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Abstract

Bioactive glasses are more promising than biopolymers in fabricating scatfolds for bone tissue
repair because they convert to hydroxyapatite, when implanted in vivo. Both direct and indirect
selective laser sintering (SLS) methods of 13-93 bioactive glass were considered in this research
to study the feasibility of fabricating scaffolds for bone repair applications. Stearic acid was used
as the binder in the indirect method to fabricate the scaffolds. The green scaffolds underwent
binder burnout and sintering at various soaking conditions between 675°C and 700°C, achieving
a maximum compressive strength of 23.6 MPa, which is higher than that of the human
cancellous bone. The sintered scaffolds had a pore size varying between 300 um and 800 um
with 50% apparent porosity.

1. Introduction

The commonly used materials in fabrication of scaffolds for bone repair include metals
and polymers. One of the major disadvantages of using these materials lies in the inability of the
scaffolds to bond to a healthy bone. Several biopolymers such as poly-L-lactide (PLLA),
Polycaprolactone (PCL), Polyetheretherketone (PEEK), etc. have been used to fabricate
scaffolds [1-3]. In some cases, the biopolymers are mixed with Hydroxyapatite (HA), the main
mineral constituent of bone, in different proportions to make the scaffold bioactive [4, 5]. The
discovery of Bioglass by Hench led to the development of several other bioactive glasses with a
similar composition [6]. 13-93 glass is a silicate based bioactive glass with a higher SiO; content,
providing a better viscous flow than 45S5 glass, and could aid in porous scaffold fabrication [7].
The 13-93 glass showed promising results in terms of bioactivity in previous research [8, 9].

All the materials mentioned above, including 13-93 glass, have been used in fabricating
scaffolds using traditional techniques such as solvent casting, freeze drying, foam replication,
etc. The main drawback of using such techniques is the inability to fabricate a scaffold with the
shape of a specific defect site and a controlled porous architecture. Freeform fabrication
techniques, which can manufacture parts of complex shapes, can be used to overcome this
limitation. Several additive manufacturing techniques like Stereolithography (SLA) [10],
extrusion based techniques [11-13], 3D printing [14] and SLS [5, 15] have been used to fabricate
scaffolds based on biopolymers, composite blends of biopolymer/HA and recently bioactive
glasses. SLS of bioactive glass-ceramics was previously researched by Lorrison et. al. [16] and
Goodridge et. al. [17], which demonstrated the potential of this process in fabrication of
scaffolds using bioactive glasses.

In the current work, we investigate the feasibility of using 13-93 glass to fabricate
scaffolds for bone repair applications using both direct and indirect SLS methods. This paper
explains the materials used and methods of analysis, followed by a section explaining the direct
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and indirect sintering of 13-93 glass. The effects of key parameters on fabrication of cylindrical
scaffolds are discussed. The results obtained including the compressive strengths are presented.

2. Materials and Methods

2.1. Preparation of powder

13-93 bioactive glass (prepared by Mo-Sci Corp. code: GL-0811) with a nominal
chemical composition of 53% SiO;, 4% P,0s, 20% CaO, 5% MgO, 6% NaO and 12% K,0 (in
weight %) was made from high-purity chemical reagents by melting several batches of raw
materials in 5-kg capacity platinum crucibles and quenching the molten material of glass in
water. The chemical composition of the quenched glass was confirmed by XRF (X-ray
fluorescence analysis). The quenched glass was milled and sieved to a particle size below 75 pm.
The milled 13-93 glass was mixed in a V-blender with stearic acid (C;sH3c0O,, grade HS, Acros
Organics) and dry ball-milled for 8 hours with ZrO, grinding medium to obtain powders with
mixing ratios of 50:50 and 60:40 (13-93 glass to stearic acid) in volume %.

2.2. Selective laser sintering

All the fabrication experiments were carried out on a commercial DTM Sinterstation
2000 machine. A detail description of the machine and its parameters is available from literature
[18, 19]. Both direct and indirect SLS methods were employed in this study to establish a
feasible set of SLS parameters conducive to fabricate scaffolds using 13-93 glass. In the direct
method, bare 13-93 glass powder is used as the feedstock to the SLS machine. In the indirect
method, stearic acid is mixed with the 13-93 glass powder to help fuse the powder particles
during fabrication. An initial set of experiments were conducted using both methods to
understand the behavior of the materials under the scanning of laser beam. In the direct method,
mono layers were fabricated at different laser power, scan speed and scan spacing to study the
effects of these parameters. The part bed temperature and part heater temperature should have
been maintained near the glass transition temperature (T) of 13-93 glass, which is around 600°C,
to ease the laser sintering. However, these parameters were not considered in the direct method
as the DTM 2000 Sinterstation was technically not capable of reaching near the T,. In the
indirect method, both the part bed and part heater temperatures have been maintained just below
the melting point of binder, which aids in binder melting with low laser power and avoids
unnecessary buildup of heat in the part bed [20]. A post-processing step is involved in the
indirect method to burn out the binder and then sinter the 13-93 glass particles.

2.3. Post-processing and Analysis

All the powders (13-93 glass, stearic acid and 13-93/stearic acid at 50:50 and 60:40 ratios
by volume) used for fabrication were examined by differential scanning calorimetry (DSC) (TA
Instruments, SDT Q600, Utah) and differential thermal analysis (DTA) (NETZSCH
simultaneous DTA/TGA). All the green parts were post-processed in a three stage programmable
air furnace (Vulcan Benchtop Furnace, York, PA). SEM (Hitachi S-570, Japan) images of the
sintered parts were obtained to analyze the microstructures. Mechanical testing was performed
on the sintered scaffolds to determine their compressive strength using a mechanical load frame
(Instron 4469 UTM, Norwood, MA) at a cross-head speed of 0.5 mm/min. The amorphous
nature of both the mono layer fabricated using the direct SLS method and post-processed
scaffolds fabricated using the indirect SLS method, was confirmed by running a powder X-ray
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diffraction (XRD) analysis (Philips X-Pert, Westborough, MA) using Cu Ka radiation (A =
0.154056 nm). Scans were run from 26 values ranging from 10° to 80°.

3. Fabrication

3.1. Direct selective laser sintering

As mentioned in Section 2.2, the effects of SLS process parameters were studied by
fabricating mono layers in this method. The laser power was varied from SW to 50W, scan speed
from 50.8 mm/s to 406.4 mm/s, and different scan spacings and energy densities were explored.
The scan speed and scan spacing were varied from the minimum possible of the SLS machine to
attain higher energy densities. Energy density is an important parameter which relates the three
process parameters of scan speed, scan spacing and laser power as below [21]:

Energy Density = Laser Power / (Scan Speed x Scan Spacing) ........................ (1)

During the initial set of experiments, it was observed that the 13-93 glass started to soften and
form “balls” at 20W laser power, 127 mm/s scan speed and at 0.228 mm scan spacing. The 13-93
glass requires higher energy density, which could be obtained only by reducing the scan speed
and scan spacing to the minimum. By varying one parameter and maintaining the other two
parameters constant, the effect of each parameter is studied and the best results were observed at
50.8 mm/s scan speed and 0.076 mm scan spacing (both values are minimum available for the
machine). Figure 1 shows the effects of parameters on the mono layers, where Figure 1(a) shows
the effect of scan speed and Figure 1(b) shows the effect of scan spacing while maintaining the
laser power at 25W. In both cases, consistent with the observations previously reported by other
researchers [22-26], “balling effect” was observed at lower energy densities. It has also been
observed that an increase in energy density increased the “ball” diameter. This is also consistent
with the results reported by Klocke and Wagner [24] in their line scanning experiments.
However, with a low scan speed and scan spacing (minimum possible in our case), but at lower
laser power, which reduce the energy densities relatively, the “balling effect” was reduced. One
such mono layer, which was sintered at 20W laser power, 50.8 mm/s scan speed and 0.076 mm
scan spacing, is shown in Figure 2. Further reduction in the laser power affects the “balling
effect”, which can be clearly seen in Figure 1(c). As the laser beam scans at a slow speed with
reduced scan spacing, the “balls” sinter together to form surface bands in the direction of the
beam scanning. The formation of surface bands during the direct selective laser sintering process
was previously studied by Fan et. al. [27] and Song et. al. [28]. Agarwala et. al. [25] reduced the
“balling effect” in their work by increasing the part bed temperature, which is difficult in our
case as explained in Section 2.2. Fabrication issues in direct SLS of ceramics are not explored by
researchers nearly as much when compared to direct SLS of metals. Direct SLS of bioactive
glass-ceramics was previously investigated by Lorrison et. al. [16]. The results showed a similar
surface grooves or bands, to a lesser extent, on the direct SLS part fabricated by them using an
experimental SL.S machine, which has low scan speeds and higher powers compared to the
commercial SLS machine used in our research work. In our current study, because of the highly
porous nature in the mono layer when directly sintered, fabrication of 3D part was difficult
because of difficulties in spreading the powder and bonding between the successive layers. The
current research did not include the effect of particle size, which will have its effect in the
fabrication process as a smaller particle size would require less heat to melt [28]. Further
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reduction in scan speed, scan spacing (using an advanced SLS machine) and particle size
combined with effective packing of powder particles in the part bed could give better results in
the direct SLS of 13-93 glass. This needs to be further explored in the future.

(a) Effect of Scan speed (L-R: 50.8, 76.2, 101.6 and 127 mm/s) at Laser power = 25W and Scan

spacing = 0.076 mm

(b) Effect of Scan spacing (L- R: 0. 076 O 101 0.127 and 0.152 mm) at Laser power = 25W and
Scan speed = 50.8 mm/s

(c) Effect of Laser power (L-R: 15, 20, 22 and 25 W) at Scan speed = 50.8 mm/s and Scan
spacing = 0.076 mm
Figure 1. Effects of scan speed, scan spacing and laser power

Figure 2. Mono layer laser sintered at 20W (25.4 mm x 25.4 mm)
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3.2. Indirect selective laser sintering

In the indirect SLS method, a polymeric binder, stearic acid (SA), was used to mix with
the 13-93 glass powder. SA was successfully used as a binder in our previous study to produce
zirconium diboride components [18]. The SA flakes got crushed to very fine particles after ball
milling and adhered to the surface of 13-93 glass particles. SA left little or no carbon residue
during the burnout stage in the current study. The energy provided by the laser melted the stearic
acid, which fused the 13-93 glass particles together to form a green part. Green parts were
successfully fabricated using powder compositions in two different proportions, i.e., 40% and
50% binder content by volume.

An experimental approach was used to determine the feasible set of parameters in
fabricating the green parts. An experiment was conducted to check the degree of melting of SA
by varying the energy density from 0.84 cal/cm? to 2.74 cal/cm®. By means of visual inspection,
an energy density of 1 cal/cm”® was determined to be sufficient enough to melt the SA. Several
parts measuring 25.4 mm x 25.4 mm and 1mm thick were fabricated at laser powers of 2W and
3W and with varying scan speeds, thereby maintaining energy density at 1 cal/cm?, to study the
bonding between successive layers. The best bonding was achieved with 3W laser power, 304.8
mm/s scan speed, and 0.229 mm scan spacing. The part bed and part heater temperatures were
maintained at 60°C, just below the melting point of SA.

Figure 3 shows the CAD model of a cylindrical porous scaffold with a designed porosity
of 58.8%, pore width of 1 mm, and wall thickness of 1 mm. Figure 4 shows the green parts
fabricated using these process parameters. Figure 4(a) shows the green part fabricated with 50
vol % SA and layer thickness of 0.152 mm. As the binder content is reduced, less amount of
binder content is available to fuse the 13-93 glass particles not only to fuse the current layer but
also to fuse the layer below, which causes delamination. To reduce the delamination, the layer
thickness was reduced to 0.1 mm. Figure 4(b) shows the green part fabricated with 40 vol % SA
and layer thickness of 0.1 mm. The part fabricated with 40 vol % SA had higher green strength.
Further reduction of binder content would require reducing the layer thickness to 0.076 mm (min
available for Sinterstation 2000). This was not considered because of the 13-93 glass particle size
used in this study (in the range of <75 pum), which would have caused difficulties in spreading
the powder. Smaller layer thickness can be used with smaller particle size, which could reduce
the binder content. The effect of particle size and optimizing the binder content will be
investigated in our future work.

Length — 20 mm Dia— 10 mm

Figure 3. CAD model of the porous scaffold Figure 4. Green parts
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4. Results

After the fabrication of the green parts, a heat treatment schedule was developed based on
the DSC-TGA curve of stearic acid. The binder burnout and sintering was carried out in a three
stage programmable bench-top air furnace. All the samples were sintered at temperatures ranging
from 675°C to 700°C. The scaffolds fabricated using 50 vol % SA and sintered at 675°C for 1 hr
had low compressive strengths, ranging 5 — 11 MPa. Hence, the scaffolds fabricated using 40 vol
% SA were sintered at 685°C and 695°C with two different hold times. The maximum shrinkage
was observed for the scaffold sintered at 695°C for 1 hr, and was around 22.6 % length wise. The
shrinkage values listed in Table 1 are length-wise when compared to green part. The apparent
porosities of scaffolds were measured following the ASTM C373 standard method. The
compressive tests on scaffolds show an increase in the strength with increasing the sintering
temperature and duration. A maximum compressive strength of 23.6 MPa was measured for a
scaffold sintered at 695°C for 1 hr, which is higher than the trabecular bone. Table 1 shows the
average compressive strengths of the scaffolds evaluated. The pore size varied from 300 um to
800 wm, which could result in better bone growth than having pore size less than 100 um [29,
30].

Table 1. Effect of soaking conditions on properties of 60:40 13-93/SA scaffolds

Soaking conditions | Shrinkage (%) | Porosity (%) | Compressive strength (MPa)
685°C - 0.5 hr 20.0 53.2 122+2.4
685°C - 1 hr 21.7 50.7 132+24
695°C - 0.5 hr 20.5 53.5 153+4.9
695°C - 1 hr 22.6 50.3 204 +2.2

Figure 5 shows the XRD patterns of the as-received 13-93 glass, processed 13-93 glass
using direct SLS and indirect SLS methods. It can be clearly seen that the 13-93 glass maintained
its amorphous nature when processed using both methods. The crystallization of bioactive
glasses prior to implantation could slow down the mineralization process [7].

As-received 13-93 glass

\“‘/\_“ Indirect SLS-695 °C 1 hr

Direct SLS

Intensity

20 (degrees)
Figure 5. XRD patterns of the 13-93 glass
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Figure 6 shows a scaffold sintered at 695°C for 1 hr and Figure 7 shows the SEM image
of a fractured surface of the sintered scaffold. The SEM image shows a rough surface, which
could be conducive for better cell growth. The voids in the walls are formed because of the
higher amount of binder used in the fabrication. The presence of voids decreases the compressive
strength of the scaffold. Reducing the size of voids in the walls of the scaffold by optimizing the
binder content and heat treatment schedule will be considered in our future work. Binder burnout
is one of the critical stages during the heat treatment schedule in the indirect SLS method,
especially while fabricating scaffolds with interconnected pores and controlled porosity, because
the porous scaffold should maintain its structural integrity.

Figure 6. Scaffold sintered at 695°C for 1 hr

' ur 7. SEM iage of fractured surface

5. Conclusion

The main research objective of this work was to study the feasibility of fabricating a
scaffold for bone repair applications with 13-93 bioactive glass using both direct and indirect
SLS methods. The obtained results from direct SLS exposed the limitations in 3D part
fabrication with direct laser sintering of the 13-93 glass. The future prospect lies on the ability of
13-93 glass to maintain its amorphous nature even after being directly processed by the laser.
With future advances in SLS machines and optimal selection of process parameters and particle
size, it may be possible to fabricate a 3D structure by direct SLS.

The obtained results from indirect SLS method have demonstrated successful use of this
technique to fabricate 13-93 glass scaffolds for bone tissue engineering. The average
compressive strength of the fabricated scaffolds after post-processing was 20.4 MPa, which is
the highest ever reported for a bioactive glass scaffold with controlled porosity fabricated using
the SLS process. Also, the strengths reported are higher than those of the trabecular bone. This
demonstrates the high potential of using 13-93 bioactive glass scaffolds for replacement of
human trabecular bones, by designing and fabricating scaffolds with similar internal
architectures.
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