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Effects of fiber length and volume fraction on the
reinforcement of calcium phosphate cement
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A self-setting calcium phosphate cement (CPC) transforms into solid hydroxyapatite during
setting at body temperature, and has been used in a number of medical and dental
procedures. However, the inferior mechanical properties of CPC prohibits its use in
unsupported defects, stress-bearing locations or reconstruction of thin bones. The aim of the
present study was to strengthen CPC with fiber reinforcement, to examine the effect of fiber
length and volume fraction, and to investigate the reinforcement mechanisms. Previous
studies employed either short fibers for random distributions, or continuous fibers that were
as long as the specimen size with preferred orientations such as unidirectional alignment. In
the present study, a novel methodology was developed in which fibers several times longer
than the specimen mold size were randomly mixed with the CPC paste to approximate the
isotropy associated with short fibers, and at the same time achieve the high reinforcement
efficacy associated with continuous fibers. Carbon fibers of 8 um diameter were used with
fiber lengths ranging from 3 mm to 200 mm, and fiber volume fraction from 1.9% to 9.5%. A
three-point flexural test was used to fracture the specimens. Scanning electron microscopy
was used to examine crack-fiber interactions and specimen fracture surfaces. The composite
containing fibers of 75 mm in length at a volume fraction of 5.7% achieved a flexural strength
about 4 times, and work-of-fracture 100 times, greater than the unreinforced CPC. It is
concluded that randomly mixing the CPC paste with carbon fibers that were several times
longer than the specimen mold size resulted in substantial improvements in strength and
fracture resistance; the reinforcement mechanisms were crack bridging and fiber pullout;
and fiber length and volume fraction were key microstructural parameters that determined
the cement properties.

© 2001 Kluwer Academic Publishers

1. Introduction

Hydroxyapatite is one of the most often used restorative
materials for repair of human hard tissues because of its
chemical and crystallographic similarity to the carbo-
nated apatite found in human teeth and bones [1-3].
Several formulations of calcium phosphate cements self-
harden through a setting reaction to form hydroxyapatite
[4-7]. A calcium phosphate cement, hereinafter referred
to as CPC, forms hydroxyapatite at room or body
temperature as the principal reaction product [5, 8] and
has been studied extensively due to its excellent
biocompatibility and bone-replacing properties [9-11].
CPC is comprised of a mixture of fine particles of
tetracalcium phosphate [TTCP: Ca,(PO,),0] and dical-
cium phosphate anhydrous (DCPA: CaHPO,), which
react in an aqueous environment to form hydroxyapatite
[8,9,11-13]. The CPC powder can be mixed with water

to form a thick paste that can be sculpted during surgery;
within about 15min this paste converts in situ to
microporous solid hydroxyapatite crystallites [14].

Because CPC can be surgically shaped to conform to
the defects in hard tissues and sets at the site of
application to form solid hydroxyapatite, previous
studies have suggested it to be useful in a number of
medical and dental procedures, including the reconstruc-
tion of frontal sinus and augmentation of craniofacial
skeletal defects [13, 15, 16], endodontics [17, 18], and the
repair of periodontal bone defects and tooth defects
[19,20]. However, the brittleness and inferior mechan-
ical strength of the cement have severely limited its use
to only non load-bearing applications [9,20,21], and
currently ‘‘none of the indications include significant
stress-bearing applications’ [22].

Fibers are widely used to reinforce matrix materials
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for engineering, structural, dental and medical applica-
tions [23-30]. Poly(methyl methacrylate) bone cement
has been strengthened with carbon fibers, titanium fibers,
and polymeric fibers [31-35]. Previous studies on fiber
reinforcement can be generally categorized into two
groups. Group 1 focused on short fiber reinforcement in
which the fibers had lengths much shorter than the
specimen size (e.g., a fiber length of 3 mm vs a specimen
length of 25 mm) and were randomly distributed in the
matrix, resulting in composites with relatively isotropic
properties [24,26,32,34]. Group 2 focused on contin-
uous fiber reinforcement in which the fibers were nearly
as long as the specimen size and were aligned in the
matrix in certain directions (e.g., unidirectional)
[23,25,27,29,30,35]. The advantage of continuous
fiber reinforcement is that the crack resistance is highly
enhanced in the direction perpendicular to the fibers. The
disadvantage, however, is that the fracture resistance of
the composite is anisotropic, in that the crack can *‘zip”’
along the fibers in the direction parallel to the fibers.

Little efforts have been devoted to the study on fiber
reinforcement of CPC. In one recent study, a flat fiber
mesh was placed on the tensile surface of the CPC
specimen [36], resulting in a significant increase in the
work-of-fracture. The reinforcement in that study was
anisotropic, in that the fibers were limited to the tensile
side of the samples.

The present study, therefore, aimed at reinforcing the
CPC with randomly-oriented fibers to improve the
strength and fracture resistance. A methodology was
developed, in which fibers with lengths several times
longer than the specimen mold size were randomly
mixed with the CPC paste. This resulted in fibers
assuming tortuous nonlinear paths in the matrix,
combining the advantage of relatively random distribu-
tion of short fibers together with the high reinforcement
efficacy of continuous fibers. The mechanical properties
of composites were investigated as a function of fiber
length and fiber volume fraction. The reinforcement
mechanisms were examined with scanning electron
microscopy.

2. Materials and methods
2.1. Specimen fabrication
The tetracalcium phosphate (TTCP) powder was synthe-
sized from a solid state reaction between equimolar
amounts of commercial CaHPO, (dicalcium phosphate
anhydrous, or DCPA) and CaCO; (Baker Analyzed
Reagents, J. T. Baker Chemical Co., NJ), which were
mixed and heated at 1500 °C for 24 h in a furnace (Model
51333, Lindberg, Watertown, WI). The heated mixture
was quenched to room temperature in a desicator, ground
and sieved to obtain TTCP powder of a mean size of
approximately 12 pum. The commercial DCPA powder
was ground and sieved to obtain a mean particle size of
approximately 1 pm. The TTCP and DCPA powders were
mixed in a micromill (Bel-Alert Products, Pequannock,
NJ) in equimolar amounts to form the CPC powder [5].
Carbon fibers (AS4-12K, Hercules Inc., Wilmington,
DE) that had a tensile strength of approximately 3.8 GPa,
an elastic modulus of approximately 227 GPa, a diameter
of 8 um, and a specific density of 1.8 g/cm® were used.
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The fibers were cut with sharp surgical blades into
discontinuous filaments of the lengths described below.
The cut fibers were manually randomized by separating
the fibers from each other and then mixing them together
into tortuous random orientations. CPC powder and
distilled water were mixed manually by spatulation into a
paste having a CPC to water mass ratio of 3:1, and then
manually blended with the random fibers. The fiber-paste
mixture was placed into a 3 mm X 4 mm X 25 mm mold.
The composite mixture in the mold was covered with a
mechanically clamped glass slide. The assembly was
incubated in a humidor with 100% humidity at 37 °C for
4h, and then the hardened composite sample was
demolded and immersed in distilled water at 37 °C for
approximately 20 h prior to testing.

2.2. Fiber volume fraction and fiber length
Two groups of flexural specimens were made. The first
group was for study of the effect of fiber volume fraction
on the mechanical properties of the CPC composite. The
fiber volume fraction was calculated as the volume of the
fibers in each specimen divided by the total volume of the
specimen. The volume of fibers in a specimen was equal
to the measured weight of the fibers incorporated into the
specimen divided by the fiber density. Five different fiber
volume fractions were used: 1.9%, 3.8%, 5.7%, 7.6% and
9.5%. The CPC powder-to-water mass ratio was fixed at
3:1, and the fiber length was fixed at 75 mm. The CPC
cement without fiber reinforcement was tested as a
control. Six specimens were made for each condition
providing a total of 36 specimens.

The second group of specimens was made to
investigate the effect of fiber length on the mechanical
properties of the CPC composite. Fibers were cut to five
different lengths: 3mm, 8 mm, 25mm, 75mm and
200 mm. The CPC-to-water mass ratio was kept at 3:1,
and the fiber volume fraction was fixed at 5.7%. Six
flexural specimens were made for each fiber length,
following the procedures described above, yielding a
total of 30 specimens.

2.3. Mechanical testing

A standard three-point flexural test [37] with a span of
20 mm was used to fracture the specimens at a crosshead
speed of 0.5 mm per minute on a computer-controlled
Universal Testing Machine (model 5500R, Instron Corp.,
MA). The 4mm x 25 mm surface of the specimen was
slightly polished by using silicon carbide papers with
grits of 400, 600 and 1200 consecutively, and the
specimen was fractured with the polished surface in
tension. The following properties were evaluated:
flexural strength, flexural modulus, and work-of-fracture
(the energy required to fracture the specimen, obtained
from the area under the load-displacement curve normal-
ized by the specimen’s cross-sectional area). After the
matrices had cracked, most of the fiber-reinforced CPC
specimens were still intact, due to fibers bridging the
cracks and supporting the applied load. The test was
stopped at a maximum crosshead displacement of 2 mm
for a consistent calculation of the work-of-fracture
values. After unloading, selected specimens were



manually fractured for the examination of fracture
surfaces.

A scanning electron microscope (SEM, model JSM-
5300, JEOL, Inc., Peabody, MA) was used to observe the
specimens. The specimens were sputter coated with gold
prior to SEM observations. The fiber orientations, fiber-
crack interactions, and pullout of fibers were examined to
obtain information regarding reinforcement mechanisms.
One-way ANOVA was performed to detect significant
(a0 =0.05) effects of fiber length and fiber volume
fraction on mechanical properties. Tukey’s multiple
comparison test was used at a family confidence
coefficient of 0.95 to group and rank the measured
values.

3. Results

Fig. 1A is an optical photo of a typical batch of fibers
75 mm in length that were randomly mixed with a CPC
paste. The CPC paste had a CPC:water mass ratio of 3:1.
The fiber volume fraction was 5.7%. The randomness
of the tortuous nonlinear fiber orientation is visible in
Fig. 1A, and appears to have been maintained in the set
specimens (Fig. 1B).

The effect of fiber volume fraction on composite
mechanical properties is shown in Fig. 2. The flexural
strength in MPa (mean 4+ SD; n = 6) at a fiber volume
fraction of 5.7% was 59 + 11, significantly higher than all
other groups except that at 7.6% (Tukey’s multiple
comparison test; family confidence coefficient = 0.95).
The strength of the CPC control (i.e. fiber volume
fraction of 0%) was 13 + 3, significantly lower than all
other groups. The work-of-fracture in kJ/m” at a fiber
volume fraction of 5.7% was 6.6+ 1.2, significantly
higher than all other groups; that of the CPC control was
0.04 £+ 0.01, significantly lower than all other groups
(Tukey’s multiple comparison test; family confidence
coefficient = 0.95). The flexural modulus in GPa was
3.640.5 for the CPC control; it increased to 7.0+ 0.9 at
fiber volume fraction of 5.7%, then remained almost

constant when the fiber volume fraction was further
increased to 9.5%.

The effect of fiber length on the composite mechanical
properties is shown in Fig. 3 at a fixed fiber volume
fraction of 5.7%. Both the flexural strength and work-of-
fracture increased rapidly when the fiber length was
increased from 3mm to 75 mm, then showed a slight
decrease when the fiber length was further increased to
200 mm. The flexural modulus was generally unchanged
with fiber length, except for a slight increase at a fiber
length of 75 mm and a slight decrease at a fiber length of
200mm. At a fiber length of 3mm, the composite
flexural strength and modulus were not significantly
different from those of the CPC control (p>0.1;
Student’s #-test), but the work-of-fracture was increased
to approximately 35 times that of the CPC control.

Typical crack-fiber interactions and fracture surfaces
are shown in the SEM micrographs of Fig. 4. Fig. 4A
shows the polished surface of a specimen with a fiber
volume fraction of 5.7% at a length of 75 mm; the surface
shown was placed in tension during the flexural test. The
bridging fibers kept the multiple-cracked specimen
intact. The fracture surface in Fig. 4B shows long fiber
pullout lengths with remnants of matrix CPC still
adhered to the fibers, demonstrating that the fibers were
relatively well dispersed in and wetted by the CPC. Fig.
4C shows a representative fracture surface of the CPC
control specimens which was relatively flat, as is typical
for brittle materials.

A higher magnification in Fig. 5A shows highly
tortuous CPC fracture surfaces around a bridging fiber
that appeared to be well embedded in the matrix. Fig. 5B
shows that some areas of the surfaces of the pulled-out
fibers had pieces of CPC matrix adhered while other
areas of the fiber surfaces were smooth, demonstrating
that fracture occurred both along the fiber-CPC interface
as well as in the CPC matrix away from the interface.
Hydroxyapatite crystallites are shown in a representative
SEM micrograph in Fig. 5C. The similarity of crystallites
observed in the CPC control, in the CPC matrix of the
fiber composite, and in the CPC pieces bonded on the

Figure 1 (A) Optical photo of fibers 75 mm in length that were randomly mixed with a CPC paste. The randomness of the tortuous nonlinear fiber
orientation was visible in the paste. (B) SEM micrograph shows that the relatively random fiber orientation was maintained in the set cement.
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Figure 2 Effect of fiber volume fraction on mechanical properties (mean = SD; n = 6). Values of CPC are plotted on the left axes at 0% fiber volume

fraction. The fiber length was 75 mm.

fibers showed that the incorporation of carbon fibers into
the CPC had not affected the crystal formation process
during the setting of CPC.

4. Discussion

In the present study, self-setting calcium phosphate
cement was substantially strengthened and toughened by
fiber reinforcement. Previous investigations on fiber
reinforcement of medical and dental materials [24—
27,38, 39] either used short fibers randomly distributed
in the matrix, or continuous fibers that were nearly as
long as the specimen but aligned in the matrix in certain
directions, e.g., unidirectional. Examples of short fibers
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with random distribution were chopped polymer fibers in
poly(methyl methacrylate) matrix [32], glass fibers in
dental resin composites [24, 38], titanium fibers in bone
cements [34], and ceramic whiskers in dental resin
composites [39,40]. Examples of continuous fibers were
glass, polymer and carbon fibers aligned usually
unidirectionally, with each fiber extending continuously
through the entire specimen or a large part of the
specimen [23,25-27,29,30,35]. Compared with short
and randomly distributed fibers, aligned continuous
fibers can result in superior reinforcement, but only in
the direction perpendicular to the fibers [23,25-—
27,29,30,35].

The present study proposed to combine the advantages
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Figure 3 Effect of fiber length on composite mechanical properties (mean + SD; n = 6). The fiber volume fraction was fixed at 5.7%.

of the property isotropy associated with short random
fibers together with the high reinforcement efficacy
associated with continuous fibers. The flexibility of the
small diameter carbon fibers and the relatively easy
mixing with a water-based CPC paste have allowed the
bending and random orientation of the long fibers. The
methodology of randomly mixing the CPC paste with
fibers that were several times longer than the specimen
size yielded substantially improved CPC composites.
The reinforced cement possessed flexural strength as
high as 4 times, and work-of-fracture 100 times, greater
than the unreinforced CPC. The mechanisms of

reinforcement in the present study appeared to be: (1)
fibers bridging the crack to resist its further opening and
propagation; (2) multiple cracking of the matrix
consuming the applied work in creating new surfaces;
and (3) frictional sliding of the fibers during pullout.
Enamel rods in tooth enamel behave in a way similar to
fibers by deflecting and resisting crack propagation [41].
CPC is an oxide ceramic, and fiber bridging and pullout
have also been observed to be the toughening mechan-
isms in other ceramic composites [28,42].

Both the fiber length and fiber volume fraction played
key roles in determining the mechanical properties of the
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Figure 4 (A) Cracking during flexural test in a specimen with fiber volume fraction of 5.7% at a length of 75 mm. The bridging fibers and multiple
matrix cracks suggest energy consumption and high resistance to further crack opening and propagation. (B) Fracture surface with pulled-out fibers
and adhered CPC, indicating that the fibers were well dispersed in and wetted by the CPC paste during mixing. (C) Relatively flat fractured surface of
a CPC control sample, typical for brittle materials.

CPC composites. The rapid increase in flexural strength  likely a result of more effective fiber bridging and higher
and work-of-fracture of the CPC composite when the  resistance to fiber pullout associated with longer fibers.
fiber length was increased from 3mm to 75 mm was The slight decrease in composite mechanical properties
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Figure5 (A) SEM shows tortuous CPC fracture surfaces around a bridging fiber that was well embedded in the matrix. (B) Some areas of the surface
of the pulled-out fibers had adherent matrix pieces while other areas of the fiber surface were smooth, indicating that fracture had occurred both along
the fiber-CPC interface and in the CPC away from the interface. (C) Hydroxyapatite crystallites in the CPC control, in the CPC matrix of the fiber
composite, and in the CPC that adhered to the fibers, had similar sizes and shapes.
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when the fiber length was further increased was probably
related to an observed less uniform distribution of the
fibers in the matrix. With the fiber volume fraction being
fixed, as the fiber length was increased the number of
fibers in the paste decreased, and achieving a uniform
distribution of the fibers was not as easy as with short
fibers. Therefore, two competing factors were suggested
to be operative: the increased reinforcement efficacy
associated with longer fibers, but the decreased degree of
uniform distribution of longer fibers in the CPC
composite.

Similarly, two competing factors appeared to be
operative regarding the effect of fiber volume fraction:
the increased reinforcement efficacy when the fiber
volume fraction was increased, but the greater difficulty
in mixing and wetting the fibers with the CPC paste when
the fiber volume fraction was increased. At a fiber
volume fraction of 9.5%, SEM examinations of the set
composite showed fiber agglomerates that were not
wetted and completely surrounded by CPC. This may
explain why the composite strength and work-of-fracture
first increased rapidly with fiber volume fraction up to
5.7%, then decreased when the fiber mass fraction was
further increased to 9.5%.

Carbon fibers have been used extensively because of
their mechanical properties [43] and biocompactibility
[44—46]. Carbon fiber-reinforced polymeric composites
have been proposed for use in denture bases [47],
fixation of implants in orthopaedic surgery [48], and
crown and fixed partial denture applications [49,50].
However, further studies should also investigate the
reinforcement of calcium phosphate cement with
bioactive and resorbable fibers [2, 3]. Nevertheless, the
methodology of randomly mixing a paste with fibers
that are longer than the specimen size for property
isotropy and superior strength, together with the
reinforcement mechanisms and the effects of fiber
length and volume fraction, established in the present
study, are expected to be applicable to other cement-
fiber systems. The four times increase in flexural
strength and nearly two orders of magnitude increase
in work-of-fracture (toughness) of the fiber-reinforced
calcium phosphate cement may help extend the medical
and dental applications into the repair of larger defects,
use in stress-bearing locations, and reconstructive
treatments for thin bones.
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