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manufactured phosphate glass particles/fibers reinforced polylactide
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ABSTRACT: Phosphate glass/polylactide (PG/PLA) composites were additively manufactured via fused deposition modeling. The incorporation
of 10 wt % PG particles improved the flexural modulus of composites by ~14% (3.53 GPa) but led to 5% reduction in flexural strength
(92.4 MPa). The trend was more pronounced as the particle loading doubled. Comparing to a particulate composite of the same weight frac-
tion, milled PG fibers (PGFs) reinforcement led to more effectively improved flexural modulus (~30%, 4.10 GPa). After 28 days of in vitro
degradation in phosphate buffered saline, the particulate composites lost more than 30% of their initial mechanical properties, in contrast to
less than 10% reduction of strength/modulus reported from fiber reinforced composites. The additively manufactured PG/PLA matrix com-
posites have potential for application as customized bone fixation plates to repair the fractures under modest load-bearing applications. © 2019
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INTRODUCTION

Internal fixation is one of the most common practices in the
healing of bone fractures. With the implantation of devices such
as bone fixation plates, screws, pins, and intramedullary rods, the
fractured pieces of bones are held together, stabilized for a several
weeks so the regeneration of bones take place that eventually
leads to union of the fracture."

In order to repair the fracture with high stability and safety with-
out medical complications (e.g., irritating the biological system,’
secondary bone fractures due to “stress shielding,”* and failed res-
toration of bone function®), both the material properties and
design fixation device are critical. Clearly, materials must be bio-
compatible but biofidelic stiffness is also desirable and, ideally, bio-
degradability that would eliminate the need for surgery to remove
the implant after healing is accomplished.® As for the design and
fabrication, an internal fixation implant with shape and size that
specifically fit the anatomy of the patient is desirable for the safe
and effective restoration of bone functions, without leading to
complications such as malreduction and tissue irritation.”

One potential approach to fabricate fixation implant with the
desired form and function is to fabricate the biomaterials via addi-
tive manufacturing. Here, a “sliced” digital model is fabricated into

solid product via the layer-by-layer addition of materials. The pro-
cess is automated, offers high precision and the ability to fabricate
complex geometries. As such, the physiochemical and biological
properties of biomaterials can be exploited along with customized
geometries/structures attributed which add functionality in clinical
applications. For example, the pore size and porosity can be finely
controlled to produce tissue engineering scaffolds which optimize
bone ingrowth while maintaining acceptable mechanical strength
and degradation rate®; the geometries of additively manufactured
(e.g.,) tricalcium phosphate/polycaprolactone bone graft can be
contoured to suit the defect site thus facilitating the implantation
process and improving bone stability, while the material composi-
tion contributes to efficient bone-bonding bioactivity and complete
biodegradability.”"

Inspired by the success in additive manufacturing of biodegradable
polymer [eg, polylactide (PLA)'™'? and polycaprolactone'®"] re-
inforced  with  bioactive  particulate  reinforcements  (e.g,
hydroxyapatite,'" tricalcium phosphate,'* and bioactive glass'>"?), this
work aims to investigate the additive manufacturing of phosphate glass
(PG) reinforced PLA composites for their potential as bone fixation
plates. It is previously reported that compression molded PG/PLA com-
posites exhibit bone-mimetic mechanical properties and complete bio-
degradability, making them potential materials for resorbable fracture
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fixation plates.'®"” However, the PG/PLA composites are convention-
ally fabricated by die forming (i.e., compression molding) and as such
are constrained by the mold geometry, which is unlikely to be patient-
specific. Meanwhile, the PLA matrix is brittle and has poor tolerance for
mechanical deformation'®; otherwise, machining of fiber composites
leads to direct exposure of fibers to the biological system, resulting in
rapid loss of mechanical properties due to interface degradation.'”"
These factors mitigate against geometric modification of composite
fracture plates in clinical applications. However, additive manufacturing
introduces a relatively straightforward for customized composite
implants with potential advantages including improved implant fit and
simplified clinical procedures.”

In this study, the PG/PLA composites were fabricated via fused
deposition modeling (FDM), and the flexural mechanical proper-
ties as well as the in vitro degradation behavior characterized.
Comparisons were made with PLA, and PLA reinforced with dif-
ferent loadings of PG particles (PGPs) as well as composites with
reinforcements of different geometries [PGPs or milled phosphate
glass fibers (PGFs)]. The ultimate aim is to evaluate the prospect
of additively manufactured composites as fracture fixation plates.

EXPERIMENTAL

Materials

Glass precursors, including phosphorous pentoxide, boron oxide,
calcium hydrogen phosphate dihydrate (2H,0), magnesium hydro-
gen phosphate trihydrate, sodium dihydrogen phosphate dehydrate
(2H,0), potassium dihydrogen phosphate, and iron (III)-phosphate
tetrahydrate sourced from Sigma-Aldrich (St. Louis, MO, United
States). PGF yarns with the chemical composition of P48-
B12-Cal4-Mgl7-Nal-Fe8 (the numbers indicate the molar percent-
age of each oxide of elements in the phosphate glass network) was
supplied by Sinoma Co., Ltd. (Nanjing, China).?' The PLA used in
this study was the Ingeo 4043D (NatureWorks, Minnetonka, MN,
United States) in the form of granules. Phosphate buffered saline
(PBS) was prepared from tablets (P4417-100TAB; Sigma-Aldrich,
St. Louis, MO, United States) in the ratio of one tablet: 200 mL
deionized water.

Preparation of PGPs and Milled Fibers

Phosphate glass and glass fibers with identical chemical composi-
tion as P48-B12-Cal4-Mgl7-Nal-Fe8 were used. Phosphate glass
was prepared following the protocol described elsewhere.”* Briefly,
the glass precursors were weighed, blended in the platinum

Table I. Key Parameters of the FDM Process

Parameters Value/setting
Nozzle diameter 0.4 mm
Extrusion ratio 120%

Layer height 0.2 mm
Build plate temperature 60 °C

235 °C (PLA)/255 °C
(other composites)

Nozzle temperature
Infill pattern 0° rectilinear (test specimens)
Infill ratio 100% (test specimens)

Default printing speed 3000 mm min~t

ADVANCED
SCIENCE NEWS

advancedsciencenews.com

WILEYONLINELIBRARY.COM/APP

48171 (2 of 13)

Applied Polymer

crucible and isothermally heated at 300 °C for 30 min to remove
moisture. The mixture was then transferred into a muffle furnace
(1400X; Kejing, Hefei, China) where it was heated to 1200 °C for
90 min. The resulting glass melt was cast into a stainless-steel mold
and cooled to room temperature. The glass casting was crushed
using a high-speed blade mill (DY1000; Xinyuan, Hebi, China)
into powders, and further milled with an ultracentrifugal mill
(ZM-200; Retsch, Haan, Germany) equipped with a 150 pm sieve.
The continuous PGF yarns were trimmed manually into ~10 mm
short fiber bundles, then milled with the same ultracentrifugal mill.

Preparation of Composite Masterbatch

A masterbatch—dilution process was applied to obtain FDM
feedstock with the desired ratio of fillers. The masterbatch was
prepared by melt-blending PLA and with either milled fibers or
particulate filler in a twin-screw extruder (TSH-25; Chuangbo,
Nanjing, China) and chopped into pellets. Before use, the PLA
granules and milled fibers/particulate filler were dried at 50 °C
for 48 h. PLA granules were then fed into the twin-screw
extruder via the main hopper, while the fillers were introduced
via the side hopper. The six heating chambers of the extruder
were set from 175 to 205 °C, and the screw rotation rate was
20 rpm. The extrudates were then water cooled and chopped
into pellets. Loss on ignition confirmed the weight fractions for
the masterbatches at 28 wt % (particulate) and 17 wt % (milled
fiber), respectively. Unreinforced PLA pellets were produced
following the same protocol.

Preparation of Three-Dimensional Printing Filaments

The unreinforced PLA pellets and the masterbatches were weight
and dry mixed to obtain four different blends: pure PLA, composites
with 10 wt % PGP 10, 20 wt % PGP 20, and 10 wt % PGF 10. These
blends were then processed using a filament extruder (Model C-2;
Wellzoom, Shenzhen, China) equipped with a 2.0 mm extrusion
die. The preheating zone and extrusion die temperatures were set at
193 and 187 °C, respectively. The extruded filaments with a diame-
ter of 1.75 £ 0.15 mm were water cooled prior to winding,

Three-Dimensional Printing via FDM

Three-dimensional models, including three-point bending test speci-
mensbased onISO 14125:1998 standard (L X Dx H= 80 x 10 x4 mm°)
and dynamic mechanical test specimens (L X DX H= 25 X 8 X 2 mm?)
were designed using PTC Creo Parametric (Version 4.0; PTC Soft-
ware, Boston, MA, United States) and saved as stereolithography
(STL) files. The STL files were then imported into Simplify3D
(Version 4.0.3; Simplify3D, Blue Ash, OH, United States) to config-
ure the FDM process, with the key parameters listed in Table I. The
configured FDM programs were then transferred to the FDM device
(Ultimaker 2+; Ultimaker, Geldermalsen, Netherlands) to be fabri-
cated. The FDM extrusions were mainly in the 0° direction (along
the 80 mm edges), which was vertical to the crosshead movement
in the three-point bending test.

Three-Point Bending Test

The three-point bending test specimens were tested according to
the ISO 14125:1998 test standard, using a universal testing
machine (E45.105; MTS, Eden Prairie, MO, United States)
equipped with a 50 kN load cell. The span of the fixture was
64 mm, and the crosshead speed was set at 2 mm min™". The tests
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were carried out with five replicates using virgin test specimens,
and three replicates for degraded specimens over a 56-day period
(see In Vitro Degradation section).

In Vitro Degradation

In vitro degradation was carried out to evaluate the mechanical
properties and hydroscopy of the composites after hydrolytic
degradation. Three-point bending test specimens were placed
into glass vials filled with 20 mL of PBS with initial pH value of
74 £ 0.1. The specimens were then maintained at 37 °C, and
every 7 days, the PBS was refreshed.

Test specimens were removed from the media at predetermined
intervals, surface dried, and weighed to establish moisture reten-
tion prior to flexural testing. After three-point bending test, the
specimens were dried at 40 °C for 1 week to determine the dry
mass and the consequent water uptake.

pH Value

The pH values of immersion media were monitored in order to
gauge the degradation the specimens. After calibration using
three types of standard calibration solutions (pH = 4.01, 7.00,
and 9.21 at 25 °C), pH values were measured using a pH meter
(FE28-Meter; Mettler Toledo, Columbus, OH, United States).

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was carried out in the
dynamic analyzer (DMAS8000; Perkin-Elmer,
Waltham, MA, United States) using single cantilever bending
specimens with a temperature scanning process applied. During
the tests, the specimens were cycled with constant strain of 0.05%
at a frequency of 1 Hz, while being ramped from 30 to 80 °C at
2 °C min~". The storage modulus (E) and loss factors (tan §)
were recorded, and the temperature where loss factor peaked was
determined as glass-transition temperature (T,). Each material
variant was tested with three replicates before and after 3 days of
in vitro degradation.

mechanical

Scanning Electron Microscopy and Energy-Dispersive
Spectroscopy

The fracture surfaces and polished cross section of specimens
were imaged via scanning electron microscopy (SEM). For the
polished cross sections, a cross-sectional surface vertical to the
long edge was made with a diamond saw before polishing with
1000-mesh sanding disks first, then with 5000-mesh sanding
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disks using the an orbital polisher (YMP-1; Yuzhou, Shanghai,
China). The pristine fracture surfaces and polished cross sections
were then sputter coated with 10 nm gold layer using the vacuum
coating system (SCD-500; Leica Microsystems, Wetzlar,
Germany), and imaged using the SEM (Sigma VP; Zeiss,
Oberkochen, Germany) in secondary electron mode. Energy-
dispersive spectroscopy (EDS) spectra based on SEM images were
acquired under the accelerating voltage of 20 kV using the X-act
silicon drift detector (Oxford Instruments, Oxford, UK).

Fiber Length Analysis

Milled PGF extracted from PGF 10 composites were imaged via
an electronic optical microscope (NE930; Nexcope, Ningbo,
China) with their images captured using the Scopelmage software
(Version 9.0, Shareware). For the measurements of fiber length,
the images were processed with Fiji distribution of Image]
(Image] 1.52e, developed by Wayne Rasband from US National
Institutes of Health) using the plugin “ridge detection” (devel-
oped by Thorsten Wagner and Mark Hiner).

Laser Particle Size Analysis

The size distribution of PGPs was characterized using a laser par-
ticle size analyzer (Bettersize 2000; Bettersize, Dandong, China).
Around 0.5 g PGPs (conditioned at 100 °C for 24 h) were added
to the dispersion media reservoir which was prefilled with
deionized water. The slurry was then mechanically stirred and
sonicated, until no agglomerates of PGPs were seen and the
obscuration value fluctuated around 15%. The particle size mea-
surement was then carried out, and the volume-based particle
size distribution was thus obtained.

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
(Version 7.00; GraphPad Software, San Diego, CA, United
States). Unpaired, two-tailed ¢ tests were carried out using the
data acquired, with a confidence level of 95% (p < 0.05 defined as
statistical significance).

RESULTS

Characterization of PGPs and Milled PGFs

The milled glass particles are shown in Figure 1(a) with the parti-
cle size distribution shown in Figure 1(b). The D50 value (indi-
cating the median particle sizes) was 31 pm and 90% of the
particles were below 68 pm (D90).

—
O
-

PGP Size Distribution

Volume Percentages (%)

0 20 40 60 80 100 120 140
Particle size (um)

Figure 1. SEM image (a) and particle size distribution (b) of PGPs. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. SEM image (a) and fiber length distribution (b) of milled PGPs. [Color figure can be viewed at wileyonlinelibrary.com]

The SEM image and length distribution of the milled fibers are
shown in Figure 2. The average fiber length (+standard deviation)
was 54.69 £ 34.32 ym. The median fiber length was 44.92 pm,
and the mode was 27 pm. More than 50% of the fibers were less
than 50 pm, and 90% of the fibers less than 110 pm.

Initial Flexural Properties

The initial flexural properties of FDM fabricated composites are
shown in Figure 3. The flexural strength and modulus of pure
PLA specimens were 97.20 = 3.27 MPa and 3.13 £ 0.20 GPa,
respectively. With the addition of 10 wt % PGPs, the flexural
strength decreased by 5.0% (92.38 £ 3.04 MPa), whereas the flexural
modulus was enhanced by 12.8% (3.53 &= 0.23 GPa). The trend was
more pronounced with 12.5% strength reduction (85.98 & 2.91 MPa)
and 31.9% modulus increment (4.13 £ 0.16 GPa) as the PGP load-
ing doubled, and both the strength reduction and the modulus incre-
ment were found with statistical significance (p < 0.05, n = 5).

Similar to the PG particles, the incorporation of 10 wt % milled
fibers led to a strength reduction of 5.1% (92.28 = 4.07 MPa).
However, the flexural modulus was significantly improved by
31.0% (4.10 & 0.57 GPa) compared to unreinforced PLA. Strong

Initial Flexural Properties of PGP(F)/PLA Composites
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Figure 3. Initial flexural properties of the FDM fabricated PLA, PGP/PLA, and
PGF/PLA composites. Error bars represent standard deviation. Significance was
marked with: * (p < 0.05, n = 5), ** (p < 0.01, n = 5) in black (strength) and red
(modulus). [Color figure can be viewed at wileyonlinelibrary.com]
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statistical significance (p < 0.01) was confirmed comparing the
flexural modulus of PGF 10 composites with either PLA or PGP
10 composites, suggesting a more pronounced stiffening effect
from the addition of fibers.

Typical stress—strain curves for all specimens are given in Figure 4.
Typically, an initial linear portion indicating elastic deformation pre-
ceded the onset of yielding at around 2% strain. Finally, the stress
dropped abruptly, marking the fractures of specimens. The PLA

Initial Stress-Strain Curve of PGP(F)/PLA Composites
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0% 1% 2% 3% 4% 5% 6% 7% 8%
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PGP 20

=—PLA ——PGP 10 PGF 10

Figure 4. Typical stress—strain curves of the three-point bending test of the
FDM fabricated PLA, PGP/PLA, and PGF/PLA composites. [Color figure
can be viewed at wileyonlinelibrary.com]

Flexural Strength during Degradation
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Figure 5. Flexural strength of the FDM fabricated PLA, PGP/PLA, and
PGF/PLA composites after specific days of in vitro degradation in PBS.
Error bars represent standard deviation. [Color figure can be viewed at
wileyonlinelibrary.com]
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Flexural Modulus during Degradation
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Figure 6. Flexural modulus of the FDM fabricated PLA, PGP/PLA, and
PGF/PLA composites after specific days of in vitro degradation in PBS.
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Error bars represent standard deviation. [Color figure can be viewed at
wileyonlinelibrary.com]

specimens exhibited the greatest ductility (ultimate strain
7.15 + 0.33%), followed by the PGF 10 (4.60 + 0.65%), the PGF
10 (4544 039%), and finally the PGP 20 (3.75+ 0.32%)
composites.

Mechanical Properties after Aqueous Degradation

The flexural properties after immersion in PBS are shown in
Figures 5 and 6. Property degradation was evident at 3 days of
immersion in PBS. Specifically, the flexural strength and modulus of
PGP 20 composites reduced markedly to 77% (66.42 = 1.76 MPa)
and 79% (3.31 = 0.18 GPa) of the virgin properties, respec-
tively, and both were found statistically significant changes
(p <0.05, n =3).

Following the initial, relatively large drop, the mechanical proper-
ties followed a more steady reduction. For unreinforced PLA
specimens, the strength and modulus more or less maintained
their Day 3 properties while the particulate and milled fiber com-
posites exhibited an approximately linear reduction in strength
and modulus with respect to time.

As for the particulate reinforced composites, progressive reduc-
tion of flexural properties was evident. While the initial flexural
modulus of both particulate reinforced specimens was higher
than pure PLA before degradation, the values dropped below
those of PLA after 7 days of immersion in PBS. By Day 28, the
strength and modulus retention were, respectively, 73 and 70%
for PGP 10 composites, and 63%/44% for the PGP 20 composites,
suggesting that higher particulate loadings accelerated degrada-
tion. At the end of 56-day period, the PGP 10 composites
retained approximately 60% of initial strength and while the PGP
20 composites maintained only 48% of their initial strength and
34% of initial modulus.

For the PGF 10 composites, 92 and 91% of the initial flexural
strength/modulus remained on Day 28, and the modulus was still
superior to those of unreinforced PLA, suggesting that the milled
fibers provided better property retention than the particulate
composites. However, by Day 56, only 75 and 68% of initial
strength and modulus were retained in the PGF 10 composites.
These values indicated a more severe loss of mechanical proper-
ties during Days 28-56, in contrast to the particulate composites
that exhibited more severe degradation over the first 28 days.
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Water Uptake during PBS Degradation
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Figure 7. Water uptake profile of the FDM fabricated PLA, PGP/PLA, and
PGF/PLA composites after specific days of in vitro degradation in PBS.

PGF10

Error bars represent standard deviation. [Color figure can be viewed at
wileyonlinelibrary.com]

Overall, the flexural strength and modulus of PGF 10 composites
remained superior to those of the equivalent particulate
composites.

Water Uptake

Water uptake profiles are shown in Figure 7. For PLA specimens,
water uptake was evident by Day 3, and more or less stabilized at
0.7%. The water uptake of both particulate composites progres-
sively increased during the 56-day degradation period, with
greater uptake at the higher particulate loading. The final water
contents reached 4.4 and 10.4% for PGP 10 and PGP 20 compos-
ites, respectively. The water uptake of PGF 10 composites was
more modest (1.20%) over the first 28 days, increasing to 2.90%
by Day 56, indicating that milled fiber composites had a generally
lower water uptake propensity compared to those with particulate
reinforcement.

pH Values of Immersion Media

The pH histories of the PBS immersion media for the various spec-
imen types are shown in Figure 8. Starting from 7.40, the pH value
of PBS immersing PLA did not change significantly during the
56-day degradation period. The phosphate glass reinforced com-
posites, however, caused the pH to fall progressively, for the PGP
10 group dropping to 7.21 by Day 28 and 7.01 by Day 56. The

pH during PBS Degradation
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Figure 8. pH profile of PBS immersing the FDM fabricated PLA, PGP/PLA,
and PGF/PLA composites after specific days of in vitro degradation. Error
bars represent one standard deviation. [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 9. DMA results of (a) PLA, (b) PGP 10, (c) PGP 20, and (d) PGF 10 composites, based on single cantilever—temperature scanning mode. [Color figure

can be viewed at wileyonlinelibrary.com]

particulate composites exhibited more dramatic changes; for PGP
20, the pH dropped below 7 by Day 28 and reached 6.44 by Day
56. The PGF 10 composites behaved similarly with accelerated
change in pH during the latter part of the degradation period.

Dynamic Mechanical Analysis

DMA was carried out to monitor storage modulus (E) and glass
transition temperature (Ty) after 3 days of in vitro degradation.
Curves of storage modulus (E) and loss factor (§) are shown in
Figure 9. In general, the storage modulus of specimens increased
with the incorporation of either particulate or milled fiber rein-
forcement, and the results followed the same sequence (E: PGP
20 > PGF 10 > PGP 10 > PLA) as obtained from three-point
bending test. The glass-transition temperature reduced slightly
with the incorporation of phosphate glass fillers. After 3 days of
immersion in PBS, the initial storage modulus reduced, and the
onset of storage modulus reduction occurred at lower tempera-
tures for all specimens after degradation.

SEM and EDS

SEM images of fracture surfaces of specimens are shown in
Figure 10. Images in the left column [Figure 10(a,c,e,g)] are the
polished cross sections of virgin specimens. The PLA surface
(a) exhibits a series of regular white in the polished cross sec-
tions. These represent nonbonded areas between adjacent extru-
sions and are intrinsic defects associated with FDM. Similar
features can be identified in Figure 10(b,th) as trapezoidal voids
which are highlighted by triangles and parallelogram. For the
particulate composites, it was clear that the polyhedral particulate
dispersion was fairly even (c, €), with more particles visible as the
PGP content increased to 20 wt %. In the polished cross
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section of PGF 10, the fibers are clearly visible and well distrib-
uted. As the polished surfaces were perpendicular to the FDM
extrusion path, the more or less circular fiber section indicates
close alignment with the direction of extrusion.

As for the pristine fractured surfaces of virgin specimens in the
right column [Figure 10(b,d,f,h)], it is evident that many of the
glass particles have disbonded from the PLA matrix during
the fracture event, as evidenced by the witness hollows as well as
the voids surrounding the residual glass fragments (marked by
eclipses). The evidence suggests that the interfacial strength
between glass particles and the PLA was relatively weak. Mean-
while, smooth and circular voids (marked by arrows) were also
evident, and these were likely result of air entrainment during the
water cooling process of filament making procedures. Figure 10
(h) shows similar void, also evidence of fiber pull-out for the
milled fiber specimens which again supports the likelihood of
rather limited interfacial shear strength.

Pristine fractured surfaces of specimens degraded for 28 days are
presented in the left column of Figure 11(a,c,e,g). No significant
difference was noted from the pure PLA specimens before and
after degradation. The fracture surfaces of degraded PGP 10 and
PGP 20 composites were similar to those before degradation.

The right column in Figure 11(b,d,f,h) shows the pristine fracture
surfaces of specimens after 56 days of degradation. Similarly, no
significant difference was seen in the fractured surface of the
PLA. For the composites reinforced with glass particles, further
pitting was evident on the fracture surfaces, suggesting more pro-
nounced interface failure as the PGP/PLA interfacial strength was
further weakened.
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Figure 10. SEM images of polished/pristine fractured surfaces of virgin PLA (a,b); PGP 10 (c,d); PGP 20 (e,f); and PGF 10 (g,h) composites. [Color figure
can be viewed at wileyonlinelibrary.com]

Moreover, round excrescences were observed in the fractured as excrescences humps all presented on the fractured surfaces.
surfaces. With higher loading of glass in the PGP 20 composites,  Figure 12 indicates that the excrescences were the fusion of deg-
the resultant excrescences were larger. In the fractured surface of  radation products from the phosphate glass, as both residual PGP
PGF 10 specimens, pulled out fibers, trapped air bubbles, as well and PGF can be seen fused into the excrescences. The EDS
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Figure 11. SEM images of pristine fractured surfaces of PLA (a,b); PGP 10 (c,d); PGP 20 (e,f); and PGF 10 (g,h) degraded at 37 °C in PBS for 28/56 days.

results in Figure 13 show that the relative atomic ratio among  Single extruded paths of PGP 10 and PGF 10 composites in hori-
Mg, Ca, and Fe of excrescences were close to those of virgin  zontal direction were examined under SEM. Figure 14(a) was
PGPs/PGFs. The reduced Mg along with increased Fe content taken from a PGP 10 composite specimen. Glass particles are
was the result of degradation of magnesium oxide which took  found evenly dispersed in the composites and no preferred loca-

place at a higher rate than the iron oxide. tion or alignment of PGP can be observed from the image. For the
S‘CRE‘IﬂéEEEEVQS 48171 (8 of 13) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48171
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Figure 12. SEM images showing the fusion of PGPs

same model fabricated with PGF 10 composite [Figure 14(b)], it
was found that a certain portion of the fibers were in the same
direction of the extruded path, indicating alignment of milled PGFs
in the direction of FDM extrusion.

DISCUSSION

Initial Structural and Mechanical Properties

Comparing with PLA specimens, the incorporation of glass
particles led to improved flexural modulus, reduced flexural
strength, and reduced strain at break, and the effects were
intensified with increased PGP loading. These are logical and
well reported effects from the addition of rigid fillers.”®
Embrittlement and strength reduction is associated with of stress
concentration and low interfacial strength.> It is likely here that
the stress concentration effect was augmented by the incorporation
of particulate with sharp corners. With increased filler loading,
stress concentration sites also increased and led to more pro-
nounced strength reduction and the same effect on strain at fail-
ure.” Strength reduction was probably also contributed to by the
likelihood of higher voids fraction in the composites, including the
air trapped in during water cooling, and the gaps between adjacent
extruded paths associated with decreased propensity to flow as the
particulate contents in molten feedstock increased. The strain at
break of materials reduced with increasing glass content, indicating
that the rigid particulate reinforcements were unable to arrest

20
19
18
17
16

15

Atomic Ratio (Normalised by Ca)

14
Mg Fe Ca
—@—\/irgin PGP —@=— PGP Excrescences Virgin PGF =—@=—PGF Excrescences

Figure 13. Relative atomic ratio among Mg, Fe, and Ca normalized by Ca, as
examined using EDS. [Color figure can be viewed at wileyonlinelibrary.com]
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(a) and PGFs (b) into excrescences, captured on Day 56.

crack growth. The reduced strength along with reduced strain at
break suggests that the bonding between the glass particles and
PLA matrix was rather weak, as the strong interfacial bonding gen-
erally enhances the strength and often the toughness of
composites.23

When comparing to the particulate filler with the same weight frac-
tion of milled fibers, it is clear that the latter were more effective in
improving the modulus of composites, whereas the strength and
failure strain were similar. As reported in previous studies, the
incorporation of fiber reinforcements generally contributed to
improved strength in additively manufactured polymer
composites,***® which is in contrary to the results in this study. The
tensile strength of short fiber reinforced polymer composites is highly
related to the loading, orientation distribution, and the length distri-
bution of fibers. For the length distribution, it is reported by Fu et al.
that as the median/mode of fiber length increase, fibers are more
likely to approach their critical length in composites, resulting in
improved mechanical strength.”” Thomason et al. studied the proper-
ties of compression molded glass fiber/polypropylene composites and
the tensile/flexural strength of composites reduced when very short
fibers (average length = 100 um) were added into composites.”® In
this study, the average fiber length was only 54 pm, with the median
and mode of fiber length being even lower. Moreover, it is previously
reported that the incorporation of 10 mm PGFs in PLA would not
effectively improve the strength comparing to PLA alone.”® In sum-
mary, the fiber length here was too short to enable the fibers to be
loaded to their full tensile strength before an interfacial failure would
occur, as demonstrated elsewhere using discontinuous carbon fibers
at different lengths.***° Similarly, the interfacial bonding between
PGF and PLA was not sufficiently strong, as indicated by the reduced
strength and strain at break.

The pronounced modulus enhancement arising from the addition
of milled fibers is of course a direct mixture effect from the addi-
tion of a high modulus phase to the PLA. The high aspect ratio
combined with a high level of alignment along the filament leads
to a significant improvement in the axial stiffness.'®*" The PGPs
clearly have substantially lower aspect ratios and no clear evi-
dence of alignment with the filament axis. As polymer melt
solidified, the fiber alignment was preserved in the solidified
product.®* This phenomenon was observed in several studies****
and recently demonstrated with simulation of the FDM process.>*

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48171
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Figure 14. SEM images of single, horizontally extruded paths of PGP 10 composites (a) and the PGF 10 composites (b).

Observation of the microscopy specimens introduced earlier con-
firmed the fiber alignment effect.

Hydrolytic Degradation

The mechanical properties of all specimens were reduced during
the first 3 days of degradation. Specifically, over 20% loss of
strength and modulus were recorded from the PGP 20 compos-
ites. Meanwhile, only minor pH reduction was recorded in the
immersion media, suggesting that the significant dissolution of
phosphate glass was unlikely to have taken place.

The initial reduction of mechanical properties is attributed to the
PLA matrix becoming plasticized by water ingress. Water-
induced plasticization is a well-reported phenomenon for polyes-
ters including PLA.° As polyesters are immersed in aqueous
media, the low-molecular-weight water infuses into the network
of high-molecular-weight polymers, increasing the free volume in
the polymer at the molecular level.>> Consequently, the mobility
of the polymer backbone increases while the rigidity of polymer
structure reduces, leading to lowered elastic modulus and glass
transition temperature.”® Rodriguez et al. immersed compression
molded PLA disks in 70 °C distilled water (pH = 5.4) for 10 days
and reported that glass-transition temperature (T,) a reduction
from 61 °C to around 50 °C after 3 days of immersion, and a
weight-average molecular weight reduced by 80%.%” Similarly,

Kikkawa et al. noted that comparing to counterparts conditioned
and tested in a vacuum, the PLA thin films immersed in water
had lower T, reductions and higher molecular mobility at their
surfaces, demonstrating the role of water as a plasticizer.”® In this
study, the T, of all degraded specimens dropped compared to
those before immersion. Along with the reduced modulus
recorded from both three-point bending test and DMA, it is very
likely that plasticization of specimens took place within 3 days of
degradation. Meanwhile, more pronounced strength reduction
was found from PGPs reinforced composites. This is possibly the
result of compromised interfacial strength due to hydrolysis.*

From Day 3 on, there was only a minor reduction in the flexural
properties as well as pH of immersion media for PLA. It is
known that the degradation rate of PLA in benign environments
(e.g., 37 °C deionized water/PBS immersion) is rather slow.*°
Thus, the PLA exhibited good property retention. In contrast,
progressive reductions of mechanical properties were observed in
both the particulate and milled fiber composites beyond Day
3. For the particulate reinforced composites, the reduction of flex-
ural properties, the incremental water uptake, and reduction of
pH in the immersion media all point clearly to hydrolytic degra-
dation of the phosphate glass and this effect is magnified as the
filler loading increases since there is a greater surface area of glass
available to the media.*' The milled fiber composites degraded

Table II. Comparison of Mechanical Properties among Human Bones, PGF 10, Continuous PGF (cPGF)/PLA Composites PLLA

Materials/skeletal structures Reinforcement ratio Process Strength Modulus Reference
Human cortical bones — — 50-150 MPa 6-20 GPa o
Human cancellous bones — — 10-20 MPa 0.05-0.50 GPa 16

PGF 10 (Day 0) 10% (weight) FDM?® 92.28 MPa 4.10 GPa This work
PGF 10 (Day 28) 10% (weight) FDM 84.63 MPa 3.74 GPa This work
PGF 10 (Day 56) 10% (weight) FDM 69.47 MPa 3.03 GPa This work
cPGF/PLA (Day 0) 20% (volume) CMP ~180 MPa ~12 GPa 42
cPGF/PLA (Day 28) 20% (volume) CM ~70 MPa ~3 GPa 42

PLLA (Day 0) — IMme 64.8 MPa 4 GPa 43

@ FDM, fused deposition modeling.
b CM, compression molding.
¢ IM, injection molding.
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Figure 15. The CT data of elbow that the digital model of customized fixation plates was designed upon (a), and the additively manufactured demo parts of
customized PGF 10 fixation plates for elbow fracture (b). [Color figure can be viewed at wileyonlinelibrary.com]

more slowly compared to the particulate composites and a higher
retention of mechanical properties was evident, along with lower
water uptake. A possible reason is that the PGF bundles were
coated with sizing after the production, which served as a barrier
against hydrolytic degradation, thus contributing to reduced deg-
radation rate of resultant composites.

General Discussion

The purpose of this study was to examine the potential of additively
manufactured composites for use as bone fixation implants. The
mechanical properties of human bone, additively manufactured
PGF 10 composites, and a continuous PGF/PLA composite are
listed in Table II. Comparing with the mechanical properties of cor-
tical bones, the (dry) flexural strength of the PGF 10 composite is a
close approximation, while the flexural modulus is much lower.
Stiffness matching is recognized as the “gold standard” for bone fix-
ation implants, as fixation implants with such mechanical properties
are strong and stiff enough for the load-bearing activities without
leading to “stress shielding.” As such, it is probably necessary to
consider the use of higher/longer fiber loading for this type of
application.

In contrast, continuous PGF/PLA composites are more suitable
for the fixation of load-bearing bones due to the superior initial
modulus, which is attributed to the incorporation of continuous
fibers that lead to effective improvement of stiffness via better
alignment and a higher volume fraction. However, it is also seen
that the flexural modulus of such materials reduced by ~80%
after 28 days of degradation, whereas the PGF 10 composites
lost ~30% of initial flexural modulus even after a prolonged deg-
radation period of 56 days. The rapid reduction of flexural mod-
ulus was attributed to the exposure of fiber ends in degradation
media, which allowed water to diffuse into the composites.'”
More importantly, the continuous fiber reinforcements were
later “wicked” by the water, leading to accelerated hydrolytic
degradation.'”” On the contrary, the milled PGFs within the
PGF 10 composites were better encapsulated by the polymer,
thus protected from direct exposure to degradation media. On
top of that, it shall be mentioned that the fabrication of contin-
uous PGF reinforced composites were currently limited to
molding techniques such as compression molding and in situ
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polymerization,'”** and the use of mold constrained the geome-

tries of composites produced. In contrast, the PGF 10 compos-
ites in this study were additively manufactured via a free-form
fabrication process, so the implants with complex shape and
size can be obtained straightforwardly, with low demand on fur-
ther shaping/machining.

Based on the consideration of both the initial mechanical proper-
ties and the facility to produce composites with desired geome-
tries straightforwardly, the additive manufacturing of PG/PLA
composites exhibits good potential in the making of patient-
specific fixation implants for bone that has low demand for load-
bearing, for example, zygoma,** ankle,***” and maxilla.*® These
bones have been previously reported to be successful restored
using PLA-based biodegradable fixation devices. Compared to
PLA alone, it was demonstrated that the incorporation of PGF
enhanced the flexural modulus of implants. It is also anticipated
that the degradation of PGF releases magnesium, calcium, and
phosphate to upregulate bone regrowth. Moreover, the FDM pro-
cess allows fixation implants with customized geometries to be
built directly, and may remove the need for contouring of
implants for anatomic fit during the operation.*’

As a proof of concept, a pair of fixation plates designed for the
fixation of elbow fractures were built and shown in Figure 15.
The models of fixation plates indicated to repair the ankle frac-
ture were designed based on the computed tomography
(CT) data acquired. Clearly, before clinical trials, further research
is required to investigate whether these materials are compatible
with biological system, and function properly in the bone-
fracture healing process.

The results of this preliminary research also indicate that the
additively manufactured PG/PLA composites can be further
enhanced for their properties and utilized in other fields. For the
milled fiber composites, the mechanical properties were found to
be limited by the fiber length as well as the internal voids. The
feasibility of incorporating longer fibers and reducing internal
voids are obvious next steps. It is also noticed that particulate
reinforced composites suffered from rapid loss of mechanical
properties. Meanwhile, the reducing pH value of the immersion
media was a strong proxy for glass degradation. While the
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degradation of phosphate glass needs to be controlled in order to
maintain mechanical properties, the effect may be utilized for the
efficient release of degradation that benefits the bone growth
activities which may lead to customized bone tissue engineering
scaffolds for repair of bone defects.

CONCLUSIONS

PG/PLA composites were additively manufactured via FDM. The
mechanical properties and degradation behavior of composites
were investigated. It was found that with the incorporation of
PGPs resulted in reduced flexural strength and improved flexural
modulus of the composites, and the trend was intensified with
increased particulate loadings. Comparing to particulate compos-
ites of same weight fraction, milled PGFs were more effective in
improving the flexural modulus of composites. During aqueous
conditioning, the degradation rate of particulate reinforced com-
posites increased with higher filler loadings, whereas the milled
fiber composites showed better retention of mechanical proper-
ties comparing to those with same weight fraction of particulates.
The proof-of-concept customized bone fixation plates were addi-
tively manufactured using the milled fiber composites, yet more
work is required to improve the load-bearing ability of compos-
ites and confirm the compatibility of additively manufactured
PG/PLA composites for customized bone fracture fixation.
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