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Abstract
Mechanical properties and manufacturing processes of Glass Fiber/Polypropylene (GF/PP)
composites for application of flexible internal long bone fracture fixation plates have been
investigated. PP/Short Chopped Glass Fiber (PPSCGF), PP/Long Glass Fiber (PPLGF) and
PP/Long Glass Fiber Yarn (PPLGFY) were used in fabrication of the fixation plates. The
PPSCGF and PPLGF plates were made by the heat-compressing process and Three-
dimensional (3D) printing method was used to make the PPLGFY ones. The values of Young’s
modulus, tensile strength, flexural modulus and strength, and impact strength of the PPSCGF
in the fiber longitudinal direction were found to be 2.35 + 0.15 GPa, 30 + 5 MPa, 2.1 + 0.2
GPa, 27 + 5 MPa and 22 + 5 kJ/m?, respectively. Where, these values for the PPLGF were to
20.10 + 2GPa, 400 + 30MPa, 16.2 + 0.2GPa, 185 + 5MPa, and 162 + 5kJ/m? and for the

PPLGFY were to 7.87 + 0.5GPa, 150 + 20MPa, 2.3 + 0.2GPa, 44 + 5MPa and 68 +
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5kJ/m?. These have been found to be in close agreement with the human bone properties.
Furthermore, the strength and modulus values of the plates were reasonable to be used as a
bone implant applicable for bone fracture reconstructions. Hence, the study concluded that the
GF/PP composites are useful for load-bearing during daily activities and would be
recommended as a choice in orthopedic fixation plate applications. It will help the researchers
for development of new fixation designs and the clinicians for better patient’s therapy in future.
Keywords: Mechanical properties, Manufacturing process, Microscopic investigations,

Fixation plate, GF/PP composite.

1. Introduction

Fracture fixation plate is the most popular device for healing bone fractures, in spite of the
existence of other surgical devices such as pins, wires, screws, nails and rods. Conventional
fixation plates are made of metals such as stainless steel, Co—Cr and titanium alloys [1]. The
elastic modulus of the human cortical bone is about 20 GPa [2], while, the elastic modulus of
the conventional metallic fixation plates is much higher than the cortical bone. Since the high
modulus of metallic fixation plates overprotects the bone, it may apply a large amount of stress
to the bone during daily activities. This phenomenon called “Stress shielding” and may cause
bone osteoporosis and in later stage remodel the bone. However, the plate with closer elastic
modulus to the bone elastic modulus would allow the bone to take more stress and would
overcome the stress shielding effect [3]. Also, any corrosion in the metallic plate would
increase the accumulation of metallic particles in the vicinity of the implant, which may change
osteoblast behavior even at sub-toxic levels, or at distant body parts including draining lymph
nodes with likely allergic reactions in the spleen and liver [4]. In addition, metallic materials

are particularly incompatible with medical imaging technologies such as computed



tomography (CT) scan and magnetic resonance imaging (MRI), because they appear white on
the exposed film due to its radiopaque behavior [5].

To compensate for these negative effects, polymer-based composites have been introduced to
be replaced with metallic plates due to their high strength-to-weight ratio, non-corrosiveness
and radiolucency [5]. Moreover, it is possible to achieve optimum mechanical properties of the
composite plates by controlling the fiber volume fraction, local and global arrangement of the
fibers. Furthermore, bio-compatibility of the composite samples can be controlled, so the
sample can be used for fixing a fractured bone with more advantages than metallic plates.
Although, early efforts on using thermoset polymers were unsuccessful due to toxic reactions,
permanent physical irritation and chronic inflammatory local reactions in animals [5].
However, Ali et al. compared the mechanical properties of carbon fiber-reinforced epoxy with
stainless steel and titanium composite fixation plates [6]. Their results showed less stiff
composite plates have more favorable fatigue property than metallic plates. By investigating
the animal samples, they found that using a composite plate reduced 67% of structural stiffness.
In a recent investigation, researchers have used thermoplastic composites polymer to produce
new fixation plate fixation. The thermoplastic polymers are more beneficial due to their bio-
compatibility and degradation rates, which can be easily controlled by changing the
composition and fabrication techniques. Fujihara et al. reported that the stiffness of Carbon
Fiber/polyether ether ketone (CF/PEEK) is half of the steel stiffness but the static strength is
the same [7 and 8]. Therefore, they proposed it as a replacement for metallic fixation plates
which can reduce stress shielding. Thus, Huang and Fujihara investigated the influence of
various aspects, such as fabrication conditions, braiding angle and plate thickness to improve
the flexural performance of braided CF/PEEK composite fixation plates [9]. Also, Schambron
et al. conducted static and cyclic bending tests on braided CF/PEEK fixation plates were in a
simulated body environment and indicated that bending stiffness, strength failure modes

4



remained unchanged due to the body fluid effects [10]. In addition, Steinberg et al. studied the
static and fatigue modes of the samples using a four-point bending method [11]. They also
investigated the wear/debris characteristics of dynamic compression, proximal humeral, distal
volar radial fixation plates and tibia nail made of CF/PEEK composite. Their results showed
CF/PEEK devices could withstand one million fatigue cycles without failure. They also
discovered that the generated particles in the composites plate during wear tests were found to
be lower than those in metallic implants.

Along with the investigations performed on non-biodegradable composites, research on
biodegradable reinforced polymer composites for internal fracture fixation is of interest to
many researchers. Huda et al. investigated the mechanical and thermo-mechanical properties
of developed Kenaf/polylactic acid (Kenaf/PLA) bio-composite [12]. They have studied the
optimal manufacturing process between “alkalization” and “silane-treatments” by comparing
impact strength, flexural properties and temperature curves of storage modulus, loss modulus,
and loss factor in different samples. Also, Aydin et al. produced novel biodegradable
hydroxyapatite nanorod-reinforcedpoly-L-lactic acid(PLLA) composites for fixation plates
[13]. They investigated the samples in both in-vitro and in-vivo conditions and found the tensile
and compressive properties of these composite plates. From their finding, they have indicated
that compressive mechanical properties of these materials could be suitable for fixation plates.
Li et al. studied the flexural strength, impact strength and in-vitro degradation behavior of
unidirectional magnesium alloy wires/PLA composite using experimental and theoretical
methods [14]. They found the degradation rate of PLA decreased by adding treated magnesium
alloy wires using the micro-arc oxidation technique. In other research, Santos et al. evaluated
thermal stability, crystallinity, transition temperatures, maximum flexural load and storage
modulus of the fixation plates composed of polylactic-co-glycolic acid (PLGA) polymer matrix
and combinations of calcium phosphates bio-ceramics [15]. The proposed optimum ceramic's
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mass values for improving the thermal and mechanical properties of bio-ceramics/PLGA
composite fixation plates.

Several researchers reported about reinforcement using glass fibers. They concluded that the
glass fibers maintain stability in polymers and improve their mechanical properties such as
damage tolerance, fracture toughness and fatigue performance [16 and 17]. For bone fracture
fixation devices, Jiang et al. have studied the effects of polymerization on Young’s modulus
and flexural strength ofBioGlass/polycapro-lactone(BioGlass/PCL) fiber composite for bone
implant applications [18]. Kobayashi et al. investigated mechanical properties and pH changing
in physiological solutions of degradable organic polymer networks based on methacrylate-
modified oligolactide and calcium carbonate when reinforced by phosphate glass fibers [19].
Also, Ahmed et al. investigated mechanical properties, scanning electron microscope (SEM)
analyses, degradation and pH changing studies of PLA/phosphate glass fiber reinforced
composites [20]. They demonstrated phosphate-based glass fiber reinforced composites could
be a candidate for bone fracture fixation devices. Park et al. investigated tensile, four-point
bending, fatigue tests and microscopic observations of a composite fixation plate made of a
glass/polypropylene (Twintex) [21]. They found appropriate forming conditions for molding
and carried out a water absorption test to study the performance of composite fixation plates
under a simulated human body condition. They found water absorption has a little effect on the
flexural stiffness and strength of this composite fixation plate and suggested that GF/PP can be
used to construct a fixation plate under body fluid condition. Also, Liesmaki et al. investigated
three-point and four-point bending of the composite fixation plate using experimental and
numerical methods [22]. In their study, they used plates made with Bisphenolaglycidyl
methacrylate (BisGMA)/Triethylene glycol dimethacrylate TEGDMA matrix reinforced with

different types of glass fiber. Also, they compared the results of these plates with CF/PEEK



and stainless steel plates. They found that unidirectional glass fiber is a suitable candidate for
reinforcing BisGMA in this kind of fixation devices.

It is clear that there are very materials that satisfy all the mechanical properties exhibited by
bone. Hence, different researches used various types of composite materials to fabricate
composite fracture fixation plates but the proposed materials more or less have disadvantages
in biological or mechanical aspects. Therefore, bone fracture fixation devices still need further
development to produce a fixation plate with appropriate mechanical properties. Since GF/PP
composite material are biocompatible with the minimum negative effect on the body health
[5], the objective of the current study is to evaluate mechanical properties of GF/PP composites
plates. The mechanical properties of general importance to biomaterials development include
Young’s modulus, ultimate tensile strength and fracture toughness. This study aims to
investigate the mechanical properties of the GF/PP composites fracture fixation plate, including
tensile, compression, flexural, shear and impact resistance. For the experimental evaluation,
three different fiber types; PP/Short Chopped Glass Fiber (PPSCGF), PP/Long Glass Fiber
(PPLGF) and PP/Long Glass Fiber Yarn(PPLGFY) have been used. Also, manufacturing
processes, microscopic observations and damage mechanisms have been closely assessed.

Furthermore, the results have been compared with previous researches.

2. Materials and Experimental Methods

2.1.  Materials and Design

The literature has reported several challenges in using thermoplastic polymers as matrix
materials [5 and 21]. The challenges are mainly due to that high viscosity and the difficulty in
achieving fiber alignment in continuous fibers within the matrix. Hence, the aim of this study

is to produce GF/PP fracture fixationplates that contain different types of glass fiberand finding



an appropriate range of longitudinal Young's modulus of the fixation plate. Three different

types of glass fibers were used for fabrication of the samples as following:

e PP/Short Chopped Glass Fiber (PPSCGF)
e PP/Long Glass Fiber (PPLGF)

e PP/Long Glass Fiber Yarn(PPLGFY)

Plate geometry was designed considering an anatomical tibia model. The plate designed for a
tibia middle shaft fracture with dimensions of 110 mm length, 25 mm width and 5.5 mm
thickness. It has been reported that the position of screws next to the fracture site plays an
important role in the stiffness of the fixation plate structure. It also suggested that not less than
three screws should be used in each side of the bone fragment [23]. Hence, the fixation plate

model designed with six screw positions is suggested as shown in figure 1.
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Figure 1. Geometry of composite fixation plate (All dimensions in mm).

2.2. Hot Press Manufacturing Process

Prepregs of unidirectional long fibers and random short fibers were used to fabricate the
fixation plates and the mechanical performances of reinforced composite fracture plates were
evaluated accordingly. Hence, the PPSCGF granules and PPLGFprepreg sheets(20 layers of
unidirectional fiber sheets) with the density of 1.04 + 0.01 g/cm?® and 1.27 + 0.01 g/cm3and
the volume fractions of 15% and 30%, respectively were used to manufacture two types of

fixation plates.



It has been recognized that drilling a hole after the composite has been fabricated, can reduce
its load-carrying capacity to a remarkable extent due to the breakage of fiber continuity. Hence,
to create screw holes in the fixation plate without disconnecting the continuity of the fibers, a
stainless-steel mold die with six pins were used (Figure 2). The mold die was put into a hot-
press machine and it was heated to 230°C for 10 min to avoid relaxation of the reinforcing
polymer fibers. When the desired temperature and compression pressure were achieved, the
mold was held under constant pressure for 20 minutes (Figure 3). Afterward, the mold was
gradually cooled to the room temperature and finally, the compressed composite fixation plate

was ejected from the mold die.

Figure 2. Specimens preparation by thermoforming and insertion way of PPSCGF granules
and prepreg sheets of PPLGF in mold, (a) preheat the mold, (b) schematic drawing of
molding, (¢) insertion of prepreg sheets, (d) insertion of granules, () applied pressure and
cooled mold.
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Figure 3. Forming pressure-temperature cycle of specimen preparation.

2.3. 3D Print Manufacturing Process

Three-dimensional (3D) printing is an additive manufacturing process to construct 3D objects
to form digital models. The 3D printing technique is a rapidly growing trend in bioengineering
[24]. Hence, in this study used the 3D printing method to produce the PPLGFY fixation plate.
The computer model was generated as a G-code file using slic3r V1.3.0 software applicable
for a 3D printing machine. The PP filament initially placed in a heating jacket to heat up the
sample to 220°C, then it was extruded through the nozzle [24 and 25]. The schematic of a fused
deposition modeling (FDM) process is shown in figure 4. As it is illustrated, the input fiber
yarn was held by a pulley and then it was released into the nozzle and was embedded into a
molten area. The inner diameter of the nozzle was 0.4 mm. The thickness of each layer and
printing speed were 0.22 mm and 5 mm/sec, respectively. Also, glass fiber yarn was used with
a mass per length of about 0.1 g/m and a volume fraction of 15%. Furthermore, PP was used

in the form of filament with a diameter of 1.75 mm.
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Glass Fiber Yar

(b)
Figure 4. Simultaneous impregnation systems; (a) 3D printing manufacturing, and (b)
The schematic of the FDM process.
After completion of the manufacturing process, all sharp edges were removed. The fabricated

composite fixation plate samples are shown in figure 5.

(a)

Figure 5. Fabricated composite fixation plates; (a) PPSCGF, (b) PPLGF and (c) PPLGFY.
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2.4. Microscopic Investigations

The cross-section of all three composite fixation plate samples was observed utilizing a
scanning electron microscope (SEM) at room temperature. SEM analysis with field emission
gun and accelerating voltage of 5 kV was used to collect 800X magnified images from the
composite specimens.

2.5. Tensile, Shear and Compression Testing

Tensile test samples were prepared according to ASTM D3039 [26] for each type of GF/PP
composites, and ASTM D638 [27] for neat PP. For shear and compression testing of the
specimens, ASTM D3518 [28] and ASTM D3410 [29] were followed respectively and a
support jig was used as advised. The experiments were conducted on a tester machine (5500
series, Instron Co., the UK with 20 kN load cell) with a loading rate of 2 mm/min at room
temperature. The strain field vector was monitored through the digital image correlation (DIC)
technique (Figure 6). The modulus of elasticity and shear modulus, i.e. slope of the stress-strain
curve, was obtained by applying linear regression to the linear domain of the experimental
stress-strain curve [26-29]. Furthermore, the ultimate tensile, shear and compression strength
and strain were measured prior to the failure. Then, the mean value and standard deviation of

the obtained results were calculated.
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Figure 6. Tensile, shear and compression tests setup.
12



2.6. Flexural Testing

From the practical point of view, the bending behavior of a fixation plate plays an important
role to quantify the mechanical properties of the samples. The flexural test was performed
considering of flexural stiffness and modulus, and maximum bending moment. In this study, a
5500 series-Instron universal test machine was used to conduct the four-point bending test of
fixation plates at room temperature in accordance with the procedures of ASTM D7264 [30].

The test setup is depicted in figure 7.

Figure 7. Four-point bending test setup.

Until the specimen failure, the load was increased and the equivalent flexural modulus (EFM)
was calculated using the equations associated with standard flat specimens. Using the load-
deflection and stress-strain curves, the bending moment (A7), bending angulation (6), bending
stiffness (BS), ultimate bending stress (o) and bending elastic modulus were derived via the

classical beam theory following equations [21]:

P
M = El (H
6 180
6 =tan! <7) X — &
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M
BS =5 ?3)
of = Minaxy (4)

WhereP is the applied load, / is the length between the outer and inner rollers, & is the deflection
at the center of the fixation plate, y is the position of the neutral axis, and I is the second
moment of inertia of the cross-section in the x-axis.

2.7. Charpylmpact Testing

Impact testing of theGF/PP composite samples was carried out by an instrumented Charpy
impact test. The Charpy pendulum is a simple method for obtaining energy absorption and
dissipation in test samples [31]. Test specimens were prepared with a mid-point notch as shown
in figure 8-a. The specimen was supported in a horizontal plane and impacted by the swinging
pendulum directly opposite the notch (Figure 8-b). The specimen geometry was according to
the ASTM D6110 [31], and the impact resistance (k]/m?) was calculated by dividing the

recorded absorbed impact energy into the cross-sectional area of the specimen.
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Figure 8. (a) Charpy test specimens, and (b) Charpy test setup.

3. Results and Discussion

3.1.  General Findings

The mass density less than 1.5 g/cm3 (1.04 £ 0.01, 1.27 + 0.01 and 0.49 + 0.01 g/cm3
density for the PPSCGF, PPLGF and PPLGFY, respectively) can be achieved by employing
certain manufacturing methods. Due to the formation of voids in the manufacturing process of
the PPLGFY, the density of this sample is much less than the samples made by heat-
compressing method. These voids are created between rasters and layers, most often inevitably.
Also, the lower percentage of glass fibers used in the PPLGFY compared to the PPLGF
intensifies the difference in the density values. Generally, density values of all the fabricated
composite fixation plates are much smaller than the stainless steel plate density (7.8 g/cm3).

Hence, the composite fixation plates are much lighter than the stainless steel plate (Figure 9).
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Figure 9. Mass comparison of fabricated composite fixation plates similar geometry to
Stainless Steel 316Lfixation plate.

Also, it has been reported that polymeric composite materials are substantially higher fatigue
resistance than stainless steel, which gives these an ability to be suitable candidates for
sustaining cyclic loads of the lower limbs during daily activities [21]. Furthermore, at room
temperature(30°C), the water content and the degradation rates of the bending stiffness and
flexural strength of the polypropylene/glassin body fluid were very low and also the glass fibers
can be reduced the water absorption rate [21]. Hence, based on the abovementioned
advantages, it may be concluded that the GF/PP composites are good candidates for a long-

term orthopedic implant in the human body.
3.2. SEM Observations

The electron microscope images of specimens were used to compare the applied methods in
the production of the fixation plate and investigate the fiber angle, its orientation and quality
of the interfacial bonding between the fibers and matrix. The diameter of the observed glass
fibers varied between 5-20 um. The SEM micrographs of the all three types of composites
samples, as shown in figure 10, clearly indicated that fibers in the core layer were preferentially

parallel to the X-direction and are hence attached to the PP matrix. As shown in this figure, the
16



adhesion and bonding between the fibers and the polymer appears desirable. The micro-fibers
compaction is also noticeable in this figure. The fiber has been covered with a thin layer by the
matrix linking the fiber surface to the matrix. This linking causes better stress transfer and
enhances its flexural property. In addition, more uniformity was observed in the fabricated
sample using PPSCGF (Figure 10-a) due to the shortness of the fibers. On the other hand, the
PPLGF composite contains gaps and voids around the fibers due to the higher percentage of
fibers rather than the two other composite samples, as illustrated in figure 10-b. The voids in
the composite structure may exist either inside the matrix or at the interface. Those voids lying
at the interface play a more important role in reducing mechanical properties than those inside
the matrix. Unexpected voids generation in the composite structure depends on the
manufacturing parameters such as temperature, time, and an intrinsic viscosity of the
thermoplastic polymer and also fiber volume fraction. Furthermore, the size and number of
voids are affected by the topographic surface of fibers. From microstructure point of view,
increasing the pre-heating time and forming pressure increases the fiber concentration in the
composite and reduces the voids around the fibers.

Since there are strong forces acting on the polymer melt in Y and Z directions in a hot press
and 3D printing methods, long fibers could not deviate from the X-direction (Figures 10-b and
10-c). As a result, the micrographs reveal that almost all fibers laid parallel. Due to high
viscosity of the PP, the weakness in fused deposition modeling and the structure of the braided
fibers caused that PPLGFY composite samples suffer from a poor impregnation compared to
hot press samples. Thus, gaps and voids around the fibers (i.e. interface of fibers and polymer
matrix) can be seen in the final products (Figure 10-c) and led to the growth of cracks during

axial loading.
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Figure 10. SEM micrographs of the; (a) PPSCGF, (b) PPLGF and (c) PPLGFY.

Generally, modulus, strength and other properties depend on the fiber content, orientation and
quality of the interfacial bonding between the fibers and matrix. The obtained results (see Table
1) indicate that the composite consisted of the largest amount of sizing and higher fiber volume
fraction (PPLGF) has the best tensile, compression, shear, flexural and impact strength
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performances. It is also obvious that fiber-fiber and fiber-matrix friction contributions should
be also taken into account as the fiber type with the highest sizing amount, thus the highest
interface strength was expected. As such, the interfacial bonding between the glass fibers and
the PP were clearly affected by the friction forces which are closely related to the amount of
sizing on the fibers surface.

The main parameters in FDM process including nozzle temperature, envelope temperature,
layer height, nozzle diameter, extrusion width, air gap, part or rater orientation, raster angle,
filling pattern, and filling percentage. Poor impregnation, existence of voids and low strength
are the main weaknesses of the FDM 3D printed sample compared to the manufactured ones
by heat-compressing process. These characteristic may be related to both of inherent weakness
of thermoplastic materials and poor adhesion between the each layer. Consequently, lower
tensile and compressive properties, and impact resistance of the 3D printed sample are
expected. Also, the nature of the FDM process creates residual stress in the printed parts, which

may result in warpage and delamination of the specimens.

3.3. Tensile Test

The elasticity modulus of fixation plate material should be selected to ensure a more uniform
distribution of stress at the fixation plate and to minimize the relative movement at plate-bone
interfacial contact. Figure 11 illustrates the stress-strain curves of composite samples and neat
PP. A comparative diagram of the axial Young's modulus in the longitudinal direction of the
fiber shown in figure 12. The strength and modulus values were 30-400 MPa and 2.35-20.10
GPa, respectively for composites in room temperature and dry conditions, which were in the

range of cortical bone (50-150 MPa, 7-30 GPa [32]).
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Figure12. Comparison of Elastic modulus through the fiber direction.

The highest and lowest tensile modulus belong to PPLGF and PPSCGF composites with 30%
and 15% glass fibers volume fractions, respectively. It has been observed that short chopped
fibers are not acting as efficient as long continuous fibers due to difficulties in controlling their
orientation and the lower ratio of fiber length to carry full axial stress. As a result, a composite
with long fibers oriented in the direction of maximum stress would have superior properties
compared with randomly distributed short fiber composite. In the tensile testing of the
specimens, after reaching the peak value at the failure point, there was a sudden drop of load

for all composite samples. PPLGF and PPLGFY specimens showed edge delamination or long
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splitting in their glass fibers on both sides of the fracture zone. In addition, the initiation of
cracks in matrix and fiber tearing occurred. Despite this fact that neat PP exhibits a perfectly
plastic behavior after the linear elastic region, sudden failure occurred to all types of produced

composites regarding their brittle manner.
3.4. Shear Test

The mean results for shear modulus and strength of different specimens with standard
deviations are summarized in Table 1 in which the shear strength is calculated from the ultimate
load to the onset of delamination and crack initiation. The values of the in-plane shear modulus
(G12) and strength (t;,) are the more important than other directions for the fixation plate
application. They have been determined from stress-strain curves and their values were 1.42-
0.25 GPa and 40-10 MPa, respectively in room temperature and dry conditions.

Due to the poor adhesion of the PPLGFY, delamination between the individual plies manifests
itself at low loads, and results in a rotation of the fibers in the loading direction more than other
composites. In composite with better fiber-matrix adhesion (PPLGF), only little interplay
failure occurs; therefore, extensive fiber rotation is prevented and the failure process is more

local.
3.5. Compression Test

The compression test results are summarized in Table 1. The longitudinal ultimate strength was
measured just before the occurrence of the buckling. It was 45 + 5, 30 + 5, and 70 + 5 MPa
for PPSCGF, PPLGFY and PPLGF samples, respectively (Tables 1). They show an
approximate 2.25, 1.5 and 3.5 times increase in longitudinal compressive strength for the
PPSCGF, PPLGFY and PPLGF composites compared to the neat PP, respectively. A
combination of longitudinal splitting and fiber buckling as the predominant failure modes was

observed for PPLGFY and PPLGF specimens tested. During compressive testing, the plates
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were observed to delaminate significantly, in parallel to the long axis, starting from the point
where the plate makes a contact with the mechanical tester’s clamps. Compressive properties
of the composite fibers were expected to increase with the increasing glass fiber content within
the structure due to glass fibers. In general, the matrix and interface mode failures occurred

compared to the fiber failure mode in specimens.

3.6. Flexural Test

The main purpose of this study was to develop glass fiber-reinforced composites with flexural
elastic modulus in the range of that for human cortical bone. The comparative diagrams
(Figures 13-16) represent the bending moment—angulation, flexural stiffness, flexural elastic
modulus and flexural strength of all four fixation plate models tested at room temperature and
dry conditions. Four-point bending test results reveal a significant improvement in bending
modulus and strength by increasing fiber percentage compared with the neat PP fixation plate.
The curves of bending moment versus bending angulation for all produced fixation plates are
illustrated in figure 13. For a bending angle value of 7 to 25 degrees, the maximum bending
moments were attained. According to the trend of the PPSCGF and PPLGF diagrams, it is
evident that the bending moment increased up to the maximum moment and suddenly dropped
when the initial fracture became visible at the tension side, especially in the vicinity of
supported areas. In PPSCGF, the bending behavior is plastic and eventually yields in a brittle
fracture. While the PPLGF exhibits completely different behavior. No significant decrease in
flexural load is observed and still capable of load-bearing while its interlayers separated due to
compression and tension in surfaces. The PPLGFY bending curve, the same as neat PP
presented ductile behavior. This ductile behavior can be explained by the observation of

specimens after the test, as the fracture is not occurring in the flexural test.
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Figure13. Comparison of fixation plates bending moment-angulation curves.

The flexural stiffness, modulus and strength values are shown in figures 14-16. Their values
are 0.44-3.274 N.m/°, 2.1-16.2 GPa and 27-185 MPa, respectively for composite specimens.
Based on the findings, the highest reported modulus value is still below the flexural modulus
value of the cortical bone (12-17 GPa [33]). This means that flexible GF/PP plates can
significantly reduce stress shielding compared with metallic plates. Although, they have
provided the desired stiffness for the initial phase of healing. In addition, they cause
interfragmentary strain about 2 to 10% in the second phase of healing (indirect healing) at the
callus zone, which can promote the healing process [34]. Therefore, the proposed composite
fixation plates can be recommended as a proper candidate for orthopedic applications.
Furthermore, their flexibility allows a good match with an unstable or multi fractured bone.
Figures 14-16 demonstrate that the unidirectional PPLGF fixation plate has the maximum
flexural stiffness, modulus and strength among all tested composite plates. However, poor
transverse load capacity, inter-laminar damage and delamination of this could be issues.
Consequently, the stresses near the screw holes can initiate crack which may split the sample

along the axial direction.
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Damage patterns identification clarified delamination, debonding, crack opening and fiber
pullout as the major sources of damage [35]. These could be evidenced by the formation of
micro void spaces within the composite. As it can be seen in figure 17, the delamination and
fractures of the load-bearing area in the fixation plate can be considered as predominant failure
modes. On the other hand, the failures occurred at the outer surfaces due to matrix cracking in
the PPSCGF (Figure 17-a). And fiber breakage along and perpendicular to the compressed
surfaces, which was followed by progressive delamination of the GF/PP prepreg plies in
PPLGF (Figure 17-b). Also, the delamination was observed in the compressive side of the
specimen beneath the loading points. Although the failure didn’t happen in a brittle trend, the
failure may be represented in the oscillated dropping region in the load-deflection curve.
Generally, the tension failure causes a separation in the outer layers of the PPLGF fixation
plate, which continues to bend and redistribute the stress levels through the cross-section in
compression failure. Also, cracks initiated and propagated around the third screw hole beneath
the loading points.

The 3D print fixation plate presents plastic behavior and no fracture was observed during the
test (Figure 17-c). Bending load which may be the consequence of PP existence in conjunction

with the considerable tensile strength of yarn glass fibers.
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Figurel7. Bending test specimens; (a) PPSCGF, (b) PPLGF and (c) PPLGFY.

3.7.  Charpylmpact Test

In general, fiber characteristics such as type, orientation and volume fraction play an important
role in the impact properties of glass fiber reinforced PP composites. Furthermore, the impact
response of such composites is strongly affected by the fibers-matrix interfacial bond strength
in unidirectional laminates [36]. As a result, the higher volume fraction of fibers in PPLGF and
acceptable fiber/matrix bonding result in higher impact strength compared to other composites
(Figure 18). The PPLGF and PPLGFY composites shown a remarkable impact strength of

162 + 5 kJ/m? and 68 + 5 kJ/m?, respectively, which were about 7 and 3 times larger than the
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PPSCGF. It seems that the PPLGF impact strength can provide sufficient protection against

external impacts for the human bones.
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Figure19. Charpy test specimens; (a) PPSCGF, (b) PPLGF and (c) PPLGFY.

As it is illustrated in figure19-a, an abrupt fracture occurs in the PPSCGF sample. However,
the failure mechanism in other composite types is different from the PPSCGF and may be
related to the type of glass fibers. In fact, deterioration trigger mechanism in PPLGFY and

PPLGEF is due to interlayer damage and crack growing in fibers and matrix, respectively, and
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finally fracture occurred in the form of delamination and fiber breakage (Figures19-b and 19-
C).
3.8. Summary of Obtained Mechanical Properties

In this study, in addition to the results of tests mentioned in the sections 3.3-3.5, tensile,
compression and shear tests in two other directions have been also carried out. Furthermore,
the density of specimens was measured using the Archimedes principle (ASTM D792 [37]),
which involved the immersion of a known weight of each composite into a lower density
solvent. Table 1 illustrates various mechanical properties including density, Young's modulus,
tensile and compressive strength, shear modulus, shear strength, Poisson's ratio, flexural
modulus and strength and impact resistance of the tested samples. In order to identify the
mechanical properties of specimens, six samples were replicated and the mean values and the
standard deviations (SD) were calculated. To simplify the presentation of the results,
characteristic curves and graphs of each set with a close value to the average results were
selected.

Table 1.0btained values of mechanical properties (1, 2 and 3 are the principal directions).

Properties PPSCGF PPLGF PPLGFY Neat PP
p(kg/m?) 1040 + 10 1270 + 10 490 + 10 946+ 5
E,(GPa) 20.10 + 2 7.87 £ 0.5
E,(GPa) 2.35+0.15 4.20 + 0.3 1.00 + 0.2 0.77 £ 0.1
E;(GPa) 420+0.3 1.00 +£ 0.2
o (MPa) 400 + 30 150 + 20
op,(MPa) 305 20+ 2 10+1 205
ops(MPa) 20+ 2 10+ 1
051 (MPa) 70 £5 30+5
o5, (MPa) 45+ 5 50+ 5 1545 205
o53(MPa) 50 +5 15+5
G1,(GPa) 1424 0.2 1.1540.2
G13(GPa) 08+0.1 1.33+0.2 1.14+0.2 025%01
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G3(GPa) 133+0.2 1.140.2
T1,(MPa) 40 £ 2 20 + 2
T13(MPa) 20+ 5 30 + 2 10 + 2 10+ 5
T,3(MPa) 30 +2 10 + 2
Vi 0.15 + 0.05 0.25 + 0.05
Vi 0.35 + 0.05 0.10 + 0.05 0.15 % 0.05 | 0.45 + 0.05
Vas 0.10 % 0.05 0.15 + 0.05
Ez(GPa) 21+0.2 16.2+0.2 23+0.2 0.9+ 0.2
o8 (MPa) 27+5 185+5 44+ 5 35+ 5
IR(kJ /m?) 22+5 162 +5 68 + 5 -

The written values are the mean value and the standard deviation (SD) of the obtained measurements from the
properties tests.

3.9. Comparison to Previous Studies

Mechanical investigations mainly focused on macroscopic properties, strength and Young’s
modulus, in some cases load-displacement curves and fracture images were presented. Hence,
the results of previous studies on the mechanical properties of reinforced composites used as
flexible orthopedic fixation to facilitate the replacement of traditional metallic plates were
summarized and compared with the results obtained in the current study (Table 2). There are
some differences between the results of the current study and the literature due to different fiber
and matrix constituent, fiber orientation, dissimilar fiber or matrix volume fraction and various
manufacturing methods. However, the presented mechanical properties of the proposed GF/PP

composites were within the reported range in previous studies.
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Table 2. Comparison of mechanical properties of the current GF/PPcomposites to

previous studies.

Composite E(GPa) Eg(GPa) o (MPa) | of(MPa) | IR(kJ/m?) Ref
PPSCGF 2.35 2.1 30 27 2 Present
study
PPLGF 20.10 16.2 400 185 162 Present
study
PPLGFY 7.87 23 150 44 68 Present
study
Present
Neat PP 0.77 0.9 20 35 -
study
Kenaf/PLA ; 3-14 - 40-100 20-60 [12]
Hap/PLLA 2542 : 10-70 : : [13]
MAWSs/PLA 46-108 88-190 5-150 [14]
Bioglass/PCL . 8-13 . 120-200 . [18]
PG/ methacrylate-modified | 5 5, 15-20 80-220 100-200 - [19]
oligolactide
PG/PLA : 512 : 50-120 : [20]
GF/PP(Twintex) 7.5-19 - 215-550 220-250 - [21]
Flax/Epoxy 12.98-30 - 148.1-200 - - [38-40]
301.87- 499.98-
Glass/Flax/Epoxy 16513197 | 30033984 | 50007 o s ; [41]
Carbon/Flax/Epoxy 417 574 3998 510.6 . [42]
UD CF/Epoxy 50-300 - - - - [43]
2D CF/Epoxy 20-30 - - - - [43]
3D CF/Epoxy 10-20 - - - - [43]
172.4-
CF/Flax/Epoxy 5.09-6.48 14.41-23.84 788 3 85-160.42 - [44]
. 84.44- 140.89-
Sisal/CF/Polyester 1.99-2.78 6.52-11.33 107,51 169.14 - [45]
Glass/BisGMA/TEGDMA _ 17.0 _ 802.0 _ [46]
Resin (UF-BG)
Glass/BisGMA/TEGDMA i 153 i 602.0 i [46]

Resin (UFS-BG)

Generally, according to literature, polymer matrices are divided into two categories; thermoset

and thermoplastic and there are three prominent reinforcement methods in polymer-based fiber

composite materials, i.e., (I) unidirectional fiber laminates, (II) discontinuous short and long
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fibers and (III) textile fabrics (woven, knitted, braided and yarn fabrics) laminates. The types
of fibers 1.e. Carbon Fiber (CF), Glass Fiber (GF), Kenaf, Flax and Silk [5, 12, 18, 21, 41-47]
were widely used in thermoset and thermoplastic matrix. Although due to the possible toxic
may affect the human body and non-suitability to reshape at the time of surgery, the thermoset
composites were not been suitable as an internal fixation device [5]. Also, thermoset polymers
are not polymerized completely, which means some monomers still exist in the material after
the polymerization [5]. Examples of thermosets, which utilized as biomaterials, are epoxy
polymer and polymethylmethacrylate (PMMA) [5, 19, 38-44, 48-50]. On the other hand, the
usage of thermoplastic polymers due to the ability of reshaping to the bone shape during the
surgery by simply applying heat, is increasing [5]. Additional advantage of thermoplastic
polymers is the greater fracture toughness compared to thermosets [5]. Another reasons for
using thermoplastic polymers is to decrease composite manufacturing time, because
thermoplastic polymers do not need chemical reaction time as the thermosets [5]. Examples
of thermoplastics with biomedical applications are polyethylene (PE), polyetheretherketone
(PEEK), polyacetal (PA), polyurethane (PU), polypropylene (PP), poly-L-lactic acid (PLLA),

polylactic-co-glycolic acid (PLGA) and polylactic acid (PLA) [5, 12-14, 20, 21, 51-59].
4. Conclusion

GF/PP composites based on using three different fiber types (PPSCGF, PPLGF and PPLGFY)
were introduced as a potential candidate for fixation plate application in this paper. The
influence of glass fiber type, orientation and volume fraction and manufacturing process on the
tensile, flexural, compression, shear and impact properties of the composite fixation plates was
investigated. The obtained values of Young’s modulus, tensile strength, flexural modulus,
flexural strength and impact strength of specimens are 2.35-20.10 GPa, 30-400 MPa, 2.1-16.2
GPa, 27-185 MPa and 22-162 kJ/m? respectively, which are acceptable strength and modulus

values similar to those of the human bone. Fixation plate with mechanical properties closer to
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bone could prevent stress concentration on the bone and thus increase the required load to

failure. Based on the results, it can be concluded that the GF/PP composites are good candidates

for load-bearing during daily human physiological activities. The PPLGF shows an overall

superiority as compared with the other types, due to the reinforcing effects of unidirectional

rendered long fiber-glass and excellent mechanical properties. Thus, to improve the future

application of the composite orthopedic fixation plate, PPLGF recommended as the first

choice.

Nomenclature

Bending moment (N.m)

Applied load in four-point bending test
(N)

The length between the outer and inner
rollers in four-point bending test(m)
Position of the neutral axis (m)

the second moment of inertia of the
cross-section (m*)

Young's modulus(GPa)

Shear modulus(GPa)

Bending modulus(GPa)

Impact resistance (kJ /m?)

BS
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Bending stiffness (N.m/°)
Bending angulation (Degree (°))

Deflection at the center of the fixation
plate in four-point bending test (m)
Density (Kg/m?3)

Shear stress (MPa)

Poisson’s ratio

Ultimate tensile strength (MPa)
Ultimate compressive strength (MPa)
Ultimate bending strength (M Pa)



Appendix A:

FigureA.1l shows the axial strain patterns of the PPSCGF sample during tensile testing for

example to prove the results of the DIC measurement method.
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Figure A.1. DIC full field images of axial strain of the PPSCGF sample during tensile testing;
a) time=1 (sec), b) time=10 (sec), c¢) time=20 (sec) and d) time=25 (sec).
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