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Tensile and fracture tests were conducted on thin panels of a fiber-reinforced bioabsorbable
material. The composites were made of polycarbonate matrix and calcium phosphate fibers.
Both matrix and fibers were bioabsorbable orthopaedic biomaterials. The fibers were
short and randomly distributed. The properties were compared for composites with and
without a coating of methane on the fibers. Composites with the methane coating had a
higher elastic modulus, a higher proportional limit, but a lower load at failure on pre-cracked
panels. Electron microscopy showed that the coating resulted in a better bond between

the matrix and the fiber.
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Introduction

A variety of mechanical devices are used to fix broken
bones. These devices include staples, screws, plates, and
pins. The selection of a device depends on the patient’s
age, the affected bone, the existence of multiple traumas,
the severity of the injury, personal preference and the
clinical experience of the surgeon [1]. Most bone
implants are made up of metals such as titanium,
cobalt-chromium, and stainless steel. These metals are
often removed after healing has occurred to prevent
atrophy of the bone.

If bioabsorbable materials are used to fix broken
bones, second surgeries may not be required [2-5]. When
inside the body, the strength and stiffness of these
materials decreases over time. This is a desirable. As the
bone repairs itself, the load gradually transfers from the
mechanical device to the bone. Instead of atrophy,
degradable polymers lead to strong replacement bones.

Most absorbable materials are synthetic polymers that
contain an ester group. These ester groups degrade in
water. The synthetic polymers are derived from one of
the following: polylactic acid [6-7], polyglycolic acid
[6-7], polydioxanone [8], desamino-tyrosine derived
polycarbonates [8—10], polyhydroxy acids, polypho-
sphoester, or polyanhydride. The polymers alone lack
strength and stiffness for load-bearing applications. The
stiffness of bioabsorbable polymers ranges from 1-
10 GPa. The stiffness of bone is around 20 GPa [12].
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Polymers with absorbable reinforcement fibers have
been fabricated [13]. These composites have higher
strength and stiffness than the polymer alone. The fibers
include synthetic forms of hydroxyapatite, the mineral
responsible for the high stiffness in bone. Example fibers
include synthetic hydroxyapatite crystals, calcium phos-
phate (glass) fibers [14-15], and calcium sulphate
(CaSO,) crystals. The synthetics are stiff and their
degradation products bind to bone.

A previous study was conducted on a composite with a
polycarbonate matrix and CaP glass fibers [16]. The
fibers doubled the stiffness of the polycarbonate. The
strength and stiffness was compared for composites with
and without a surface modification of the fibers. The
previous study did not evaluate the fracture resistance of
the composite, an important consideration in the design
of orthopaedic devices. This study repeats the fabrication
process, the strength tests, and the stiffness tests. This
study also compares the fracture resistance of pre-
cracked panels with and without surface modification of
the fibers.

Materials and methods

Materials

Poly(DTE carbonate) was used as the matrix material for
the composite. It had a starting molecular weight of
80,000 Da. The polymer appeared fibrous and white. The
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Chemistry Department of Rutgers University supplied
the polymer. The fabrication process is well established
[17]. Calcium phosphate (CaP) glass fibers were used to
reinforce the polycarbonate. They had uniform circular
cross-sections with a nominal diameter of 18 pm. The
fibers were based on a CaO-P,0s-Fe,0; glass system
developed at Alfred University [14]. The properties of
the matrix and fibers are summarized in Table I.

Fiber surface modification

To improve the bond between the fiber and matrix, CaP
fibers were plasma coated with methane (CH,). The
technology included a reactor chamber, a frequency
generator, a gas valve and vacuum pump, and a control
system [18]. The thickness and surface energy of the
coating was proportional to the exposure time. For this
process, a 10-minute exposure yielded a 10° coat. The
fibers were vacuum packed and kept in vacuum until
further use.

Fabrication of random, short fiber
composites

The fiber composites were fabricated via the wet method,
i.e. the prepreg method. All composites produced had
30% fiber by volume. CaP fibers were cut to their optimal
packing lengths of 2-3 mm using an electronic cutting
device. They were arranged neatly and randomly into a
40 x 40-mm aluminium foil cavity. The polycarbonate
was dissolved in methylene chloride and poured into the
cavity containing the fibers. The prepreg was allowed to
dry 24 h in a vacuum prior to heat processing.

The prepregs were compression molded using a
Carver Laboratory Press Model C with top and bottom-
heated platens and water heat exchangers. The stainless
steel mold used was frame-type, with a cavity measuring
40 x 40 x 0.67 mm. A thermocouple was used to measure
the temperature of the mold. Because the polymer sticks
on the mold surface, Teflon sheets (0.01-mm thick) were
used to ease the removal and prevent damage of the
processed composite. The prepregs were cut into four
equal sizes, stacked, and placed in the center of the mold
for better fiber distribution. The mold was closed without
pressure and was introduced to the heated platens. The
composite was processed at 120 °C and 20.3 MPa for five
minutes and was allowed to cool at a rate of 30 °C/min.
After processing the composite was removed and stored
in vacuum.

Sample preparation

Specimens were based on ASTM D3039-76 [19] with
slight modification in size due to high material cost.
Composite sheets were cut into strips of 40 x 5.2 mm
using a heated knife. The sides were machine polished
with a 600-grit carborundum paper to approximately

TABLE I Properties of the matrix and the fibers
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Figure [ Fracture specimen. Nominal dimensions: 40.0x5.0

% 0.67mm. The cross-sectional area is 3.35mm?>. Tensile tests did
not have a pre-crack.

5.0 mm. Tabs that were made of cellulose triacetate were
glued to the ends of the panels. As shown in Fig. 1, the
tabs were positioned so that the gauge length of the
sample was 20 mm. All samples used were free of cracks
and notches in its outer surface. For composites with and
without fiber coating, ten specimens without cracks were
used for tensile testing.

Pre-cracked panels had crack lengths corresponding to
0.10 W, 0.15 W and 0.25 W, where W is the panel width.
There were 10 samples for each crack length. The mean
width and thickness of each sample were obtained from
three different measurements along the length of the
samples. Sample and crack dimensions were measured
using a TCL-Image digitizing system interfaced to a light
microscope. Notch fabrication was consistent with
ASTM E338-81 [20] on sharp notch testing. Cracks
were made using a heated probe under a light microscope
(25 x).

Tensile tests on thin panels

Tensile tests were conducted on specimens without a
center pre-crack. The testing conditions were based on
ASTM D3039-76 [19] and were carried out using the
Instron Uniaxial Testing Apparatus Model 1321 with
pneumatic grips. A 10kN load cell was used to measure
the load. All samples were pulled at a constant crosshead
speed of 0.2mm/min until failure. Load/displacement
curves were obtained using the LabTech software
program. Data points and specimen dimensions were
transferred to a spreadsheet for conversion to stress
versus strain points. The elastic modulus of each control
specimen was calculated using the first 25 points by
linear regression. For each material, the elastic moduli
were determined from ten specimens. Other mechanical
properties from the tensile tests were based on an average
of five specimens. Student’s unpaired z-test was used to
assess the statistical difference between the two materials
as well as between the same material with various crack
lengths.

Electron microscopy

The fracture surfaces were observed under the scanning
electron microscope. Five specimens from each crack
size were randomly chosen. The samples were fixed with

Property

Poly(DTE carbonate)

CaP glass fibers

Elastic modulus, E (GPa)
Density, p (g/cm?)
Glass transition temperature, T, (°C)

1.70 50.00
1.20 2.86

570
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epoxy on a specimen dish and were allowed to dry. The
samples were sputter-coated using a Denton Vacuum
Sputter System (Desk 1 Model). The coated specimens
were examined under a scanning electron microscope
(JEOL model JSM-T300).

Results
Tensile tests
The stress versus strain diagrams for the composites with
and without surface modification of the fibers are shown
in Figs 2 and 3. Ten tests were conducted for each
material type. The mechanical properties of the
composites are summarized in Table II. Improvements
to the elastic modulus, elastic limit strength, and yield
strength were observed when the fiber surface was
modified. The elastic modulus for both the modified and
unmodified fiber composites were similar to what was
found earlier [16]. In this study, the difference in their
stiffness was statistically very significant. The p-value
corresponding to the Student’s ¢-test was p <0.005. The
chemical coat on the surface modified fibers increased
the overall stiffness of the composite by almost 20%.
The proportional limit strength and the yield strength
were estimated from the true stress/strain points. The
engineering stress versus strain data, G, Versus €,,,.,
was converted to true stress versus true plastic strain
using the following equations:

GII'ME = Gnom(l + SI‘IOWL) (1)
O @

where E is the Young’s modulus. For stresses less than
the assumed proportional limit strength, the associated
e " was negative. The yield strengths were determined at
eh = 0.002 true plastic strain. The second order curve-fit
equation was used to define the nonlinear properties.

Fracture tests

The stress-strain curves for cracked specimens are shown
in Figs 4 (a, b, ¢) and 5 (a, b, ¢). All samples had damage
prior to fracture. There was a wide variation in the failure
loads. The loads at failure for different crack lengths are
summarized in Table III. All specimens failed by
unstable crack growth. In this study, the composite

TABLE II Mechanical properties of composites
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Figure 2 Tensile stress-strain curves of unmodified fiber composite

specimens. The second order curve-fit equation was used to define the
nonlinear properties of the material.
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Figure 3 Tensile stress-strain curves of modified fiber composite
specimens.

with fiber surface modification failed at lower loads
when the crack length was 0.10 W and 0.15 W. When the
crack was large, there was little difference in the failure
load between the two materials.

Type of fiber Elastic modulus (MPa) Proportional limit strength (MPa) Yield strength (MPa) Failure strength (MPa) Failure strain (mm/mm)

Unmodified 2290+173
Modified 2850+ 187

25.00
43.00

37.71
48.25

56.78 £6.65
50.12+5.40

3.4240.79
2.7340.61

TABLE III Applied load at failure (MPa)

Type of fiber 0.10W Crack length 0.15W 0.25W
Unmodified 52.6+4.70 47.8+4.52 40.8+4.75
Modified 47.1+2.58 43.6+5.49 40.4+4.08
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Figure 4a. Stress-strain curves of unmodified fiber composite specimens with A = 0.10 crack lengths
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Figure 4b. Stress-strain curves of unmodified fiber composite specimens with A = 0.15 crack lengths

Electron microscopy

Fiber pullout was evident in all samples, as shown in
The fracture sites of the specimens were viewed under a

Fig. 6. By observation, the number of fiber pullout
scanning electron microscope. The direction of unstable appeared to depend on the crack length. Specimens with

crack growth was the same as the original crack longer cracks exhibited a larger number of fiber pullout.
direction. However, the local mode of fracture appeared In rare cases, fiber fracture was found. However, this was
to depend on the local orientation of the fibers and the always accompanied by a pullout of that fiber.

length of the pre-crack. Group (or fiber bundle) pullout was also found in some
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Figure 4c. Stress-strain curves of unmodified fiber composite specimens with A = 0.25W crack lengths

samples, Fig. 7, but it did not depend on the crack length.
A cluster of fibers and matrix at the fracture site
characterizes group pullout. For this case, the fibers
were usually aligned to the direction of the loading.
Similar behavior was observed in another study using
unidirectional long-fiber composites [21].

60

For both materials, the orientation of the fibers at the
crack tip determined the local crack direction. The
average specimen width was 5.0 mm. Fibers were 2—
3mm in length. When the local fiber orientation was
approximately perpendicular to the original direction of
the crack, fibers were pulled-out, and self-similar crack
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Figure 5a. Stress-strain curves of modified fiber composite specimens with A = 0.10W crack lengths
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Figure 5b. Stress-strain curves of modified fiber composite specimens with A = 0.15W crack lengths
60
<
-0~
40 ©
R 14
= -
E 30| -a-
=
= +
o
20 - .:
10 -
0 B T T T T f :1 T T T
0.000 0.003 0.005 0.008 0.010 0.013 0.015 0.018 0.020 0.023 0.025 0.028 0.030

g (mm/mm)

Figure Sc. Stress-strain curves of modified fiber composite specimens with A = 0.25 crack lengths

growth occurred along a jagged edge in the direction of
the crack length. When the fibers were at relatively high
angles with respect to the crack length ( > 45°), some
fiber-matrix debonding occurred, as shown in Fig. 8. This
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was true for both short cracks and for long cracks as well
as for surface modified fibers and unmodified fibers. For
this case, the crack propagated along the fiber length.
Still, failure of the specimen occurred in a self-similar



Figure 6 Unmodified fiber composite with a L = 0.15 W crack length (200 x). Protruding fibers and holes at the damage area representing fiber pull-

out.

Figure 7 Modified fiber composite with a A = 0.15 W crack length (200 x ). When fibers are clumped together, they create a stress concentrated

region prone to group fiber pull-out.

fashion, with a jagged surface along the original direction
of the crack length.

There was a difference between the fracture behavior
between composites without fiber surface modification
and those with the surface modifications. With a fiber
surface modification, specimens with a crack length of
0.10 W exhibited crack branching, shown in Figs 9 and
10. The location of the multiple fracture site was
independent of local fiber orientation of that region and
was not associated with the stress concentration near the
crack.

There were also instances when the crack did not
initiate at the crack tip. In these rare cases, it is postulated

that the local stress concentrations are created due to
poor fiber distribution.

Conclusions
In this study, short-fiber composites were evaluated
experimentally. Plasma coating resulted in an increase in
the elastic modulus, yield strength, and proportional
limit. This improvement is probably due to the improved
matrix/fiber bonding that was noted in the microscopy
studies.

Specimen with small cracks probably failed by yield-
like behavior. This would account for the relatively large
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Figure 8 Modified fiber composite with a A = 0.15 W crack length (100 x). The local crack direction is controlled by the fibers. Fibers debonded

from the matrix and the crack direction is about 25° from the horizontal.

T

Figure 9 Modified fiber composite with a A = 0.10 W crack length (150 x). Specimens with surface modified fibers and small cracks exhibited

multiple fractures at the crack tip.

load line displacement at failure for the two smaller crack
lengths. It also explains the difference in load at failure;
the stress strain diagram indicates that the material with
unmodified fibers can support higher strains.

The use of plasma coating on fibers for composites is
an option for the designers of orthopaedic implants. Fiber
coatings are recommended for regions where high
strength and stiffness are required. However, in regions
where large strains are likely, modification of the surface
fibers may not provide a superior design. In all cases, the
variation of the strength should be considered.
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Figure 10 Modified fiber composite with a A = 0.10 W crack length (100 x). Specimens with surface modified fibers and small cracks exhibited
multiple fractures away from the crack tip. Here a crack advances to a different direction from the main crack that caused the specimen to fail.
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