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Abstract: Hydroxyapatite, a ceramic with which natural bone inherently bonds, has been
incorporated into a polymer matrix to enhance the bioactivity of implant materials. In order
to manufacture custom-made bioactive implants rapidly, selective laser sintering has been
investigated to fabricate hydroxyapatite and polyamide composites and their properties investi-
gated. One objective of this research was to identify the maximum hydroxyapatite content that
could be incorporated into the matrix, which was sintered at various parameters. The study
focused on investigating the control of porosity and pore size of the matrix by manipulating
the selective laser sintering parameters of the laser power and laser scan speed. The interception
method was used to analyse the internal porous morphology of the matrices which were cross-
sectioned through the vertical plane. Most notably, all structures built demonstrated intercon-
nection and penetration throughout the matrix. Liquid displacement was also used to analyse
the porosity of the matrices. The laser power showed a negative relationship between porosity
and variation in parameter values until a critical power value was reached. However, the same
relationship for laser scan speed matrices was inconsistent. The effects of the laser power and
laser scanning speed on the features of porous structures that could influence cell spreading,
proliferation, and bone regeneration are presented.

Keywords: rapid manufacturing, selective laser sintering, hydroxyapatite, polyamide,

bioactive implants

1 INTRODUCTION

Congenital defects, trauma, or destructive surgery
such as that required in radical cancer treatments
which result in bone loss create a need for skeletal
reconstruction. Autografting (transplantation from
one location in a patient to another part in the same
patient) and allografting (transplantation from a
donor to the patient) are the two most common
means of transplantation for skeletal repair. However,
a number of drawbacks including limited material
supply, patient donor site morbidity, and possible

*Corresponding author: Wolfson School of Mechanical &
Manufacturing Engineering, Rapid Manufacturing Research
Group, Loughborough University, Loughborough, Leicestershire,
LE11 3TU, UK. email: m.m.savalani@lboro.ac.uk

transmission of infections have resulted in the need
for suitable alternatives [1, 2].

An alternative to transplantation for skeletal repair
is implants. For the last two decades, implant re-
search has pursued the use of bioactive fixation, in
which interfacial bonding between the implant and
tissue is generated from formation of a layer of bio-
logically active material on the implant surface [3].
Attention has also been placed on custom-made
implants. Clinical research has shown that custom-
made implants have the potential to enhance the
longevity of a device by providing a more secure fit,
which has not been achieved by conventional manu-
facturing techniques [4]. Furthermore, the presence
of an optimized and selective microstructure would
determine the rate of host bone integration by cre-
ating an environment in which cells would spread,
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proliferate, and regenerate bone, thus integrating
the implant into the body [5]. This deliberate and
controlled porosity would further mean that, even if
the initial strength and toughness were below that
required for long-term use, the ingrown bone would
increase the strength of the bone-implant composite
by a factor of 3 or 4 [6].

Such complex geometrical features may be
achieved by rapid manufacturing (RM). RM is a natu-
ral extension of rapid prototyping technologies [7].
These manufacturing processes are capable of pro-
ducing complex free-form objects directly and auto-
matically from a computer model. RM techniques
are capable of constructing parts with good control
over the internal and external geometries. Its ability
to produce internal structures makes it an ideal tech-
nique for manufacturing bioactive implants which
would encourage cell spreading, proliferation and
bone regeneration [8].

Selective laser sintering (SLS) has the potential to
construct bioactive implants, owing to its capability
of processing polymers, ceramics, metals and their
composites. SLS is a technique which selectively sin-
ters sequential layers of powder by heat generated
from a laser beam. Interaction of the laser beam with
the surface of the powder elevates the temperature,
causing the particles to fuse together and to form a
solid layer [9]. Successive layers of powder are
deposited and scanned by the laser. Each sintered
layer bonds to the previous layer until, eventually, an
entire component is built. Tan et al. [10] and Chua
et al. [11] demonstrated the ability of SLS to fabricate
physically blended hydroxyapatite (HA)-poly(ether—
ether-ketone) (PEEK) and HA-poly(vinyl alcohol)
composites for tissue scaffold development and
observed micropores on the scaffold surface. Das
and co-workers [12-14] investigated the production
of HA-poly-(r-lactic acid) (PLLA) parts by SLS and
found that the ultimate compressive strength and
elastic modulus were in the lower limits of reported
values for cancellous bone. In addition, using com-
putational designs, this technique was used to manu-
facture tissue-engineering scaffolds with periodic
cellular and biomimetic architectures where the
smallest predefined pores fabricated by SLS were
800 pum for nylon material and 1750 um for poly-
carbonate material.

Du et al. [15] investigated the influence of various
SLS parameters on the microstructure of polymeric
parts. Results from the study and other similar work
indicate that the laser power and laser scanning
speed, which are directly related to the amount of
energy imparted on the powder surface, are among
the most significant parameters affecting the micro-

structure and the physical and mechanical proper-
ties of the SLS parts [8]. Often, both these parameters
are seen as a function of specific energy density
which is denoted by

Specific energy density (J/mm?)
power (W)

~ velocity (mm/s) x scan spacing (mm) (D
Relatively little work has been done on assessing the
morphologies of internal structure in bioactive com-
posite materials by SLS and the ability of control over
the internal structure of potential implants to influ-
ence cell proliferation, spreading, and tissue regener-
ation. The work presented in this paper provides
an assessment of the internal structure of sintered
bioactive ceramic polymer composite materials
using SLS for bioactive bone implants. Following the
identification of the maximum HA content ratio with
composite powders suitable for the sintering, charac-
terization of key operating parameters such as the
laser power and laser scanning speed in the SLS pro-
cess was carried out to determine optimal parameter
settings with the aim of producing optimum bio-
active structures. The influence of the SLS processing
parameters on the microstructure of the fabricated
parts, such as the porosity, average pore size, and
fraction of optimum pore size for bone regeneration,
was investigated.

2 METHODS

2.1 Polyamide, hydroxyapatite raw materials and
hydroxyapatite-polyamide composite
powders

For this research, commercial SLS material-grade
fine nylon was used as the binder, to isolate and
clarify variables within the investigation and to
evaluate the viability of using the SLS process to fab-
ricate structures with the maximum HA content
possible and to assess the internal structure fabri-
cated.

HA powders (P218R, Plasma Biotal Ltd, UK) with
a median particle size (d,5) of 3.80 um, a specific
surface area of 13.54 m?/g, and a theoretical density
of 3.16 g/cm?® was used for preparing HA—polyamide
(PA) composite powders. The HA powders meet the
ASTM F1185-88 requirements and have a particle
size distribution with at least 90 wt % below 60 pm.
PA powder (Duraform) from 3D Corporation has a
tap powder density of 0.54 g/cm?, an average particle
size of 56 um, and a distribution from 25 to 93 pum;
its melting point is 185 °C. These powders were
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blended to produce mixtures with a mix ratio com-
position of 78 wt % HA (i.e. 52 vol. %). Subsequently,
the mixtures were compounded in a twin-screw
extruder (Betol BTS40L, Betol, Luton, UK) to produce
HA-PA composites. The extruded composites were
subsequently pelletized in a Betol pelletizer. The pel-
letized HA-PA composites were powderized in an
ultra centrifuge mill (Retsch powderizer, Germany)
using a sieve of 0.12 mm aperture size. Liquid nitro-
gen was used as a coolant to reduce temperature
increases during milling. A detailed description of
the fabrication technique has been described in the
work by Wang et al. [16]. The resultant HA-PA com-
posite particles were sieved with a sieve of 75 pum
aperture size (Endecotts Ltd, UK). The sieve was
vibrated and rotated to achieve even and well-
distributed sieving. To remove any electrostatic
effects the sieve shaker was earthed. Particles were
vibrated for a period of 15 min. In order to obtain
the composites with various HA ratios, pure PA
powder was added to the HA-PA composite particles
until three composites with 71 wt%, 63 wt%, and

Table 1 HA:PA ratios by weight and volume

HA:PA ratio HA:PA ratio
HA-PA material (wt %) (vol %)
HA-PA 1 78:22 52:48
HA-PA 11 70:30 42:58
HA-PA 1II 64:36 35:65
HA-PA IV 58:42 31:69
PA 0:100 0:100

58 wt % HA were obtained. These weight ratios corre-
spond to the volume ratios shown in Table 1. To
ensure uniform distribution the particles were mixed
in a tumbler for 3 h at a rate of 40 r/min.

2.2 SLS experimental system and processing

A bespoke SLS experimental system was produced
to sinter HA-PA (Fig. 1). The three major benefits of
this system are the reduced amount of powdered
material required, the superior control over the tem-
perature profile, and the possibility of utilizing vari-
ous lasers. This system incorporates a powder bed
chamber and a CO, laser system which consists of a
Synrad 48-1-28 CO, continuous-mode laser with a
wavelength of 10.6 pm and a maximum power of
10 W. The scanning speed of the laser beam may be
varied from 0.2 to 10000 mm/s. The laser beam was
focused to a spot size of 0.193 mm at a focal length
of 241 mm. The powder bed chamber consists of
powder building and feeding cylinders (103 mm
diameter), a powder deposition system, a heater, and
temperature measurement and control devices. The
chamber is contained within a polycarbonate box in
conjunction with a computer control station. During
the process, nitrogen gas is purged into the chamber
to create an inert atmosphere and to maintain
oxygen levels below 5 per cent.

A fixed variable-operation window was identified
for the sintering of HA-PA and then selected param-
eters were used to study the effects of laser power
and laser scanning speed on the open porosity, aver-

Fig. 1 SLS system showing the two heater rings above the build and feed cylinders
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age pore size, and fraction of optimum pore sizes for
bone regeneration. Before laser sintering, the pow-
ders are prelayered and preheated by the overhead
heater to 166 °C, which is 6 °C below the HA-PA glaz-
ing temperature of 172 °C to reduce the thermal
stress induced, which results in curling of the sin-
tered parts. The preheating of the powder helps to
lower the energy required from the laser and to
ensure the stability of the processed parts during the
sintering process [17]. The temperature and output
of the heater were maintained by a feedback loop
integrated with an infrared sensor.

The sizes of the HA-PA samples produced were
1 mm x 3mm x 21 mm. These are the dimensions
required for dynamic mechanical analysis (DMA)
and were chosen to enable any further mechanical
assessments to be made. The HA-PA specimens con-
sist of six selective laser sintered layers with 0.15 mm

Table 2 Parameter settings

Constant or

Parameter (units) variable Value
Laser power (W) Variable 1-10

Laser scan speed (mm/s) Variable 100-10 000
Part bed temperature (°C) Constant 166

Layer thickness (mm) Constant 0.15

Laser focus spot size (mm) Constant 0.193
Laser scan spacing (mm) Constant 0.063

Pores

HA-PA
composite

layer thickness of powder deposition. Based on a pre-
liminary investigation an intermediate layer thick-
ness of 0.15mm was chosen to sinter the DMA
specimens. A laser scan spacing value of 0.063 mm
was used in order to achieve an overlap of approxi-
mately 33 per cent between each scan vector as used
on the commercial sinterstation. The powder bed
temperature, layer thickness, laser focus spot size,
and laser scan space were consistent, with different
laser powers and laser scanning speeds investigated.
Table 2 summarizes the settings used within this
study; 15 samples were built at each parameter.

2.3 Characterization and examination

2.3.1 Identification of the highest means of HA
incorporation within the matrix material

An eliminating variable approach was used to ident-
ify the most suitable amount of HA content ratio
within the matrix of the composite material. The
suitability of composite material with different HA
content ratios for laser sintering each ratio was
determined by the robustness of the part.

To quantify the actual amount of HA within the
matrix material the ash content of powders was
measured on the basis of the principles of ISO
3451-4. This involves the burning of PA and treating
the HA residue at a high temperature (i.e. 650 °C)

Air - bubble

Fig. 2 Assessment of the pore structure using the interception method

Proc. IMechE Vol. 221 Part H: J. Engineering in Medicine

JEIM232 © IMechE 2007



Fabrication of porous bioactive structures 877

until a constant mass is reached. The amount of ash
was determined by weighing the powders before
and after burning. The average ash content was
determined from three measurements.

2.3.2 Apparent density and open porosity

The apparent densities and open porosity of the sin-
tered specimens were calculated by measuring the
weight and volume of sintered parts using a balance
and a 25 cm?® density bottle at 20 °C in accordance
with BS 733. The average density was obtained from
eight measurements. From these measurements the
mean value and standard deviation were calculated
and recorded.

2.3.3 Particle analysis and surface morphology

The particles of HA-PA composite powders and sur-
face morphologies of the specimens were examined
with an LEO 440 scanning electron microscope.
Voltages below 20 kV were used to minimize thermal
damage. All samples were sputter coated with Au-Pd
to avoid charging.

2.3.4 Pore size analysis

The internal structure was examined by resin en-
casement and destructive cross-sectioning using
optical microscopy. Three samples of each parameter
were mounted in red epoxy resin (Epocolour,
Buehler, UK). To analyse the matrix pore structure,
samples were clipped in plastic sample clips and
placed in a compartment. A resin was poured into
each compartment until the sample was submerged.
Air inclusion was evacuated by a vacuum of 200 mbar
for 5min. The infiltrated samples were then left
overnight to set. Once set, samples were cut back
approximately 1 mm and polished to obtain the
required cross-sections for analysis.

The interception method based on BS EN 62-3:
2001 was used to assess the pore structure of the
samples. This involves drawing random lines across
the image, as shown in Fig. 2. These lines are then
used as benchmarks across which measurements of
pores are taken. Multiple cross-sections were taken
in order to obtain a minimum of 500 measurements
for each parameter. From these measurements the
mean and percentile values were recorded.

(d)

Fig. 3 Scanning electron micrograph of (a) 78 wt % HA ratio, (b) 72 wt% HA ratio, (c) 64 wt%
HA ratio, and (d) 58 wt % HA ratio composite powders
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(a)

(b)

Fig.4 (a) A specimen sintered at a laser power of 10 W and a laser scan speed of 1500 mm/s
and (b) the same specimen after a gentle push with a scalpel

2.3.5 Specific heat capacity

The specific heat capacity C, of the powder materials
was measured using a differential scanning calor-
imeter. The average mass of material ranged between
9 and 11 mg conforming with BS ISO 11357-4: 2005.
The temperature program was set to stabilize for
5min at 0°C, followed by a ramp at the rate of
10 °C/min and finally a stabilization at 190 °C for
5 min. Each material variation was analysed three
times to obtain average values.

3 RESULTS AND DISCUSSION

3.1 Microscopic examination, particle size
distribution, and ash test of HA-PA composite
(unsintered)

Figure 3 shows unsintered HA-PA composites of
various HA ratio contents from 78 to 58 wt %. It was
observed that most particles were irregular in shape,
which may arise because the powders are generated
by mechanical impact in a brittle state by centrifugal
milling. There is no substantial differences in the
shapes of these different composite particles. The
ash content tests showed that the actual amounts of
HA in each formation are close to the theoretical
values (Table 3).

Table 3 Ash content in the various HA-PA compo-

sitions
Actual HA:PA ratio
Material (wt %)
HA-PA 1 78.4:21.6
HA-PA 11 71.3:28.7
HA-PA 111 63.6:36.4

HA-PA IV 58:42

3.2 Identifying the highest possible
hydroxyapatite content ratio with composite
powders and its processing window

The bioactive properties of HA elicit a response
among osteoblast cells which would enable osteo-
conductivity and stimulate osseous repair by pro-
viding physiological minerals which could be
incorporated in bone regeneration [18]. Therefore it

(a)

(b)

Fig.5 Scanning electron micrographs of a fragile
specimen laser sintered at 10 W laser power and
5050 mm/s at (a) a low magnification (marker
bar, 100 um) and (b) a high magnification
(marker bar, 10 pum)
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is considered that a high HA content would increase
bioactivity and osseointegration. Table 3 illustrates
the various HA weight ratio contents explored and
identified the highest possible HA weight ratio in
composite materials which can be sintered as ac-
ceptable parts. Sintered samples were broadly
assessed in two categories on the basis of their reac-
tion to physical handling: successful sintering with-
stands manual handling indicating interparticulate
fusion, or unsuccessful sintering failed upon manual
handling indicating lack of interparticulate fusion.
Samples containing HA weight contents of 78, 71,
and 64 wt % were too fragile to handle after sintering.
Figure 4 illustrates the fragility of a part made with
a maximum laser power of 10 W and a laser scan

speed of 1500 mm/s. Figures 5(a) and (b) are scan-
ning electron micrographs of similar specimens at
low and high magnifications respectively. It is clear
that a large number of individual particles were not
fused at these low laser scan speed parameters even
with a high power input. Conversely, material with
58 wt% HA ratio produced successfully sintered
parts in large ranges of laser powers and scanning
speeds. The processing window of material contain-
ing this ratio is shown in Fig. 6. This indicates that
the amount of HA greatly influences the degree of
sintering, this can be explained by the change in the
specific heat capacity of the material and the amount
of polymer (Fig. 7). The specific heat capacity C, is
the amount of energy required by a material speci-

/ Effect of Laser power
10 4= - m - .
H -
84_ . u ’
g Effect of Laser
5 64 ot oo
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& |7 7 sl
g 4
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Fig. 6 Processing window for a 58:42 HA:PA weight ratio specimen
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Fig. 7 Specific heat capacities of the different powders at different temperatures
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men to raise the material temperature by 1 K. At a
higher HA ratio, the C, of the material is reduced,
indicating that the amount of heat that the material
requires to raise the material’s temperature by 1K
was less, hence there would be less stored heat within
the sintering system, resulting in less conduction of
heat during the sintering process and less fusion
between particles. The experimental C, values match
well with a rule of mixtures used in previous laser
sintering models for composite materials [19] and
given by

Comaray=EC pa+(1=8)Cpua (2)

where ¢ is the weight fraction of the polymer binder,
Cpma-ra) is the specific heat of the composite mate-
rial, C,ua is the specific heat of HA, and C,p,, is the
specific heat of PA. Previous literature has indicated
that the sintering of material with respect to porosity
is highly influenced by material heat capacity [20,
21].

Meanwhile, higher weight percentage of HA means
less binder and consequently less material to fuse
and facilitate composite particulate bonding.

It should also be noted that this ratio correlates
closely to the 60:40 HA:PLLA weight ratio used by
Cruz and Simoes [22]. Their previous study showed
that PLLA with a content below 30 wt % will not be
sufficient to add ductility properties to the parts, and
higher than 50 wt % resulted in implants which are
too plastic and therefore do not behave as bone
tissue [22].

3.3 Processing window of HA-PA

Among the various sintering parameters, the laser
power and laser scan speed directly determine the
amount of energy imparted on the part bed in the
SLS process and are directly related to the specific
energy density, which is the most important param-
eter in selective laser sintering [18]. The amount of
energy absorbed is determined by the duration of
radiation on a unit area. Since the energy density is
a function of both the laser beam power and the laser
scan speed, the processing window was determined
experimentally by varying the laser power and the
laser scan speed. Figure 6 illustrates the power and
laser scan speed ranges in which sintering takes
place. The energy density is in the range from 0.004
to 0.013 W/mm? as calculated from equation (1).
When the energy density values were below
0.004 W/mm?, the specimens could not be sintered or
were too fragile to handle. When the energy density
values were higher than 0.013 W/mm?, smoke was
observed during the build process and the specimens

became dark brown or black, possibly because of
charring of the material. This was more evident on
the surface morphology of sintered parts. Figure 8
illustrates the change in the surface morphologies of
fused parts at the various power settings. At high
laser powers of 10 W the particle surface appears
erupted in comparison with smooth surface particles
observed for parts at 5.5 W.

(c)

Fig. 8 Scanning electron micrographs of the surface
morphologies of a 58 wt % HA ratio composite
for laser powers of (a) 5.5W, (b) 7.7 W, and (c)
10 W at a scanning speed of 5050 mm/s
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3.4 Effect of the power

3.4.1 Effect of power on apparent density and open
porosity

The apparent density of a specimen may be deter-
mined by its weight-to-volume ratio. The weight and
volume were determined by a balance and a liquid
displacement bottle. As shown in Fig. 9(a) variation
in power from 3.2 to 10 W results in variation in the
apparent density. It is clear that the lowest apparent
density was found in specimens sintered at 3.2 W.
This apparent density continued to increase until
5.5 W. However, a stabilization in the apparent den-
sity was evident up to a power of approximately 7 W.
Any further increase resulted in a slight decrease in
apparent density. Previous studies revealed that the
apparent density of laser sintered polycarbonate and

1.20

iron powder increased with increasing energy density
until a critical energy input is reached [23].

From these values the open porosity (percentage)
of specimens was calculated according to

Open porosity

theoretical density —apparent density

theoretical density
(3)

The theoretical density is calculated according to the
component volume content and density of each
component. (The theoretical density of HA-PA with
30 vol % HA equals 30 per cent x 3.162 g/cm 2 (density
of HA) + 70 per cent x 0.97 kg/mm?® (density of PA) =
1.62 g/cm?). Based on these calculations, the open
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Fig. 9 The effect of the laser power on (a) the apparent density (gcm™3) and (b) the open
porosity (%) at a laser scan speed of 5050 mm/s
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porosity ranges in the approximate region from 36 to
45 per cent by varying the laser power (see Fig. 9 (b)).

3.4.2  Effect on the average pore size and fraction of
optimum pore sizes

The fabrication of an ideal internal structure would
enable cells to spread, proliferate, and regenerate
bone. An ideal microstructure for bone regeneration
is usually associated with its degree of porosity, pore
size, and pore interconnectivity [10, 24]. Previous
studies have illustrated that, in general, a pore size
of 5-11 uym enables the ingrowth of fibrous tissue;
pore sizes in the range 20-60 pm are ideal for cell
spreading and proliferation; however, a minimum
pore size of approximately 100 um is considered
sufficient to enable bone tissue regeneration to occur
[24-28]. A fully interconnected pore network would
allow cell migration and effective nutrient transport
[29, 30]. Highly porous components would provide
a high surface area which could facilitate cell attach-
ment and growth [30].

Figure 10 demonstrates representative cross-
sections of the specimens at the various power
settings. Figure 11 illustrates representative higher-
magnification cross-sections of the specimens.

Table 4 Average pore size with a 58 wt % HA ratio com-
posite and laser powers of 3.4, 5.5, 7.7, and
10 W at a scanning speed of 5050 mm/s

Amount of pores that will

Laser power  Average pore size  facilitate bone regeneration

(W) (nm) (%)
3.4 61 19
5.5 66 21
7.7 64 22
10 67 21

Table 4 summarizes the average pore size of struc-
tures manufactured at the various power settings
using the interception method. Results demon-
strated that the average pore size at the various set-
tings result in average pore sizes between 61 and
67 um, showing that a 9 per cent variation was
attained by varying power settings. In comparison
with the effect of power on open porosity, it was clear
that the effect on the average pore size and fraction
of optimum pores for bone regeneration was not sig-
nificant. This is possibly because the pore formation
and its size are more dependent on the particle size,
shape, and morphology and less dependent on the
process parameters. Previous studies have indicated

1 mm

| mm

Fig. 10 Optical micrographs of cross-sections of a 58 wt % HA ratio composite for laser powers
of (@) 3.2W, (b) 5.5W, (c) 7.7 W, and (d) 10 W at a scanning speed of 5050 mm/s
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Fig. 11 Optical micrographs of the cross-sections of a
58 wt % HA ratio composite for laser powers of
(@ 3.2W, (b) 5.5W, (¢) 7.7W, and (d) 10 W at
a scanning speed of 5050 mm/s

the importance of the particle size and particle size
distribution [31-33].

In relation to manufacturing bioactive implants,
the average pore size was in the higher region of that
required for cell spreading and proliferation and only
60 per cent of that required for bone regeneration.
Table 4 illustrates that approximately 20 per cent of
the pores attained were suitable for bone regener-

ation at the various power settings. The effect of
power was minimal in altering the microstructure.
However, the current structures would be suitable for
cell spreading and proliferation.

3.5 Effect of the laser scan speed

3.5.1 Effect on the apparent density and open
porosity

Figure 12 illustrates the effect of the laser scan speed
on the open porosity. The open porosity ranged
between 34 and 46 per cent and was found in
samples by varying the laser scan speed. The highest
amount of open porosity of approximately 46 per
cent was seen in samples built at a velocity of
6700 mm/s. Although the range of open porosity
values was slightly larger than that found by varying
the power, the variation was erratic. Hence, this is
unlikely to be a key factor that would enable the open
porosity to be predicted in HA-PA parts.

3.5.2  Effect on the average pore size, fraction of
pores within the size range required for bone
regeneration

Figure 13 illustrates representative cross-sections of
specimens at various laser scan speed settings.
Table 5 summarizes the average pore sizes of struc-
tures manufactured at the various laser scan speed
settings using the interception method described in
section 2.3.4. Results demonstrated that the average
pore size and the fraction of pores which could facili-
tate bone regeneration at the various settings were
in the same region as that of variation in the power
settings. Therefore it can be demonstrated that the
relative energy density induced by the laser relates
to the amount of HA present in the material, with an
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Fig. 12 The effect of the laser scan speed on the open porosity at a laser power of 5.5 W
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Fig. 13 Optical micrographs of the cross-sections of a 58 wt % HA ratio composite for laser scan
speeds of (a) 3400 mm/s, (b) 5050 mm/s, (c) 6700 mm/s, and (d) 8350 mm/s at a laser

power of 5.5 W

Table 5 Average pore size with a 58 wt % HA ratio com-
posite and laser scan speeds of 3400, 5050,
6700, and 8350 mm/s at a laser power of 5.5 W

Laser scan Amount of pores that will
speed Average pore size facilitate bone regeneration
(mm/s) (um) (%)

3400 60 18

5050 66 21

6700 68 21

8350 68 21

increased volume fraction of HA (Fig. 7), less energy
is required to fuse the HA-PA.

Hence, the relation of the structures with respect
to the application is as suggested with the variation
in the power settings. Figure 7 demonstrates that the
relative energy density induced by the laser relates
to the amount of HA present in the material.
Materials with high HA content would require less
energy to fuse; therefore the absorption of the input
energy is reduced.

4 CONCLUSIONS

This research demonstrated the potential of SLS to
fabricate a bioactive structure which contains a high

HA content and open porosity. There is a large range
of laser powers and scanning speeds to sinter accept-
able parts using an HA-PA composite with 58 wt %
HA. The open porosity of the sintered samples at
various laser processing parameters is in the range
35-46 per cent. The cross-sectional analysis indicates
that the pores are interconnected and the average
size of internal pores is 60-68 pm with approximately
20 per cent of the pores larger than 100 pm and thus
exhibiting the potential for bone regeneration. The
variations in the laser power and the laser scan speed
could facilitate a degree of control over the porosity
and morphology of the pore, i.e. an increase of 9 per
cent in the average pore size. Such limited variation
in the structure is discussed with respect to the alter-
ation in material specific heat capacity properties
with the inclusion of HA particles.
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