ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 37 (2011) 2755-2761

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Spark plasma sintering to restrict sintering reactions and enhance
properties of hydroxyapatite—mullite biocomposites

Ashutosh Kumar Dubey, Geet Sitesh, Shekhar Nath, Bikramjit Basu *

Laboratory for Biomaterials, Materials Science and Engineering, Indian Institute of Technology, Kanpur 208016, Uttar Pradesh, India

Received 26 March 2011; accepted 18 April 2011
Available online 27 April 2011

Abstract

Herein, we demonstrate how spark plasma sintering (SPS) can be useful in restricting the sintering reactions and faster densification in
Hydroxyapatite—Mullite system, which otherwise shows extensive sintering reactions during conventional pressureless sintering, as reported in a
recent study [Nath et al. J. Am. Ceram. Soc. 93 (2010) 1639-1649]. The microstructure of SPSed Hydroxyapatite (HAp)-20 wt% mullite
composites was characterized by submicron sized HAp and equiaxed mullite grains. Another important result has been the achievement of higher
hardness of 7 GPa, which is much higher than pressureless sintered composites. The cell culture study including cellular viability using MTT

analysis establishes good cytocompatibility of SPSed composites.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the field of medical orthopedics, HAp [Ca;o (PO4)s(OH)
»] has been widely investigated for application in orthopedic/
dental implant due to their quasi-identical composition to the
mineral component of bone and teeth [1]. Despite this
similarity, HAp has very limited applications in orthopedic
implants due to its poor mechanical properties. To address such
problems, HAp has been reinforced with second phase
additions like ZrO, [2,3], Al,O5 [4,5], etc. to improve the
mechanical properties, without considerably affecting its
biocompatibility. In recent research [6—11], the idea of using
mullite (3A1,05:2510,) has been presented and a series of
studies were carried out to understand sintering- microstruc-
ture-property correlation in HAp—mullite system, followed by
detailed in vitro and in vivo biocompatibility study on optimal
composites. The studies revealed that HAp-20 wt% mullite
(after sintering it became bi-calcium phosphate (BCP)-mullite
composites) composition showed better combination of
physical and biological properties. A high compressive strength
of close to 300 MPa was measured with BCP-20 wt% mullite
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composites along with a moderate improvement in fracture
toughness (~1.5 MPa m,"* measured by SEVNB technique).
The in vitro cytocompatibility results confirmed that BCP-
mullite composite supported favorable cell proliferation of
osteoblast like cells and mouse fibroblast cells. More
importantly, the short term implantation in rabbits revealed
good in vivo biocompatibility property of this composite.
Therefore, HAp with 20 wt% mullite composition was chosen
for spark plasma sintering experiments.

During pressureless sintering of HAp-20 wt% mullite
composition, extensive sintering reactions led to the formation
of B-TCP (major phase), gehlenite, Al,03;, CaO and HAp
(minor phase). These were confirmed by XRD and TEM
analysis, as reported elsewhere [7]. The development of
multiphase microstructure led to lower hardness (3.5 GPa) and
was certainly related to longer holding time at high sintering
temperature. In recent times, spark plasma sintering (SPS) has
been used as a rapid densification route to densify various
materials [12-15]. Due to the applied electric field, the
diffusion rate increases and therefore, powder can be densified
at much lower temperature with shorter holding time (only few
minutes). HAp—ZrO, [16] and HAp-Al,O3 [17,18] containing
composites have already been prepared by SPS technique and
the results showed improved properties compared to their
pressureless sintered composites. However, no study is reported
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to assess the efficacy of SPS to restrict sintering reactions in
HAp-based highly reactive system, like HAp—mullite.

In the above backdrop, it is interesting to investigate whether
SPS can be used to densify HAp-20 wt% mullite (HAp-20 M)
composition at lower sintering temperature with shorter holding
time and also to tailor sintering conditions in order to restrict
sintering reactions. In addition, the physical and biocompat-
ibility properties of these SPSed composites are also evaluated.

2. Experimental details
2.1. Starting powders

For the present work, HAp was synthesized by the widely
reported chemical route [19]. Calcium oxide (CaO) and
phosphoric acid (H;PO,) were used as the precursor materials
and HAp precipitated following the reaction [1].

10Ca0O + 6H3(PO)4: Calo(PO4)6(OH)2+8H20 (D)

For the preparation of HAp, CaO was dispersed (14.6 g/1) in
water medium and due to their poor solubility, H3PO,4 (0.17 M)
was added drop wise in to the solution. The reaction was
completed at 80 °C after 3—4 h and the pH was adjusted to 10
for HAp precipitation. After 24 h, the precipitate was collected
and dried followed by calcination at 800 °C. Sharp HAp peaks
were confirmed from the XRD results. Therefore, 20 wt% mull-
ite (KCM Corporation, Japan) was mixed with HAp and ball
milled for 16 h in acetone medium. After milling, the slurry was
dried and then crushed into fine powder in an agate mortar.

2.2. Sintering

Appropriate amount of dried powder mixtures were placed
in a graphite die having 15.4 mm internal diameter and proper
dressing with graphite sheet was done inside the die to avoid
contamination. This entire die assembly was transferred
carefully into the spark plasma sintering chamber (SPS Syntex
INC, model: SPS-515S, Kanagawa, Japan) and placed in
between the graphite electrodes. These electrodes transfer
pressure and current to the die assembly. Vacuum of 50 m torr
and pressure of 30 MPa were maintained throughout the
experiment. DC current of 0.5-1.5 kA and DC voltage of 5—
10 V were applied during the SPS experiments. All the powder
mixtures were sintered in temperature range of 1000 °C to
1200 °C with a soaking time of 5 min. The heating rate of
50 °C/min and cooling rate of 25 °C/min were maintained. The
cooling rate was kept low to reduce the thermal stresses. The
temperature during entire SPS processing was monitored by
focusing an optical pyrometer on the graphite die. The final
thickness of the spark plasma sintered composite was around 2—
3 mm. The removal of the graphite sheet around the sample was
ensured before further characterization.

2.3. Characterization of sintered composites

The density of the sintered sample was measured by
Archimedes’s principle. The theoretical densities of composites

were calculated using rule of mixture. XRD analysis was carried
out using Cu-Ka radiation (A = 1.5405 10%, scan rate 1°/min) to
identify different phases in starting powders as well as sintered
materials. Microstructure was observed on chemically etched
surface as well as on fracture surface of the composites by
scanning electron microscopy (SEM). The bulk hardness was
determined from Vickers micro indentation experiments. The
indents were taken on smoothly polished (0.25 pwm surface finish)
pellets with 0.1 kg load. Fracture toughness (Kjc, indentation
toughness) calculations were based on the crack length
measurements of the radial crack pattern produced by Vicker’s
(Hy») indentations, according to the formula of Anstis et al. [20].

2.4. Cell culture experiments

L929 mouse fibroblast cells, obtained from CCMB
Hyderabad, India, were used for cell-culture experiments.
The cells were cultured in Dulbecco’s modified Eagles medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin solution. The culture plate was
incubated in an incubator (5% CO, and 90% humidity) at 37 °C
temperature. After two days of incubation, the sub-confluent
monolayer of cells was harvested from the culture plate using
0.5% trypsin and 0.2% EDTA solution. The same process was
repeated one more time before the cells were seeded on the
materials surfaces.

2.5. Cellular adhesion tests

As stated in Section 2.4, 1.929 cells were maintained in
DMEM culture medium supplemented with 10% FBS and 1%
penicillin/streptomycin solution. Sintered composites (1100,
1150, and 1200 °C) and control glass disc (gelatin coated) were
used in the cell adhesion experiments. All the samples were
sterilized in an autoclave (121 °C, 15 1b pressure) for 15 min
and exposed with ultraviolet light for 30 min. Following this,
samples were soaked in 70% ethanol for 30 min. The samples
were then washed twice with phosphate buffer saline (PBS) and
subsequently, the cells were seeded on the samples in 4 well
culture plates. The culture plates were placed in CO, incubator.
After the stipulated time period (24 h), the samples were
washed twice with PBS to remove the culture medium
completely and then fixed with 1.5% glutaraldehyde in PBS.
The cells, adhered on the materials surface, were then
dehydrated using a series of ethanol solutions (30, 50, 70,
95 and 100%) for 10 min twice and then further dried using
critical point drier (CPD: Quramtech UK). The dried samples
were sputter coated with gold and observed under SEM to
understand the cell adhesion behavior. As the surface roughness
plays an important role in cell-material interaction. Prior to cell
culture, roughness measurement of polished samples revealed
R, values of less than 0.2 wm for all the samples.

2.6. MTT assay

MTT is a rapid colorimetric method. Mitochondrial
enzymes of metabolically active cells react with Tetrazolium
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salt (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide, MTT) and form purple color formazan crystals. The cells
viability was investigated on composites of HAp-20 M and
pure HAp. The fibroblast cells (L929) were seeded on sterilized
samples and the culture plate was incubated for 48 h in CO,
incubator. Thereafter, the samples were washed twice with PBS
and 200 w1 DMEM (without phenol red and serum) was added.
In the next step, 20 wl MTT (5 mg/ml in DMEM) was added in
each well and plate was incubated for 6 h. The culture plate was
viewed in the phase contrast microscope (Nikon- Eclipse80i,
Japan) to check for the formation of purple color crystals. After
the incubation, MTT solution was removed and crystals were
dissolved by adding 200 pl of DMSO. The samples were
removed from wells and optical density of the solutions were
measured at 490 nm using ELISA automated microplate reader
(Bio-Tek, model ELx800). In the present study, the MTT assay
was carried out on composites (sintered at 1100 °C and
1200 °C) and pure HAp (sintered at 1050 °C). The cell viability
in terms of metabolically active cells, was calculated using the
following formula [21]:

% viability = (mean absorbance of sample) 100

mean absorbance of control
3. Results and discussion
3.1. Sintered phases and microstructure
Fig. 1 presents X-ray diffraction (XRD) patterns of HAp-
20 M, sintered at different temperatures. XRD of pure HAp and

pure mullite SPSed at 1050 and 1500 °C, respectively, are also
included for comparison. It can be noted that HAp was stable
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upto 1150 °C. A critical observation is that HAp began to
dissociate to B-TCP, when sintered at 1200 °C. The dehydrox-
ylation reaction can be written as:

2Cas(PO4)3(OH) — 3Ca3(POy), +CaO + H,0 )

Also, the presence of CaO and mullite peaks after sintering at
1200 °C indicated that unlike the case of pressureless sintering,
mullite and CaO did not react. This could be due to the very
short (5 min) soaking time and lower sintering temperature.
The absence of other reaction products such as gehlenite and
alumina, unlike pressureless sintering, also support the fact that
mullite and CaO did not react in case of SPS.

In the present set of experimental conditions, the main
characteristic of the HAp—mullite system was that there was no
chemical reaction with the mullite. In case of HAp-ZrO,
composites [16] sintered by SPS technique, formation of
CaZrOs is reported and HAp also dissociated to TCP at around
1075 °C for 5 min with 4.5-17.3 MPa pressure. However, Shen
et al. [22] and Li and Gao [23] showed that HAp—ZrO, SPSed
composites did not dissociate and did not produce any reaction
products, when sintered at 1150 °C with 50 MPa pressure for
5 min and 3 min, respectively. From the present experimental
conditions (30 MPa pressure) and combining the literature
results it can be said that high sintering pressure plays an
important role to restrict the HAp dissociation reaction
(reaction [2]) upto 1150 °C.

The surface topography and fracture surface of HAp-20 M
composites, SPSed at 1100 °C are presented in Fig. 2. Fig. 2a
shows chemically etched surface microstructure. The HAp
grains were comparatively bigger (600-800 nm) than the
mullite grains (150-200 nm). Overall, the microstructure was
much finer in SPSed composite, compared to that observed
under pressureless sintering route. Mullite second phase was
mainly present at the grain boundary region and at the triple
junction of HAp grains. Also, mullite grains were well
dispersed in the HAp matrix and most of the mullite grains are
in contact with at least one HAp grain. Here, an important
observation is that mullite grains are equiaxed, in contrast to the
elongated grains (needle shaped) in the case of pressureless
sintered composites. This kind of faceted shape of mullite also
confirms the absence of liquid phase during sintering [6]. The
fracture surface presented in Fig. 2(b) shows that the fracture
mechanism was mainly transgranular type, which was typical
in case of brittle materials. However, in some localized regions,
fracture through grain pull out was also visible.

3.2. Densification, hardness and fracture toughness

The sinter density data for HAp-20 M, processed at various
temperatures for 5 min are shown in Fig. 3. In all cases, the
theoretical density was calculated in reference to the
composition of the starting powder mixture as there were
almost no or very little reactions between HA and mullite.
Looking at Fig. 3, it is clear that a modest increase in SPS
temperature from 1050 to 1100 °C increased the density from
less than 95% pg, to close to 99% pg,. However, a further
increase in SPS temperature did not have much influence, as
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Fig. 2. (a) Surface topography of chemically etched and (b) fracture surface of HAp-20 M composites SPSed at 1100 °C for 5 min with 30 MPa pressure.

density varied insignificantly with an increase in SPS
temperature to 1150 °C. The optimal densification was
achieved for the HAp-20 M composite at 1100 °C. The density
decrease at 1200 °C could be attributed to the formation of
lower density phase (3-TCP). Comparing these density values
with that of the pressureless sintered samples, it can be clearly
understood the usefulness of SPS technique over pressureless
technique. It should be noted that HAp-20 M was densified at
1350 °C in pressureless sintering. It can be suggested that
densification in SPS occurred due to the combination of solid
state sintering and plastic flow [24] mechanism. Though HAp
and mullite both are non-conductive materials, the faster atomic
mobility and higher diffusion rate in presence of applied
electric field increased faster densification.

Fig. 3 also shows the Vickers hardness values of HAp-20 M
samples, sintered at different temperatures. The hardness
variation followed similar trend as that of the densification
curve. The hardness increased from 3.2 GPato 7.1 GPa, as SPS
temperature increased from 1050 to 1100 °C. Also, no
significant variation in hardness was measured for the samples,
sintered above 1100 °C. It is to be noted here that using the
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Fig. 3. Sintered density and Vickers’ hardness as a function of sintering
temperature for HAp-20 M using SPS technique. The theoretical density is
calculated base on starting composition of the composites. The hardness values
were obtained at 0.1 kg load and were calculated from average diagonals of
indent.

same composition, a maximum hardness of 3.5 GPa was
obtained using pressureless sintering technique. Comparing
with the densification curve, it can be said that both
densification and hardness curves followed similar trends with
varying SPS temperatures. Therefore, densification had a direct
correlation with the hardness values. It is clear that spark
plasma sintering played a significant role to obtain high
hardness in the composite. In case of pressureless sintering, the
hardness was decreased due to the formation of softer sintered
phases, like CaO and gehlenite [6]. Considering high hardness
value of pure mullite (Fig. 3) in the present SPSed samples, the
hardness values did not follow the rule of mixture. This could
be due to the presence of nanopores as observed in SEM
fracture surface observation (Fig. 2b). Also, the sintering
temperature of pure mullite in SPS is much higher than
1200 °C. Therefore, the mullite—mullite particle contacts may
act as weak interface, culminating lower hardness than that of
calculated values obtained by rule of mixture. Fig. 4 shows a
well developed indent shape with stable crack growth from the
four corners.

Fracture toughness of different HAp-20 M samples have
been evaluated and plotted in Fig. 5. The sample, sintered at
1100 °C showed highest fracture toughness of ~1.5 MPam®?.
The increase in toughness at 1200 °C in comparison to that at

Fig. 4. Vickers indentation (0.1 kg load) taken on HAp-20 wt% mullite sample,
SPSed at 1100 °C.
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Fig. 5. Fracture toughness (indentation toughness) of HAp-20 wt% mullite
composite sintered at different temperature by SPS.

1150 °C may be attributed to the formation of a softer CaO at
1200 °C. The fracture toughness was improved in comparison
to that of pure HAp (~0.6 MPam®). This was probably due to
the presence of mullite grains, which deflected the cracks
through the weak mullite-mullite grain boundary (Fig. 2b).

3.3. In vitro biocompatibility

For the evaluation of cell adhesion, HAp-20 M, SPSed at
1100 °C was selected and the representative SEM images
illustrating the cell adhesion after 24 h of culture are presented
in Fig. 6. It is clear from Fig. 6 that fibroblast cells can adhere
and proliferate on the developed composites. The cell adhesion
and morphology on the developed composites were similar to
the control sample. The cells adhered on the surface with their
extended lamellipodia, an indication of cell migration. From a
closure view [Fig. 6(c)], it was observed that apart from
extended lamellipodia, the cells were attached with the
neighboring cells through their multiple filopodia. The
filopodia branching on the materials surface will give rise to
better anchorage. In summary, the observed SEM images
clearly revealed the cell adhesion, proliferation and cell to cell
contacts on the surface of the developed composite material.

MTT is a well known colorimetric assay for quantitative
determination of metabolically active cells on the materials
surfaces. The measured optical density, as recorded with
ELISA plate reader is directly proportional to the number of
viable cells adhered on the samples surface.

Fig. 7 plots the MTT assays results using L929 mouse
fibroblasts cells for the developed composite materials with
reference to the negative control (Pure HAp). The MTT assay
results showed that in case of HAp-20 M sample sintered at
1100 °C and 1200 °C, the number of metabolically active cells
was more than that of pure HAp. The results showed that about
150% cell viability with respect to that of pure HAp sample.
This enhanced cell viability was due to the presence of Si ion in
case of HAp—mullite composites. It is already reported that Si
doped BCP ceramics showed enhanced cell proliferation [25].
Kim et al. [26] found that silica (SiO,) directly stimulate the

Fig. 6. SEM images of L29 cells adhered on (a), (b) HAp-20 wt% mullite
(sintered at 1100 °C) and (c) on negative control sample. Results were obtained
after 24 h of culture.

proliferation of rat fibroblast cell. Absher and Mortara [27]
showed that silica enhanced proliferation rate of some human
lung fibroblast cells. Mullite is a solid solution of Al,O3 and
Si0,. Therefore, in the present case the high proliferation rate
of L929 cells on HAp-mullite composite surface showed
similar stimulation effect.

It needs to be state here that, in case of pressureless sintering,
HA partially dissociated into TCP, which form biphasic
calcium phosphate (BCP) matrix in HA-20% mullite compo-
site. In contrast, no detectable dissociation from HA to TCP
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occurred, when SPSed at below 1200 °C and therefore, the cell
culture tested samples essentially have HA matrix. While
comparing with the cell viability of pressureless sintered
composites with BCP matrix, the results of the present study
clearly indicates that even HA matrix based mullite composites
can support good cell adhesion and viability. Also, the presence
of mullite in bulk biocomposites did not cause any toxicity, as
higher OD is recorded after MTT assay with the SPSed
composite samples, than pure HA.

4. Conclusions

(a) The results of the spark plasma sintering experiments
revealed that fully dense (~98% py,) HAp-20 wt% mullite
composite can be obtained after spark plasma sintering at
1100 °C for 5 min, whereas the same composite composi-
tion with equivalent density required pressureless sintering
at 1350 °C for 2 h.

(b) XRD analysis showed that unlike the pressureless sintering,
the sintering reactions could be completely restricted in SPS
sintered samples, as the dissociation of HAp and no reaction
product could be recorded when SPSed at up to 1150 °C
within the detection limit of XRD. The average grain size of
the mullite phase was around 200 nm, however, HAp matrix
is little courser (600-800 nm).

(c) The hardness measurements revealed that a high hardness
of more than 7 GPa was achievable after spark plasma
sintering at 1100 °C for 5 min, whereas a maximum
hardness of 3.5 GPa was measured in pressureless sintering
route.

(d) The combination of cell culture experiments and MTT
analysis using 1929 fibroblast cells provided clear evidences
that the SPSed HAP-20 wt% Mullite composite supported
cell adhesion and higher cell viability compared to pure HAp.
The observation of cellular bridges, i.e. cell-cell interaction
as well as flattening of the cells indicated good cytocompat-
ibility property of the developed composite.
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