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Abstract This paper presents a study on the effect of hy-
droxyapatite (HA) content on the microstructure and me-
chanical properties of high-density polyethylene (HDPE)/
HA composites and the fabrication of functional graded
scaffold of HDPE/HA by selective laser sintering (SLS).
The microstructure of the sintered composite scaffolds had
interconnected pores with diameters of 30-180 pum and
porosity of 45—48 %. The HDPE/HA composite scaffolds
had a flexural modulus of 36-161 MPa and ultimate
strength of 4.5-33 MPa. The maximum loss modulus peak
tended toward lower temperature values for HDPE/HA
composites with 10 and 20 % of HA content, indicating that
the o, relaxation was slightly affected by higher quantities
of HA. The HA particles reinforced the matrix and mini-
mized the plastic and definitive deformation under the test
conditions. HDPE/HA functional graded scaffold fabricated
using SLS with controlled microstructure and properties
showed considerable potential for biomedical applications,
being suitable for bone and cartilage tissue engineering.
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1 Introduction

The reconstruction of complex joints represents a challenge
in bone tissue engineering. The scaffolds employed must fit
into the anatomic defect, possess mechanical properties that
will bear in vivo loads, enhance tissue in-growth, and not
produce toxic degradation byproducts [1-4]. The success of
tissue engineering will rely on the ability to generate com-
plex 3D structures. Therefore, methods that can be used to
precisely engineer the architecture and topography of scaf-
folding materials will represent a critical aspect of functional
tissue engineering [5]. Due to the lack of control on archi-
tecture and porosity, produce complex scaffolds structures
can involve both bottom-up and top-down overall micro and
nanomanufacturing approaches [6].

Selective laser sintering (SLS) is a solid free-form fabri-
cation method that may be used for creating bone tissue
scaffolds to match the complex anatomical geometry
[7—10]. SLS enables the design and fabrication of controlled
microstructure and properties, thereby allowing control over
pore size, porosity, permeability, mechanical properties, and
material composition [11, 12]. Control over these character-
istics may enhance cell infiltration and mass transport of
nutrients and metabolites throughout the scaffold.

The use of nonbiological materials can cause adverse
reactions. High-density polyethylene (HDPE) is a biologi-
cally inert polymer with known clinical performance related
to mechanical behavior [13—15]. The fabrication and char-
acterization of HDPE scaffolds with varying internal pore
architectures and porosities produced through SLS has been
reported [12]. Hydroxyapatite (HA) is a typical bio-active
material and it occupies 75 wt% of human bone regardless
of the water content [16]. It has excellent biocompatibility
and nontoxicity and is capability of promoting bone growth
and of conjoining with human bone [17-20]. Animal tests
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[21, 22] showed that there was no inflammation around
implanted HA, and that the HA was surrounded by bone
tissues and formed an osseous combination with bone tis-
sues. These results indicate that HA plays the roles of
support and filler in bone and can become a part of the bone
skeleton. Thus, if HA is used as the filler for HDPE, the bio-
activity of HDPE might be improved to promote bone
growth. The presence of HDPE might overcome the brittle-
ness problem of HA and the fact that dense HA is not easily
absorbed. Selective laser sintering has been investigated for
the production of bioactive implants and tissue scaffolds
using composites of HDPE reinforced within 30 and 40 %
HA presenting pores within the optimal sizes for tissue
regeneration [23]. This study investigates the effect of HA
content on the microstructure and mechanical properties of
HDPE/HA functional graded scaffold fabricated by SLS.

2 Experimental part
2.1 Materials

The powder polymer used in this study was HDPE, HD7555
Ipiranga, with a melting temperature of 127.7 °C (according
to differential scanning calorimetry). The particle size range
used was 150-212 um. HA with a particle size of 5-10 um
was supplied by Sigma-Aldrich.

2.2 Design and fabrication of porous scaffold and
composites specimens

The HDPE scaffold specimen (35x5%1.4 mm size) was
designed in CAD software and then exported to the SLS
machine. The periodic porous architectures were designed
through the selection of powder particle size and processing
Fig. 1 Micrographs of HDPE
(a) and HDPE/HA composites

with HA content of 5 % (b),
10 % (c¢), and 20 % (d)
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parameters as previous described [12]. Composites of HDPE
and HA were mixed by mechanical powder mixing using a Y
cylindrical blender for 70 min at 90 rpm. SLS processing of
the materials was conducted by preheating the powder to 95 °©
C. Specimens were built by SLS using the previously deter-
mined processing parameters. The specimens were manufac-
tured with a CO, laser at 5 W of power, 250 um of beam focus
diameter, and scan speed of 57 mm/s. The chamber tempera-
ture was 80 °C. The building layer thickness used was 200 pm
and the spacing between the laser scans was 125 pum. Speci-
mens with pure HDPE and composite material were manu-
factured using the optimized processing parameters.
Functional graded scaffold with the composite compositions
were fabricated based on the optimized processing parame-
ters. The scaffold plate with functionally graded composition
was manufactured by the automatic dispersion of different
blends in a Y-direction graded layer before sintering due by
the SLS powder delivery device.

2.3 Characterization

The composite specimens and the functional graded scaffold
were inspected with a Phillips XL30 scanning electron micro-
scope (SEM) in order to investigate the microstructure. The
specimens were coated with gold in a Bal-Tec Sputter Coater
SCDO005. Dynamic mechanical analyses were performed on a
TA Instruments analyzer, model Q800, with single cantilever
mode. Stress—strain curves were obtained at a loading rate of
2 Nmin ' and 30 °C. The storage modulus (E') and the loss
factor (tan 6=E'/E") at fixed frequency equal to 1 Hz were
determined in the temperature range of 0—150 °C at a heating
rate of 3 °C min"'. Fatigue experiments were conducted at

30 °C and 1 Hz applying 50 % of the maximum strain
amplitude determined in the stress versus strain curves for
each specimen.
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Table 1 Flexural mechanical properties of HDPE and HDPE/HA
composite scaffolds

Flexural modulus Ultimate strength  Elongation

(MPa) (MPa) (%)
HDPE 456+88 51+6 7.8+2
HDPE/HA 5%  161+36 3344 8.6+1
HDPE/HA 10 % 6217 3143 73+1
HDPE/HA 20 %  36+7 4.5+1 3.8+2

3 Results and discussion

With the processing parameters used in the SLS, the HDPE
specimen showed a microstructure with a higher sintering
degree than the composite specimens, with particles joined
by extensive neck formations, as can be observed in the
micrographs shown in Fig. la. The composite scaffold
microstructures show the presence of different quantities
of HA powder with average sizes of 10 um, proportional
to the designed composite composition, in the HDPE-
sintered matrix (Fig. 1b—d). Nevertheless, the HA particles
tend to agglomerate at higher concentrations.

The porosity, which refers to the percentage fraction of
voids in the scaffold specimen volume and the internal pore
architectures, in relation to the designed pore diameter, was
analyzed by density measurements and SEM images, in
order to evaluate the manufactured scaffold morphologies.
The scaffolds were designed with volumetric porosity rang-
ing from 35 to 45 %. The manufactured scaffolds had
porosity values of 4548 %, which can be considered as
consistent with the scaffold design. The microstructure of
sintered scaffold specimens had irregular distributions of
interconnected pores with average size being related to the
particle size and shape of the original HDPE powder.

However, the scaffold specimens had pore diameters pre-
dominately between 30 and 180 wm, which is a wider range
than expected (designed pore diameter was around 130 pm).

Table 1 shows the average values for the flexural
modulus, ultimate strength and elongation for the pure
HDPE and HDPE/HA composite specimens. The pure
HDPE specimens had an average flexural modulus of
456 MPa and ultimate strength of 51 MPa. The flexural
modulus, ultimate strength, and elongation values for the
HDPE/HA composite specimens decreased as a function
of the HA content, probably due to the low chemical
affinity between the polymeric and the ceramic phases,
which strongly affected the mechanical properties of the
porous composite specimens. The presence of HA par-
ticles also affects the sintering degree of the HDPE
matrix, by spacing the HDPE particles and dissipating
heat. The mechanical modulus values of human bone
range from 1 to 5,000 MPa, with strength values ranging
from 0.10 to 27 MPa [24-29], and mean values of
approximately 194 and 4 MPa, respectively [27]. The
HDPE/HA scaffolds exhibited flexural modulus values
ranging from 161 to 36 MPa and strength values of 33
to 4.5 MPa, depending on the scaffold composition. Both
of these ranges fall within those for human bone.

In order to evaluate the dynamic mechanical properties of
HDPE and HDPE/HA scaffold specimens, DMA analyses
were carried out. The variation in the E' and E” as a function
of temperature for HDPE and HDPE/HA composites mea-
sured at a frequency of 1 Hz are shown in Figs. 2 and 3. At
ambient temperature (20 °C), E’ decreased with increasing
HA content, which is coincident with the quasistatic me-
chanical testing (Table 1).

The loss modulus of HDPE decreased after the addition
of HA, suggesting that there is no significant interaction

Fig. 2 Storage (E’) modulus as 1200
function of temperature for
HDPE and HDPE/HA
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Fig. 3 Loss (E’) modulus as 80
function of temperature for
HDPE and HDPE/HA
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between the two components. The maximum loss modu-
lus was obtained at between 45 and 50 °C. The maxi-
mum loss modulus peak showed a trend toward lower
temperature values for the HDPE/HA composites with 10
and 20 % of HA content (Fig. 3), indicating that the a.
relaxation process in HDPE was slightly affected in these
cases, i.e., the addition of greater quantities of HA can
modify the mobility of the polymer chains in interlam-
ellae regions of the semicrystalline HDPE matrix. Previ-
ous X-ray diffraction studies have provided evidence that
thermoplastic composite matrices, when processed by
SLS, tend to undergo rapid heat exchange and there is
the formation of kinetic phases like amorphous and gam-
ma phases [11].

For the HDPE and HDPE/HA composite scaffolds, the
fatigue curves obtained at 50 % of the maximum strain
amplitude (Fig. 4) showed stress variation as a function of
the number of cycles. The fatigue curve for HDPE showed a
large stress variation (2.8 MPa) for up to 760 cycles. With
the mechanical loading of the HDPE matrix plastic defor-
mation (irreversible deformation) occurs, leading to fatigue
by creep. However, the HDPE/HA 5 and 10 % samples
showed greater fatigue strength than undiluted HDPE due
to the presence of HA in the scaffold specimen. The HA
particles reinforce the matrix and minimize the plastic and
definitive deformation under the test conditions. The HDPE/
HA with 20 % of hydroxyapatite showed the same tendency
in the fatigue behavior as the other HDPE/HA composites,
i.e. an increase in the fatigue strength with HA content. The
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variation in the strength of the HDPE/HA 20 % composites
was practically null for up to 800 cycles, consistent with the
influence of HA observed in the composite fatigue strength
under the test conditions.

Figure 5 shows the scaffold plate with composition gra-
dient (5-20 % of HA in HDPE), which was obtained by
laser sintering using the processing parameters previously
defined. The HDPE/HA scaffold with composition gradients
showed an increase in pore size and a decrease in strength as
the HA content increased, as observed for individual speci-
mens. The use of SLS to prepare parts and components with
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Fig. 4 Fatigue strength as a function of cycle numbers for HDPE and
HDPE/HA composites
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Fig. 5 Functional graded
scaffold of HDPE/HA
manufactured by selective laser
sintering

gradients of structures and properties can improve the de-
velopment of new applications in areas, such as cartilage
and bone tissue.

4 Conclusions

The HDPE/HA composites showed a microstructure
with a high sintering degree and particles united by
neck formations. The presence of HA particles affects
the sintering degree of the HDPE matrix, by spacing the
HDPE particles and dissipating heat. The microstructure
of the sintered composites had irregular distributions of
interconnected pores with diameters of 30-180 wum. The
manufactured composite scaffolds had porosity values of
45-48 %, which can be considered as consistent with
the designed scaffolds. The HDPE/HA composite scaf-
folds had flexural modulus values from 36 to 161 MPa

and ultimate strength from 4.5 to 33 MPa, which are
compatible with bone tissue properties.

The storage modulus of the composite scaffolds de-
creased with increasing HA content, which is in agreement
with the quasistatic mechanical testing. The maximum loss
modulus peak showed a trend toward lower temperature
values for HDPE/HA composites with 10 and 20 % of HA
content, indicating that the . relaxation was slightly affect-
ed by higher quantities of HA due to the modification of the
interlamellae regions caused by rapid heat exchange. The
addition of HA to the HDPE matrix resulted in a reduction
in the cyclic fatigue compared to the pure HDPE. The HA
particles reinforced the matrix and minimized the plastic and
definitive deformation under the test conditions. HDPE/HA
functional graded scaffold fabricated using SLS with con-
trolled microstructure and properties showed considerable
potential for biomedical applications, such as in bone and
cartilage tissue engineering.
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