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Reinforcements
Hydroxyapatite (HA) whisker reinforced polyetheretherketone (PEEK) composites have
been investigated as bioactive materials for load-bearing orthopedic implants with tai-
lored mechanical properties governed by the volume fraction, morphology, and preferred
orientation of the HA whisker reinforcements. Therefore, the objective of this study was
to establish key structure-property relationships and predictive capabilities for the design
of HA whisker reinforced PEEK composites and, more generally, discontinuous short
fiber-reinforced composite materials. HA whisker reinforced PEEK composites exhibited
anisotropic elastic constants due to a preferred orientation of the HA whiskers induced
during compression molding. Experimental measurements for both the preferred orienta-
tion of HA whiskers and composite elastic constants were greatest in the flow direction
during molding (3-axis, C33), followed by the transverse (2-axis, C22) and pressing (1-
axis, C11) directions. Moreover, experimental measurements for the elastic anisotropy
and degree of preferred orientation in the same specimen plane were correlated. A
micromechanical model accounted for the preferred orientation of HA whiskers using
two-dimensional implementations of the measured orientation distribution function
(ODF) and was able to more accurately predict the orthotropic elastic constants com-
pared to common, idealized assumptions of randomly oriented or perfectly aligned rein-
forcements. Model predictions using the 3-2 plane ODF, and the average of the 3-1 and
3-2 plane ODFs, were in close agreement with the corresponding measured elastic con-
stants, exhibiting less than 5% average absolute error. Model predictions for C11 using
the 3-1 plane ODF were less accurate, with greater than 10% error. This study demon-
strated the ability to accurately predict differences in orthotropic elastic constants due to
changes in the reinforcement orientation distribution, which will aid in the design of HA
whisker reinforced PEEK composites and, more generally, discontinuous short fiber-
reinforced composites. [DOI: 10.1115/1.4005421]
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1 Introduction

The mechanical properties of discontinuous, short fiber-
reinforced composite materials are governed by the volume frac-
tion, morphology, and arrangement of the reinforcement phase.
The ability to predict and tailor the elastic properties of composite
biomaterials is important for implant design. For example, an

implant of greater stiffness relative to the peri-implant tissue can
lead to stress shielding, osteolysis, and failure due to loosening
[1–4]. On the other hand, an overly compliant implant may fail
due to an inability to bear the required levels of load [4,5]. The
implant stiffness may be designed considering both the implant
geometry and material properties. Due to dimensional constraints
imposed by human anatomy, material properties may be desired
to match or slightly exceed those of the host tissue.

Hydroxyapatite (HA) reinforced polyetheretherketone (PEEK)
composites have been investigated for use in load-bearing
orthopedic applications [6–8]. PEEK is biocompatible, bioinert,
radiolucent, and exhibits high strength and similar compliance to
bone. These favorable properties have contributed to clinical use
in interbody cages and posterior pedicle fixation rods for spinal
fusion, as well as femoral stems in total hip arthroplasty [8–11].
However, PEEK alone is not bioactive but encapsulated by fibrous
tissue rather than direct bone apposition [7,12]. Therefore, in
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spinal fusion, for example, autograft or recombinant human bone
morphogenetic protein (e.g., rhBMP-2) is required for osteointe-
gration [9]. There is also limited ability to tailor the mechanical
properties of PEEK for a particular implant design or to match the
peri-implant tissue. HA reinforcements provide bioactivity and
the ability to tailor the mechanical properties of PEEK through
control of the reinforcement volume fraction, morphology, and
preferred orientation [7].

Dense and porous PEEK composites reinforced with HA
whiskers have achieved mechanical properties similar to those of
cortical and trabecular bone, respectively [13–15]. Dense HA
whisker reinforced PEEK composites exhibited a preferred orien-
tation of the HA whiskers with respect to the flow direction during
compression molding and anisotropic elastic constants [13].
A micromechanical model that accounted for the orientation dis-
tribution of HA whiskers in similar high density polyethylene
(HDPE) composites was shown to more accurately predict the
magnitude and anisotropy of elastic constants compared to
common assumptions of randomly oriented or perfectly aligned
reinforcements [16]. The orientation distribution of the single
crystal HA whiskers was measured using quantitative X-ray tex-
ture analysis [13,16], which is the most common and accurate
method to measure the preferred orientation of grains in polycrys-
talline materials and single crystal reinforcements in composite
materials [17]. The degree of preferred orientation is measured by
differences in the relative integrated intensity of crystallographic
reflections in X-ray diffraction (XRD) spectra for textured versus
randomly oriented specimens. Measurements taken over the entire
orientation space are interpolated to calculate an orientation distri-
bution function (ODF), which is a statistical function describing
the relative probability for a volume of crystals having a given
angle of misorientation [17]. Synthetic and biological HA has a
hexagonal crystal structure and the 001 crystallographic direction,
or c-axis, is coincident with the long axis of HA whiskers
[18–20]. Therefore, quantitative measurement of a 001 crystallo-
graphic texture for HA is equivalent to the morphological texture,
that is, the alignment of HA whisker long axes, and the ODF can
be used as a weight function to average the contribution of misor-
iented representative volume elements (RVEs) when calculating
effective elastic constants [16,21].

The aims of this study were to (1) characterize the preferred ori-
entation of HA whiskers within the PEEK matrix of bone-mimetic
composites using quantitative X-ray texture analysis, (2) correlate
measurements of the preferred orientation of HA whiskers with
the elastic anisotropy of the composites, and (3) predict the aniso-
tropic elastic constants using a micromechanical model account-
ing for the volume fraction, morphology, and preferred orientation
of HA whiskers in the PEEK matrix. These aims contributed to a
broader objective to establish key structure-property relationships
and predictive capabilities for the design of HA whisker rein-
forced PEEK composites and, more generally, discontinuous short
fiber-reinforced composite materials.

2 Materials and Methods

2.1 Composite Processing. A total of fifteen, 2.6� 5� 5 mm
specimens were machined from HA reinforced PEEK composite bars
containing 10, 20, 30, 40, or 50 vol. % HA whiskers (Fig. 1(a)).
Composites were manufactured using methods described in detail
elsewhere [13]. Briefly, HA whiskers were synthesized using the che-
late decomposition method [22,23] and exhibited a length of 21.6
(þ16.9/�9.5) lm, a width of 2.8 (þ0.8/�0.6) lm, and an aspect ratio
of 7.6 (þ5.7/�3.2), where the reported values correspond to the mean
(6 standard deviation) of a log-normal distribution [13]. As-
synthesized HA whiskers and a commercially available PEEK powder
(150XF, Victrex USA Inc., Greenville, SC) were codispersed in etha-
nol, dried, cold-pressed into a powder compact, and then compression
molded into 2.6� 10� 125 mm composite bars in an open channel
die at 345–350 �C. A Cartesian coordinate system was employed with

the 1, 2, and 3 specimen axes coincident with the press, transverse,
and flow directions during molding, respectively (Fig. 1(a)).

2.2 Composite Elastic Constants. Elastic constants were
measured in each of the three orthogonal specimen axes using the
pulse-transmission method for ultrasonic wave propagation, as
described in detail elsewhere [13]. The first three elastic constants
(C11, C22, and C33) from the main diagonal of the reduced fourth-
order stiffness tensor were measured as

Cii ¼ q � v2
ii i ¼ 1; 2; 3ð Þ (1)

where q is the apparent density of the specimen and vii is the wave
velocity in the ith specimen direction. The apparent density of
each specimen was measured by Archimedes principle as

qapp ¼
M

M � s
� qw (2)

where M is the mass of the specimen when saturated with deion-
ized water, S is the apparent mass when suspended in deionized
water, and qw is the density of deionized water [24]. The ultra-
sonic wave velocity was measured using a pulse generator and
2.25 MHz transducers (Models 5800 and V106RM, Panametrics,
Inc., Waltham, MA) as vii¼ di/Dt, where di is the specimen
dimension measured using digital calipers (6 0.01 mm accuracy)
and Dt is the time delay for wave transmission measured using an
oscilloscope (6 10 ns accuracy). Deionized water was used as a
couplant.

Fig. 1 (a) HA whisker reinforced PEEK specimens were sec-
tioned from the center of compression molded composite bars
with the 1, 2, and 3 specimen axes coincident with the press,
transverse, and flow directions, respectively, during compres-
sion molding. (b) For pole figure measurements using XRD, the
specimen was positioned using a 1=4-circle Eulerian cradle goni-
ometer with the 1, 2, and 3 specimen axes initially aligned with
the x-, y-, and z-axes of the goniometer, respectively. The Bragg
angles, 2h (2h 5 h1 1 h2), tilt angle, v, and rotation angle, /, cor-
respond to rotations about the goniometer axes. (c) Stereo-
graphic projection showing the showing specimen axes and
Euler angles. Dashed lines show 2D implementations of the
ODF in the 3-1 and 3-2 specimen planes for use in the microme-
chanical model. The 3-T ODF was averaged about /. A scalar
measure of the degree of preferred orientation was taken as the
volume fraction of HA whiskers with c-axes oriented within
30 deg of the 1, 2, and 3 specimen axes, as shown.
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Elastic anisotropy ratios were defined as the ratio of elastic
constants in the 3-1 and the 3-2 specimen planes. The elastic ani-
sotropy ratio in the 1-2 plane was not independent of the other
two ratios and was therefore omitted from analyses. A 3-T elastic
anisotropy ratio was calculated as the mean of the 3-1 plane and
3-2 plane anisotropy ratios to account for an assumption of trans-
verse isotropy in which the transverse elastic constants (1-2 plane)
were constrained to be equal.

2.3 HA Whisker Aspect Ratio. The aspect ratio of HA
whiskers in a thermoplastic matrix was previously shown to be
degraded during compression molding [16]. Therefore, the aspect
ratio of HA whiskers after compression molding was measured by
ashing specimens at 600 �C to pyrolize the PEEK matrix without
altering the HA whisker morphology. Microscopy slides were
prepared by ultrasonically dispersing a 30 mg sample of the resid-
ual HA whiskers in 10 mL of ethanol and pipetting drops of the
dispersion onto a microscope slide placed in an oven at 90 �C to
quickly evaporate the ethanol. The length and width of HA
whiskers were measured using standard stereological methods on
digitized images (ImageJ, National Institutes of Health) taken at
400�magnification with a transmitted light microscope (Eclipse
ME600, Nikon Instruments, Inc., Melville, NJ). A 9� 12 square
grid was digitally overlaid using the image analysis software to
facilitate random selection of HA whiskers located at grid nodes.
The aspect ratio was calculated by dividing the whisker length by
the width for a total of 500 whiskers per sample for composites
reinforced with 10–50 vol. % HA whiskers.

2.4 HA Whisker Orientation Distribution. The orientation
distribution of single crystal HA whiskers was measured for each
specimen by quantitative texture analysis using an X-ray diffrac-
tometer equipped with an area detector (D8 Discover with general
area detector diffraction system (GADDS), HI-STAR, Bruker
AXS, Inc., Madison, WI). The specimen face normal to the 3-axis
was polished to a 3 lm finish using a series of diamond com-
pounds. Specimens were mounted on a 1=4-circle Eulerian cradle
goniometer that allowed accurate 6-axis positioning of the pol-
ished specimen face normal to the 3-axis (Fig. 1(b)). Monochro-
matic Cu Ka radiation was generated at 40 kV and 40 mA, and
focused on the specimen face by a 0.5 mm diameter pinhole colli-
mator with the assistance of a laser-video microscope. The sample
to detector distance was set at 15 cm.

Pole figures were measured for specimens by XRD using the
scheme summarized in Table 1. The h1 and h2 goniometer angles
were each set to 27.5 deg such that the center of the detector was
at 2h¼ 55 deg. This allowed for simultaneous measurement of
pole figures for the 222 (2h¼ 46.711 deg), 213 (2h¼ 49.468 deg),
and 004 (2h¼ 53.143 deg) crystallographic reflections. These
crystallographic reflections were selected for their relative inten-
sity, separation from neighboring peaks, and location in the orien-
tation space. Two-dimensional (2D) X-ray spectra were measured
in scanning mode for 12 deg increments in / at v¼ 73 deg for
3 min/frame and for 9 deg increments in / at v¼ 40 deg for 6 min/

frame (Table 1). The specimens were oscillated in the 1-2 plane
during scans to maximize the sampled specimen volume while
maintaining a constant diffraction plane. Pilot studies verified that
this data collection scheme provided adequate resolution and pole
sphere coverage for accurate and precise construction of pole
figures.

Experimental pole figures were constructed from the X-ray
spectra by integrating the 2D frames in 2h over each peak of inter-
est after subtracting the background intensity (GADDS v4.1). Pole
figures were interpolated and subsequently normalized by pole
figures measured for composite specimens reinforced with ran-
domly oriented, equiaxed HA powder reinforcements. ODFs were
calculated from the normalized pole figures by the arbitrarily
defined cells (ADC) method (LaboTex, v2.1, LaboSoft s.c.,
Poland). Finally, pole figures and inverse pole figures were recal-
culated from ODFs and plotted to show the orientation distribu-
tion. A scalar measure of the degree of preferred orientation was
taken as the volume fraction of HA whiskers with c-axes oriented
within 30 deg of the 1, 2, and 3 specimen axes and termed the ori-
ented crystal fraction (Fig. 1(c)). For correlation with the elastic
anisotropy ratios, oriented crystal ratios were defined as the ratio
of the oriented crystal fractions in the 3-1 and 3-2 planes.

2.5 Micromechanical Model. A micromechanical model
(Fig. 2) was adapted from previous studies [16,21]. Briefly, elastic
constants for a RVE comprising discontinuous, aligned square
fiber reinforcements (HA whiskers) within a continuous PEEK
matrix were modeled using Halpin-Tsai equations [25]. Halpin-
Tsai equations accounted for the elastic constants and known vol-
ume fractions of the constituent phases, as well as the measured
aspect ratio of HA whiskers at each reinforcement level. Isotropic
elastic constants for the PEEK matrix were measured using ultra-
sonic wave propagation on unreinforced PEEK specimens, and
elastic constants for HA single crystals were taken from data in
the literature [26]. Effective elastic constants for HA whisker rein-
forced PEEK composites were then calculated by averaging the
weighted contribution of all misoriented RVEs by the experimen-
tally measured ODF as

�C ¼
Ð

CRVEðR; hÞ � f ðRÞ � gðhÞ � dR � dh
Ð

f ðRÞ � gðhÞ � dR � dh
(3)

where R is the HA whisker aspect ratio, h is the angle of misorien-
tation between the specimen 3-axis and HA whisker c-axes, f(R)
is the aspect ratio distribution, g(h) is the ODF, and CRVE(R,h) is
the stiffness tensor computed for the misoriented RVE in the sam-
ple coordinate system after tensor transformation through h. The
prediction of orthotropic and transversely isotropic elastic

Table 1 XRD data collection scheme for pole figures meas-
uring the preferred orientation of single crystal HA whiskers in
the PEEK matrix. The Bragg angles, 2h (2h 5 h1 1 h2), tilt angle,
v, and rotation angle, /, are shown schematically in Fig. 1(b)

h1

(deg)
h2

(deg) (v deg)
D/

(deg) Frames
Time/frame

(min) Reflection
2h

(deg)

27.5 27.5 73 12 30 3 222 46.711
213 49.468
004 53.143

27.5 27.5 40 9 40 6 222 46.711
213 49.468
004 53.143

Fig. 2 Schematic diagram of the micromechanical model used
to predict the anisotropic elastic constants of HA whisker rein-
forced PEEK composites. Structural parameters in italics were
experimentally measured
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constants was facilitated by computing 2D ODFs for the 3-1, 3-2,
and 3-T specimen planes from the measured three-dimensional
(3D) ODF (Fig. 1(c)). Model predictions for elastic constants in
the transverse plane using ODFs for the 3-1, 3-2, and 3-T speci-
men planes were compared to experimental measurements for
C11, C22, and their average, CT, respectively.

2.6 Statistical Methods. Two-way analysis of variance
(ANOVA, STATVIEW 5.0.1, SAS Institute, Inc., Cary, NC) was used
to examine the effects of the reinforcement volume fraction and
specimen axis on the measured elastic constants and oriented crys-
tal volume fractions. Post hoc comparisons were performed using a
Tukey–Kramer test. One-way ANOVA with a Tukey–Kramer post
hoc test was used to examine the effect of the reinforcement
volume fraction on the HA whisker aspect ratio measured after
compression molding. Linear least squares regression was used to
correlate elastic anisotropy ratios with the oriented crystal ratios
and elastic constant magnitudes with the corresponding microme-
chanical model predictions. Paired and unpaired Student’s t-tests
were used to compare experimental data to model predictions. The
level of significance for all tests was set at p< 0.05.

3. Results

3.1 Experimental Results. Elastic constants in all three spec-
imen axes increased significantly with increased HA volume frac-
tion (p< 0.0001, ANOVA), as expected (Fig. 3, Table 2). Elastic
constants also exhibited orthotropy at reinforcement levels greater
than 20 vol. % with C33>C22>C11 (p< 0.05, Tukey–Kramer)
(Fig. 3). The C33/C11 elastic anisotropy ratio was significantly
greater than C33/C22 (p< 0.0001, ANOVA), and both were not de-
pendent on the HA volume fraction (p¼ 0.37, ANOVA) (Table 2).

The HA whisker aspect ratio distribution in compression molded
composites was log-normal ranging from 1 to 8. The mean
(6 standard deviation) aspect ratio was degraded from 7.6 (þ5.7/
�3.2) as-synthesized to 2.5 (þ1.2/�0.8) in compression molded
PEEK composites pooled across all HA volume fractions. The mean
aspect ratio of compression molded composites with 20 vol. % HA
whiskers was statistically different (p< 0.05, Tukey–Kramer) from
other reinforcement levels, but the magnitude of all differences was
less than 0.2.

Pole figures for the 001, 010, and 100 crystallographic direc-
tions revealed that HA whiskers in the PEEK matrix exhibited a
c-axis (001) preferred orientation in the specimen 3-axis as a
result of the composite processing (Fig. 4). Therefore, the overall
orientation distribution exhibited a 001 fiber texture, but a rela-
tively weak 001 sheet texture was also evident in the 3-2 plane.
The oriented crystal volume fraction was not correlated with the
HA volume fraction (p¼ 0.58, ANOVA) and was therefore
pooled across all reinforcement levels for each specimen axis.
The oriented crystal fraction was greatest in the 3-axis, followed
by the 2-axis and 1-axis (p< 0.0001, ANOVA) (Fig. 5).

Elastic anisotropy ratios were strongly correlated with oriented
crystal ratios when data for the 3-1 and 3-2 planes were pooled
(p< 0.0001, R2¼ 0.60) (Fig. 6). Considered separately, elastic an-
isotropy in the 3-1 plane exhibited a relatively strong correlation
(p< 0.05, R2¼ 0.33) with the corresponding oriented crystal ratio,
and the 3-2 plane exhibited a relatively weak correlation
(p¼ 0.08, R2¼ 0.22).

3.2 Micromechanical Model Predictions. Micromechanical
model predictions using the aspect ratio distribution were not sig-
nificantly different compared to predictions using the mean aspect
ratio; therefore, all results and predictions below utilized the mean
aspect ratio. Micromechanical model predictions for the longitudi-
nal (C33) and transverse (C11, C22, or the average, CT) elastic con-
stants were generated based upon each 2D implementation of the
ODF (3-1 plane, 3-2 plane, and average 3-T), as well as idealized
assumptions of randomly oriented or perfectly aligned HA
whiskers. Model predictions using the measured ODFs more accu-
rately predicted the experimental data compared to either of the
common idealized assumptions, based upon the average absolute
error (Table 3). Moreover, C33 was accurately predicted using any
of the 2D implementations of the ODF. Model predictions for C22

using the 3-2 plane ODF were also accurate, but model predic-
tions for C11 using the 3-1 plane ODF were less accurate, with
greater than 10% error.

Fig. 3 Elastic constants measured in each of the three princi-
pal specimen axes (C11, C22, and C33) of PEEK composites
increased with increased HA whisker volume fraction
(p < 0.0001, ANOVA) and exhibited orthotropic symmetry at rein-
forcement levels greater than 20 vol. %, with C33 > C22 > C11

(*p < 0.05, Tukey–Kramer). Error bars show one standard devia-
tion. Experimental data are given in Table 2.

Table 2 Mean (6 standard deviation) elastic constants (C11,
C22, and C33) and anisotropy ratios (C33/C11 and C33/C22) meas-
ured for HA whisker reinforced PEEK composites

HA content
(vol. %) C11 (GPa) C22 (GPa) C33 (GPa) C33/C11 C33/C22

10 10.0 (0.6) 11.7 (0.3) 12.3 (0.3) 1.23 (0.05) 1.05 (0.01)
20 12.1 (1.0) 13.5 (0.4) 14.9 (0.5) 1.23 (0.06) 1.10 (0.07)
30 15.1 (0.7) 17.1 (0.6) 19.2 (0.4) 1.27 (0.04) 1.12 (0.05)
40 18.7 (0.3) 20.8 (0.2) 22.7 (0.3) 1.21 (0.03) 1.09 (0.02)
50 21.9 (0.7) 26.0 (1.1) 29.8 (1.4) 1.36 (0.06) 1.14 (0.02)

Fig. 4 Representative recalculated pole figures for a PEEK
composite reinforced with 50 vol. % HA whiskers showing a c-
axis (001) preferred orientation in the specimen 3-axis. There
was also a weaker c-axis (001) preferred orientation in the spec-
imen 2-axis relative to the 1-axis. The orientation distribution is
shown in units of multiples of a random distribution (MRD),
where MRD 5 1 corresponds to a random distribution
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Linear least squares regression showed strong correlations
between model predictions which employed measured ODFs and
corresponding experimental data (Fig. 7). The slope and intercept
of regression lines were not statistically different from unity and
zero, respectively, for predictions of the longitudinal elastic con-
stant using any ODF and predictions of the transverse elastic con-
stant using the 3-2 plane ODF (slope: p> 0.20, intercept:
p> 0.17) (Fig. 7). A slope of unity and intercept of zero indicates
an exact prediction of the experimental data. Model predictions of
C33 using the 3-1 plane ODF (p¼ 0.09, paired t-test) and C22

using the 3-2 plane ODF (p¼ 0.79, paired t-test) were not statisti-
cally different from experimental data. All other predictions
exhibited statistically significant differences from experimental
data (p< 0.05, paired t-test) though the average error may have
been less than 5% (Fig. 7).

Micromechanical model predictions were also compared to ex-
perimental data at each reinforcement level (Fig. 8). Experimental
data and model predictions using measured ODFs were located at
or between the upper and lower bounds represented by model pre-
dictions assuming perfectly aligned and randomly oriented HA
whiskers. Interestingly, model predictions for C33 using each 2D
implementation of the ODF were not significantly different from

experimental data at 20, 40, and 50 vol. % HA reinforcement, but
were significantly different from the experimental data at 10 and 30
vol. % HA reinforcement (Fig. 8). At all reinforcement levels, ex-
perimental data for C11 and C22 were not statistically significantly
different from model predictions assuming perfectly aligned HA or
randomly oriented HA whiskers, respectively.

4 Discussion

This study demonstrated predictive capability for processing
structure-property relationships in the design of HA whisker rein-
forced PEEK composites and, more generally, discontinuous short
fiber-reinforced composites. Compression molding resulted in a
preferred orientation of single crystal HA whiskers within the
PEEK matrix. The preferred orientation was quantitatively char-
acterized by an ODF (Fig. 4). The ODF was used in a microme-
chanical model to calculate the weighted average of misoriented
RVEs (Eq. 3), which enabled significantly improved predictive
capability over common idealized assumptions for reinforcement
orientation within an RVE (Table 3).

HA whiskers were aligned by shear forces acting in directions
of flow during compression molding of the viscous PEEK melt.
Therefore, the preferred orientation of HA whiskers was greatest
in the flow direction (3-axis), followed by the transverse (2-axis)
and pressing (1-axis) directions (Figs. 1(a), 4, and 5). The pre-
dominance of the c-axis fiber texture in the specimen 3-axis was
consistent with previous investigations of compression molded
HA whisker reinforced PEEK [13] and HDPE [16] composites.
Alignment of elongated reinforcements in directions of flow
during injection and compression molding has also been charac-
terized in short fiber-reinforced composites [27–30]. Through-
thickness variation in the orientation distribution is common in
short fiber-reinforced composites and was likely present in this
study but was effectively averaged by the ODF measurement
scheme. This simplification would be expected to have the great-
est effect on predictions for C11 and may have been responsible
for the greater inaccuracy of predictions for C11 in this study
(Table 3, Figs. 7 and 8). Through-thickness variation in the pre-
ferred orientation could be modeled as a trilayer laminate with a
more highly oriented skin and a less oriented core. Nonetheless,
micromechanical model predictions for C11 were reasonably accu-
rate despite assuming through-thickness homogeneity.

The measured orthotropic elastic constants were correlated to
the HA whisker preferred orientation (Fig. 6). Elastic constants
were greatest in the flow direction (3-axis), followed by the trans-
verse (2-axis) and pressing (1-axis) directions (Figs. 1(a) and 3).
PEEK composites reinforced with 30–50 vol. % HA whiskers
exhibited similar elastic constant magnitudes but less anisotropy
(Fig. 3, Table 2) compared to the range exhibited by human corti-
cal bone tissue [31,32]. Therefore, the elastic anisotropy of HA

Fig. 5 The volume fraction of HA whisker crystals in the PEEK
matrix oriented within 30 deg of each specimen axis was great-
est in the 3-axis, followed by the 2-axis and 1-axis. Data was
pooled across all reinforcement levels. Error bars show one
standard deviation. Asterisks indicate a statistically significant
difference from all other axes (p < 0.05, Tukey–Kramer)

Fig. 6 The measured elastic anisotropy ratio of PEEK compo-
sites increased with an increased preferred orientation of HA
whiskers, as measured by the oriented crystal ratio

Table 3 Average absolute error between micromechanical
model predictions and experimental measurements of elastic
constants and anisotropy ratios using various implementations
of 2D ODFs or idealized assumptions. Note that model predic-
tions for elastic constants in the transverse plane using ODFs
for the 3-1, 3-2, and 3-T specimen planes were compared to ex-
perimental measurements for C11, C22, and their average, CT,
respectively

Average absolute error (%)

ODF used in model C33 CT C33/CT

Measured 3-1 Plane 3.6 11.5 12.4
3-2 Plane 4.7 2.9 4.1

Average 3-T 4.0 4.8 7.5
Idealized Randomly oriented 7.5 8.8 14.8

Perfectly aligned 13.7 5.7 20.4
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whisker reinforced PEEK composites may be tailored by control-
ling the preferred orientation of HA whiskers. This could be
achieved in practice by increasing the flow rate during compres-
sion molding to increase the shear forces acting to align the HA
whiskers, or by changing the mold geometry to encourage or
restrict flow.

Correlation of the oriented crystal ratio and elastic anisotropy
ratio in the 3-1 plane alone and the pooled data was statistically
significant with coefficient of determination (R2) of 0.22 and 0.60,
respectively, while in the 3-2 plane the relationship was not statis-
tically significant (p¼ 0.08, R2¼ 0.22) (Fig. 6). The strength of
these correlations was limited by the number of specimens, as
well as the small specimen volume sampled during X-ray diffrac-
tion compared to the total specimen volume. The entire polished
specimen face was exposed to X-rays, but X-ray penetration
depths are typically on the order of 100–500 lm [33]. Therefore,
less than 10% of total specimen volume was sampled when meas-
uring the ODF, whereas ultrasonic wave propagation sampled the
entire specimen volume for elastic constants. The coefficient of
variation for measurements of the oriented crystal ratio was 0.29
in the 3-1 plane and 0.20 in the 3-2 plane, which suggests that the
structure-property correlation with anisotropy ratios could be
improved if greater specimen volume were sampled. A larger
specimen volume could be sampled by averaging texture measure-
ments on serial sections. Neutron diffraction would also sample a
greater volume due to an increased penetration depth compared to
X-ray diffraction [17] but is limited in availability and requires
long collection times.

The micromechanical model was able to predict orthotropic
elastic constants using 2D implementations of the measured ODF
in the 3-1 plane, 3-2 plane, and their average 3-T (Fig. 8). Model
predictions using the 3-2 plane ODF and the average 3-T ODF
were in close agreement with the corresponding experimentally

measured elastic constants and more accurate compared to
predictions using common idealized assumptions of randomly
oriented or perfectly aligned reinforcements (Table 3, Fig. 8).
However, model predictions for C11 using the 3-1 plane ODF
were less accurate, often falling near the upper bound predicted
using an assumption of randomly oriented HA whiskers (Table 3,
Fig. 8). This error was not likely due to the 2D implementation
of the ODF. As discussed above, through-thickness variation in
the preferred orientation of HA whiskers likely resulted in a
more highly oriented skin and a less oriented core that would be
expected to most greatly influence C11, but was not accounted
for in this study. An assumption of perfect bonding between the
matrix and reinforcements was implicit to the Halpin-Tsai equa-
tions and may have also contributed disproportionately to error in
the prediction of C11 due to the narrow width of oriented HA
whiskers. Another possible contribution to error in the prediction
of C11 was that the PEEK matrix was assumed to be isotropic.
The elastic constants for unreinforced PEEK, prepared and meas-
ured using the same methods as this study, were previously
reported to be equivalent in the 3-2 plane, but C11 was slightly
decreased [13]. Weak anisotropy in the PEEK matrix may have
been due to alignment and/or crystallization of molecular chains
during molding. This would also explain the proximity of meas-
urements for C11 (3-1 plane) and C22 (3-2 plane) to model pre-
dictions assuming perfectly aligned and randomly oriented
reinforcements, respectively.

The use of 2D implementations of the measured 3D ODF in the
micromechanical model could be considered an advantage or a li-
mitation. The 2D implementations simplified calculations by
requiring only one misorientation angle and obviating the need to
integrate over the entire Euler space. Considering a standard 5 deg
discretization of the ODF, this amounts to a computational differ-
ence of averaging 19 points in orientation space versus 18,031

Fig. 7 Linear least squares regression revealed a strong correlation between micromechanical model predic-
tions using 2D implementations of the measured ODF (3-1 plane, 3-2 plane, and average 3-T) and the corre-
sponding experimental data (p < 0.0001, R2 > 0.98). Model predictions of C33 using the 3-1 plane ODF (p 5 0.09,
paired t-test) and C22 using the 3-2 plane ODF (p 5 0.79, paired t-test) were not statistically different from experi-
mental data. All other predictions exhibited statistically significant differences from experimental data (p < 0.05,
paired t-test) though the average error may have been less than 5%
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points. On the other hand, each 2D implementation was limited to
making predictions in two directions, while the third was
neglected. The micromechanical model can be readily extended in
future work to integrate over the entire 3D ODF, enabling predic-
tion of all three orthotropic elastic properties in a single model
[34–36]. The accuracy of predictions using the full 3D ODF com-
pared to those in this study would provide interesting insight into
the importance and incorporation of orientation information in
micromechanical models.

5 Conclusions

HA whisker reinforced PEEK composites exhibited aniso-
tropic elastic constants due to the preferred orientation of the HA
whiskers induced during compression molding. Experimental
measurements for both the preferred orientation of HA whiskers
and composite elastic constants were greatest in the flow direc-
tion during molding (3-axis), followed by the transverse (2-axis)
and pressing (1-axis) directions. Moreover, experimental meas-
urements for the elastic anisotropy and degree of preferred orien-
tation in the same specimen plane were correlated. A
micromechanical model accounted for the preferred orientation
of HA whiskers using 2D implementations of the measured ODF
and was able to more accurately predict the orthotropic elastic
constants compared to common, idealized assumptions of ran-
domly oriented or perfectly aligned reinforcements. Model pre-
dictions using the 3-2 plane ODF and the average 3-T ODF were
in close agreement with the corresponding measured elastic con-
stants, exhibiting less than 5% average absolute error. Model pre-

dictions for C11 using the 3-1 plane ODF were less accurate, with
greater than 10% error. This study demonstrated the ability to
accurately predict differences in orthotropic elastic constants due
to changes in the reinforcement orientation distribution, which
will aid in the design of HA whisker reinforced PEEK compo-
sites and, more generally, discontinuous short fiber-reinforced
composites.
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