, respectively.1,6,7 The longitudinal
elastic modulus of the composites of this study

reached values for the transverse modulus of cortical
bone. Thus, significant improvements are still needed.
Nonetheless, this work comprises a significant step
forward for particulate-reinforced polymers processed
by conventional techniques. Further improvements
are expected to be achieved by tailoring the whisker
morphology and preferred orientation and using
other polymer matrices.

The stress–strain data for composites containing 30
vol % HA whiskers (Fig. 4), for example, looked like
that for bone tissue, including nonlinearity and a
strain to failure greater than 1%. Note, however, that
bone achieves this behavior at approximately 50 vol %
reinforcement.7 This difference shows the effect of
chemical coupling that exists between collagen and
bone mineral, whereas the composites produced in
this study possessed only mechanical coupling be-
tween the HDPE and HA, as was also noted in previ-
ous works.13,14

The mechanical anisotropy of the HA whisker-rein-
forced composites was the result of a preferred crys-
tallographic and morphological orientation of the
whiskers in the polymer matrix (Fig. 6). HA whiskers
were predominately aligned along the direction of
flow during molding of the polymer matrix. This pre-
ferred orientation was qualitatively observed to be
similar to that found in human cortical bone. The
preferred orientation of bone mineral is known to
result from physiological stimuli that originate with
mechanical loading.37–39 In the HA whisker-reinforced

Figure 6. XRD patterns for composites reinforced with 40 vol % (a) HA whiskers and (b) spherical HA, showing the degree
of preferred crystallographic orientation of the HA reinforcements. The specimen cross-section is shown schematically on the
left of each pattern and {002} peaks are highlighted.

Figure 7. XRD patterns for a human cortical bone speci-
men taken from the proximal end of the femoral midshaft,
showing the degree of preferred crystallographic orientation
of the bone mineral. The specimen cross-section is shown
schematically on the left of each pattern and {002} peaks are
highlighted.
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composites, whisker alignment was induced during
processing by shear stresses acting along the flow field
as the material extruded in the forge mold. In a sub-
sequent article we will report the stiffness coefficients
of HA whisker-reinforced composites and correlate
these to quantitative measurements of the preferred
orientation.

This work also facilitates a unique means to study
the structure and function of bone tissue. Several fun-
damental questions may be addressed through biomi-
metic materials such as HA whisker-reinforced com-

posites. What is the relationship between the bone
mineral content, morphology and preferred orienta-
tion, and the tissue properties? What is the minimum
hierarchical scale at which overall material properties
similar to those measured for cortical bone can be
obtained? What are the role and effects of the interface
between collagen and bone mineral on the overall
mechanical properties?

A novel processing technique for particulate com-
posites was also demonstrated in this study. In con-
trast to previous works, the reinforcement phase and

Figure 8. SEM micrographs showing the failure surface of composites reinforced with (a) 20 vol % HA whiskers, (b) 20 vol
% spherical HA, (c) 50 vol % HA whiskers, and (d) 50 vol % spherical HA. The boxed area in (a) is shown at higher
magnification in Fig. 9.
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matrix were co-dispersed and co-consolidated in pow-
der form prior to the compression molding step. This
approach is believed to have resulted in improved
dispersion of reinforcement phase within the matrix
relative to more traditional techniques such as com-
pounding,11–14 especially at high reinforcement vol-
ume fractions. Indeed, higher-volume fractions of HA
were able to be processed in this study relative to
previous works for HA-reinforced polyethylene.11–14

Further, while other factors cannot be ruled out, the
elastic modulus for the spherical HA-reinforced com-
posites of this study was measured to be greater than
that reported for composites in previous works at the
same HA volume fraction.

In summary, synthetic HA whiskers have been uti-
lized as a new, biocompatible reinforcement for ortho-
pedic biomaterials. The use of HA whiskers to engi-
neer new biomaterials with a preferred orientation of
reinforcements and tailored mechanical anisotropy is
hoped to provide more than a biomimetic novelty.
Through control of the size, aspect ratio, volume frac-
tion, and preferred orientation of the HA whiskers
within a matrix material, anisotropic and enhanced
mechanical properties can be achieved and tailored to
the implant site. The stiffness anisotropy in HA whis-
ker-reinforced composites could enable matching of
the anisotropy present in human cortical bone,
thereby eliminating or greatly decreasing the problem
of stress shielding for synthetic orthopedic implant
materials. Consequently, a variety of matrix materials
for a range of potential applications are being ex-
plored.
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