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Abstract

Spark plasma sintering (SPS) technique was applied to fabricate macroporous f-tricalcium phosphate (B-TCP) scaffolds from nanocrystalline
powders (termed “nano-scaffolds”) for bone regeneration applications. The degree of porosity (55-70%) and the macropore size (300-500 pwm)
of the scaffolds were controlled by modulating the porogen additions. Microstructures with ultrafine grain size (200 nm), increased density of
solid matrix, and enhanced neck growth, as well as improved compressive strength and elastic modulus of over 50-100% were achieved in the
macroporous nano-scaffolds by SPS in a modified graphite die. The SPS may provide an alternative approach to fabricate macroporous bioceramics

nano-scaffolds.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Bone regeneration or reconstruction is required in cases
involving skeletal defects caused by tumor resection, trauma and
abnormalities. (3-Tricalcium phosphate (3-TCP) has received
great attention as grafts for bone regeneration applications due
to its excellent biocompatibility and biodegradability. A porous
structure was required for the 3-TCP bioceramics using as bone
regeneration scaffolds since a porous network allows tissue infil-
tration and exhibits good osteoconductive capability.!-> Despite
their favorable biological properties, the poor mechanical prop-
erties of the porous 3-TCP bioceramics have severely restricted
their clinical applications. Some attempts have been used to
increase the mechanical strength of porous B-TCP bioceram-
ics, including introducing secondary phase®* and optimizing
sintering techniques.’

Nanostructured ceramics have exhibited promising mechani-
cal and physical properties, and the fabrication of nanostructured
ceramics has already become an exciting prospect in materi-
als research.® Studies on nanostructured B-TCP bioceramics
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were mainly focused on nanocrystalline powders'®!! and solid

bioceramics,!? but few studies were carried out on the fabrica-
tion of nanostructured macroporous scaffolds. In respect that the
fabrication of nanostructured macroporous (3-TCP scaffolds by
conventional sintering is frustrated since the presence of high
surface and interface area provides a strong driving force for
the grain growth. Nanostructure processing has been proved to
be quite successful for solid materials,®”-!2 but little is known
about its effectiveness for porous structures.

Spark plasma sintering (SPS) is a comparatively new tech-
nique for rapid fabrication of solid nanostructured ceramics,
cermets and alloys.'3"1® The problem of grain growth in
these nanostructured materials has been overcome to some
extent by using SPS with final grain size below 200 nm, even
below 100nm can be achieved.!3® Recently, particular atten-
tion has been paid on using of SPS to prepare porous ceramics
and alloys, for example, alumina,!”"1? aluminum,?° titanium
alloys,?! etc. Optimized microstructures and improved mechan-
ical properties have been achieved in these porous materials
fabricated by SPS. However, the application of SPS to fabricate
high porosity macroporous bioceramics scaffolds was scarcely
reported. As bone regeneration scaffolds, high porosity (>50%)
and macropore size (>200 wm) are essential requirements for
osteoconduction.?>23
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Based on the above analysis, the objective of the present work
was emphasized on the fabrication of macroporous 3-TCP scaf-
folds from nanocrystalline powders (termed “nano-scaffolds”)
using SPS technique with a modified die, which made it pos-
sible to eliminate the pressure. The spark plasma sintering
behavior, microstructures and mechanical properties of the con-
solidated macroporous [3-TCP nano-scaffolds were investigated
and compared with those of conventional pressureless sintered
counterparts.

2. Experimental procedure
2.1. Materials

The nanocrystalline 3-TCP powders were synthesized by a
chemical precipitation reaction. A 0.6 M Ca(NO3); solution was
stirred at room temperature, and then was dropped into a stirred
0.4 M (NH4),HPOy4 solution to produce calcium phosphate pre-
cipitates. The pH of the solution was adjusted to about 8.0 using
NH4OH. The precipitates were dried at 80 °C for 24 h after aging
and washing. Finally, the synthesized powders were calcined at
700 and 800 °C for 2 h.

2.2. Preparation procedure

The obtained nanocrystalline 3-TCP powders were sieved
and mechanically mixed with polyethylene glycol (PEG 6000)
particulates (350-650 wm in size) that obtained from Sinopharm
Chemical Reagent Co. Ltd., China. The mixtures with 10 wt.%
polyvinyl alcohol (PVA) were pressed at 8§ MPa uniaxially in a
stainless steel die. The porosity of the substrate was adjusted by
the amount of PEG. The green disks with a diameter of 10 mm
and a thickness of 8 mm were heat-treated at 400 °C for 2h to
remove the organic substances, and then they were presintered
at 800 °C for 2h to obtain strength to handle. The presintered
sample was placed into a special graphite die for spark plasma
sintering, as illustrated in Fig. 1. A small gap d in the range of
1-5mm was designed to avoid damaging the porous ceramics
in the die. The sintering was accomplished using a Model SPS-
2040 spark plasma sintering system (Sumitomo Coal Mining
Co. Ltd., Japan) at a temperature of 850-1050 °C for various
times under a vacuum of 6 Pa. Temperatures were monitored
by an optical pyrometer through a non-through hole in the
graphite die. The heating rate was maintained as 100 °C/min.
For a comparison, the same presintered samples were fabricated
by conventional pressureless sintering at 1100 °C for 2 h.

2.3. Characterization

The morphologies of the calcined nanocrystalline (3-TCP
powders were observed by transmission electron microscopy
(TEM, JEM-2010, Japan). X-ray diffraction (XRD, Rigaku
D/max 2550V, Japan) was used to characterize the phase compo-
sition of the powders and sintered ceramics. The total porosity
of the scaffolds was determined by Archimedes method with
water as an immersion medium. The average value of five deter-
minations was taken as the total porosity of sintered bodies.

<2

Fig. 1. Schematic diagram of the graphite die for SPS of porous ceramics ((1)
top punch, (2) bottom punch, (3) die cavity, (4) porous sample, (5) non-through
hole, (d) gap).

Microporosity was measured by mercury intrusion method using
a PoreMaster 33 porosimeter. SEM analysis of the fractured
surfaces of the scaffolds was performed on a scanning elec-
tron microscope (SEM, JSM-6700F, Japan). The mean grain
size of the porous bioceramics was measured from the high-
resolution SEM micrographs of porous walls using an image
analyzer. The compressive strength of the scaffolds was mea-
sured on a mechanical tester with a 0.5 mm/min crosshead speed
(AG-5KN, Shimadzu, Japan). The elastic modulus was calcu-
lated from the slope of the initial linear portion of the stress-strain
curve. Five samples of each group were used for statistical anal-
ysis of the mechanical properties.

3. Results and discussion
3.1. Powder characteristics

The nanocrystalline 3-TCP powders were prepared using a
chemical precipitation reaction:

3Ca(NO3), + 2(NH4),HPO4 4+ 2NH,OH
— Ca3(PO4)2| +6NH4NO3 +2H,0 (1)

After precipitation, the precipitates were washed, dried and
calcined. Fig. 2 shows the X-ray diffraction patterns of the
precursors and calcined calcium phosphate powders at differ-
ent temperatures. Low-crystalline Ca-deficient apatite (CDHA)
phase (ICDD No. 46-905) was observed in the precipitated
precursors (Fig. 2a). The CDHA with chemical formula of
CagHPO4(PO4)sOH has an apatite structure with peak posi-
tions matching closely to the diffraction peaks of stoichiometric
hydroxyapatite (ICDD No. 09-432). The wet-chemical method
for B-TCP synthesis was most commonly used to form the
CDHA precursors with Ca/P molar ratio (1.50), which is the
same as that in 3-TCP.!° After calcined at 700 °C, partial CDHA
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Fig. 2. X-ray diffraction patterns of the precursors (a) and calcined calcium
phosphate powders at 700 °C (b) and 800 °C (c).

has been transformed into the B-whitlockite (3-TCP) phase
(Fig. 2b). But some CDHA was still preserved (Fig. 2b). Pure
crystalline 3-TCP phase (ICDD No. 09-169) formed after cal-
cined at 800 °C (Fig. 2¢). The transformation from Ca-deficient
apatite to B-TCP is described by the following equation'?:

CagHPO4(PO4)sOH — 3Ca3(POy), + H,0 2)

It was reported the above phase transformation temperature
is 790°C in the calcium phosphate precipitates.”* Therefore,
800 °C was chosen as the calcination temperature of the chemi-
cal precipitates to obtain a pure B-TCP phase. The typical TEM
morphology of the nanocrystalline 3-TCP powders that calcined
at 800 °Cis shown in Fig. 3. The mean particle size of the particu-
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Fig. 3. TEM micrograph of the nanocrystalline 3-TCP powders with corre-
sponding SAED pattern (inset).

lates was about 80 nm. The powders were spherical in shape and
there were some agglomerates in the powders. The selected area
electron diffraction (SAED) pattern (inset) of one nano-particle
was indexed as [110] zone axis of the B-whitlockite.

3.2. Spark plasma sintering behavior

The sintering behavior of the nanocrystalline 3-TCP pow-
ders during SPS was studied. It is found that solid B-TCP
bioceramics could be fabricated from nanocrystalline powders
by SPS at a temperature of 880°C for 3 min and axial pres-
sures of 50 MPa. The relative density was 99% determined by
Archimedes method. However, the porous 3-TCP bioceramics
nano-scaffolds need much higher temperature for a high den-
sity. As presented in Fig. 4, the total porosity decreased with
the increase of temperature and holding time. At temperature
of 950 °C for 5 min, it achieved a stable porosity of 66 &= 1.0%.
The total porosity decreased marginally when the temperature
increased above 1000 °C. As aresult, high-density 3-TCP nano-
scaffolds were fabricated at 950 °C for 5 min by SPS. The XRD
pattern result shows that the original 3-TCP phase was preserved
and no high temperature phase (-TCP) was detected in the 3-
TCP scaffolds after spark plasma sintered at 950 °C for 5 min
(Fig. 5).

The spark plasma sintering furnace was modified for prepa-
ration of macroporous scaffolds, where the presence of a gap
d in the die (Fig. 1) resulted in a pressureless environment
for the sample. The driving force for sintering of the porous
bioceramics was just provided by the surface energy of the
nano-particles. Therefore, higher sintering temperature (950 °C)
was needed in SPS of the macroporous B-TCP scaffolds com-
pared with the solid bioceramics (880 °C) from nanocrystalline
powders. In contrast, the sintering temperature of the (3-TCP
scaffolds from the same nanocrystalline powders was 1100 °C
by the conventional pressureless sintering. This difference in
the sintering temperature may be due to the sintering effects
of pulsed direct current field. The particles that were activated
during SPS led to a decrease of sintering temperature. It also
may due to the temperature difference between the measured
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Fig. 4. Variation of scaffolds porosity with SPS temperature.
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Fig. 5. X-ray diffraction pattern of spark plasma sintered 3-TCP scatfolds.

and actual temperature in SPS which sometime rises to above
100°C.

3.3. Microstructures

The SEM micrographs of macroporous 3-TCP scaffolds pre-
pared by SPS and conventional sintering are shown in Fig. 6.
The macroporous structure of the spark plasma sintered scaf-
folds seems smooth, while the conventional sintered counterpart
seems rough (Fig. 6a and b). The shapes and sizes of the
pores were similar to those of the PEG particulates. The scaf-
folds showed macropore sizes ranging from 300 to 500 pm. A
pore size greater than 200 wm are essential requirements for
osteoconduction.?>23 The optimal pore size for attachment, dif-
ferentiation, and growth of osteoblasts and for vascularization
is approximately 300400 wm.?>?6. Thus, the macropore size
in the B-TCP scaffolds meets the requirements for osteocon-
duction and bone regeneration. Then, the morphologies of pore
walls were examined (Fig. 6¢c—f). The grains were well intercon-
nected by the formation of almost melted, thick and strong necks
with minimal grain growth in the spark plasma sintered scaffolds
(Fig. 6e). The mean grain size, measured from SEM image using
an image analyzer, in the spark plasma sintered scaffolds was
about 200 nm (Fig. 6¢c and e), while that in the conventional
sintered scaffolds was about 1.0 wm (Fig. 6d and f). The spark
plasma sintered scaffolds showed enhanced neck growth, and
refined grain size compared to the conventional sintered ones.

In order to identify the microporosity and micropores dis-
tribution, mercury intrusion method was employed for the
scaffolds sintered by the two techniques. The samples for
the mercury intrusion measurement expressed the same total
porosity of 66+ 1.0% determined by Archimedes methods.
Microporosity is defined as pore sizes less than 10 wm.?’ Fig. 7
shows the mercury intrusion volume versus micropore diameter
of the spark plasma sintered and conventional sintered 3-TCP
scaffolds. Microporosity of the scaffolds was calculated statisti-
cally from the mercury intrusion volume. The microporosity
of the spark plasma sintered scaffolds (1.8 +0.3 vol.%) was
much lower than that of the conventional sintered scaffolds

(8.0£ 0.2 vol.%). As noted in Fig. 7, the distribution of micro-
pore diameter mainly ranged from several nanometers to about
3.0 um in the spark plasma sintered scaffolds. In contrast, the
micropore diameter was mainly distributed from 4.0 to 9.5 um
in the conventional sintered scaffolds. The spark plasma sintered
scaffolds showed lower microporosity and smaller micropores
than that of the conventional sintered counterparts. From the
SEM results in Fig. 6¢—f, it is noticed that there were fewer
micropores in pore walls of the spark plasma sintered scaffolds
than those of the conventional sintered counterparts. Addition-
ally, the average size of micropores in the spark plasma sintered
and conventional sintered scaffolds were around 100 nm and
several pm, respectively. Thus, the microporosity measurement
results by mercury intrusion method (Fig. 7) were consistent
with the SEM analysis (Fig. 6¢c—f). The macroporosity is the
result of total porosity subtracted microporosity. The spark
plasma sintered scaffolds possessed higher macroporosity than
that of conventional sintered counterparts. The SPS has led to
a lower microporosity and smaller micropores in the scaffolds
without loss of macroporosity, which contribute to the increase
in the density of the solid matrix.

3.4. Mechanical properties

Fig. 8 shows the mechanical properties variation of the
macroporous [3-TCP scaffolds as a function of porosity. Both
the compressive strength and elastic modulus of the compos-
ites decreased as the porosity increased. After fit testing, it is
found that the relationship between the porosity and mechani-
cal properties of the porous scaffolds obeys exponential decay
equation, which are in accordance with the function that pro-
posed by Rice.?® The compressive strength and elastic modulus
of the spark plasma sintered scaffolds with 66 4= 1.0% porosity
were 3.1 0.4 and 48.5 &= 8 MPa, respectively. In contrast, the
compressive strength of the conventional sintered scaffolds with
the same porosity was only 1.6 £ 0.5 MPa and the elastic modu-
lus was only 31.2 £ 6 MPa. At porosity 55 % 1.0%, the spark
plasma sintered scaffolds showed a compressive strength of
7.0 & 0.8 MPa and an elastic modulus of 240.5 + 20 MPa, but the
conventional sintered scaffolds exhibited a compressive strength
of 4.8 £ 0.5 MPa and an elastic modulus of 150.2 £ 25 MPa. As
expected, the spark plasma sintered scaffolds exhibited much
higher mechanical properties than the conventional sintered
counterparts. The spark plasma sintered nano-scaffolds pro-
vide improved mechanical properties, which are about 50-100%
higher than those of the conventional sintered scaffolds with
porosity from 55 to 70%.

The improved mechanical properties of spark plasma sintered
scaffolds were due to their microstructure optimization evi-
denced by the refinement of grain size, the increment of matrix
density, and the enhancement of neck growth. Refining grain size
of a solid ceramic is a well-known method to achieve improved
mechanical properties. The reducing in grain size results in a
mechanical strength increase in solid materials. The solid nanos-
tructured ceramics and metals have been extensively studied
and exhibited excellent mechanical properties.'>~1¢ However,
the preparation of nanostructured porous scaffolds is a great
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Fig. 6. SEM micrographs of the macroporous B-TCP scaffolds fabricated by SPS (a, c, e) and conventional sintering (b, d, f) showing the macroporous structure and

pore walls.

challenge since nanocrystals have a rapid grain growth. Some
researches tried to fabricate porous ceramics by SPS using a rel-
ative low pressure, for instance 5 MPa.!718 Unfortunately, the
porosity is less than 50% and the pore size is not controllable.
In this study, the graphite die was designed with a small gap d
to eliminate the pressure for SPS of high porosity macroporous
nano-scaffolds. The porosity of the scaffolds was controlled in
the range of 55-70% and the macropore size was modulated in
the range of 300-500 pm by porogen additions. The experimen-
tal results showed that SPS also could be used to fabricate high
porosity macroporous bioceramics nano-scaffolds by the special
die design. The grain growth of nanocrystals has been inhibited
to some extent by SPS, as a result ultrafine grain sized (200 nm)

B-TCP scaffolds were fabricated. There are more the number of
necks per unit volume that drives the strength in the macro-
porous ceramics. Thus, the mechanical properties of porous
nano-scaffolds were increased accordingly. The nanostructure
processing is also effective for porous structures.

The density of the solid matrix related to the microporosity
and micropore sizes is an important factor tending to influence
the mechanical properties of the porous ceramics. The spark
plasma sintered scaffolds showed a lower microporosity and
smaller micropore sizes, which led to a higher density of the
solid matrix without loss of macroporosity (Fig. 7). Microp-
orosity is dominated by some critical parameters, such as the
original particle size, sintering temperature and holding time.
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Fig. 7. Variation of mercury intrusion volume vs. micropore diameter of the
B-TCP scaffolds fabricated by SPS and conventional sintering.

Since the scaffolds prepared at different conditions were sin-
tered from the same B-TCP nanocrystalline powders, the SPS
technique plays the key role for the decrease of microporosity
and micropore sizes in the 3-TCP scaffolds. These micropores
are located between ceramic grains after the materials were sin-
tered. Microporosity could allow body fluid circulation whereas
macroporosity provides space for bone-cell colonization.?” The
micropores are not beneficial to the bone tissue ingrowths;
however, they have significant effects on the mechanical prop-
erties, degradation rate, and surface properties of bioceramic
scaffolds.?%-31

There was no axial pressure on the sample, but the neck
growth of grains was greatly enhanced to almost a melted state
in the SPS process. It was attributed to the rapid heating between
the activated particles and the enhanced diffusion in the pulsed
dc electric field resulting in a better sintering effect. During SPS,
the discharge that is assumed to take place in voids between par-
ticles is thought to promote the particles bridging by neck growth
in the initial stage of sintering.'® The diffusion in SPS can be
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formulated as follows

8%n
=D— 4+ ukE
X

an
ot

on

™ 3

where 7 is the atom numbers of diffusion, ¢ the sintering time,
D the diffusion coefficient, E the electric intensity, x the diffu-
sion distance and p is the atom displacement in electric field.
Owing to the effect of spark activation in SPS, the D-value
was greatly enhanced. Moreover, electric field E was added in
Eq. (3). Subsequently, the neck growth was enhanced by the
incremental diffusion over densification in SPS. The enhanced
diffusion in SPS plays a dominate role in promoting the neck
growth of grains. The formation of necks between grains by sur-
face diffusion before densification can significantly improve the
mechanical strength and elastic modulus of dense and porous
materials. Consequently, the improvement in mechanical prop-
erties of the nano-scaffolds by SPS was attributed to the reducing
of grain size, the increment of density in the solid matrix, and
the enhanced neck growth of grains.

In this study, improved compressive strength and elastic mod-
ulus of porous B-TCP scaffolds were obtained by SPS of the
nanocrystalline powders. The final grain size in the scaffolds was
above 100 nm primarily due to the grain size of initial nanocrys-
talline powders was just below 100 nm. Although the grain size
of the spark plasma sintered nano-scaffolds (200 nm) was not
in the nanometer scale, their mechanical properties were much
higher than those of the conventional sintered scaffolds (1 wm).
This indicated that the nanostructure processing is also effec-
tive for porous structures. Actually, the mechanical properties
in these spark plasma sintered nano-scaffolds are still low. Fac-
tors tending to influence the mechanical properties of the 3-TCP
nano-scaffolds may be due to the non-uniform electric field and
rapid cooling rate during SPS resulting in some residual stress
preserved in the porous scaffolds, as well as the decomposition,
distribution and shape of the PEG porogens, which need fur-
ther investigation. It is believed that the mechanical properties
of the B-TCP scaffolds could be further improved by refining
grain size to nanometer scale, and optimizing the pore form-
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Fig. 8. Compressive strength (a) and elastic modulus (b) of the 3-TCP scaffolds fabricated by SPS and conventional sintering.
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ing techniques. Despite all that, this study has indicated that the
SPS can be used to fabricate high porosity macroporous bio-
ceramics nano-scaffolds by the special die design. The grain
growth of nanocrystals was inhibited by SPS, and the mechani-
cal properties of porous bioceramics were increased accordingly.
The SPS technique may provide a new method for fabricating
macroporous bioceramics nano-scaffolds.

4. Conclusions

Macroporous scaffolds were successfully fabricated from
nanocrystalline 3-TCP powders by using SPS technique with
a modified die. The degree of porosity (55-70%) and the
macropore size (300-500 wm) of the scaffolds were controlled
by modulating the porogen additions. The SPS could inhibit
the grain growth of nanocrystals, increase the density of the
solid matrix, and enhance the neck growth of grains, as
well as improve the compressive strength and elastic modulus
(50-100%) of the macroporous nano-scaffolds. The SPS seems
to provide an alternative approach to fabricate macroporous bio-
ceramics nano-scaffolds.
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