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bstract

park plasma sintering (SPS) technique was applied to fabricate macroporous �-tricalcium phosphate (�-TCP) scaffolds from nanocrystalline
owders (termed “nano-scaffolds”) for bone regeneration applications. The degree of porosity (55–70%) and the macropore size (300–500 �m)
f the scaffolds were controlled by modulating the porogen additions. Microstructures with ultrafine grain size (200 nm), increased density of

olid matrix, and enhanced neck growth, as well as improved compressive strength and elastic modulus of over 50–100% were achieved in the
acroporous nano-scaffolds by SPS in a modified graphite die. The SPS may provide an alternative approach to fabricate macroporous bioceramics

ano-scaffolds.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Bone regeneration or reconstruction is required in cases
nvolving skeletal defects caused by tumor resection, trauma and
bnormalities. �-Tricalcium phosphate (�-TCP) has received
reat attention as grafts for bone regeneration applications due
o its excellent biocompatibility and biodegradability. A porous
tructure was required for the �-TCP bioceramics using as bone
egeneration scaffolds since a porous network allows tissue infil-
ration and exhibits good osteoconductive capability.1,2 Despite
heir favorable biological properties, the poor mechanical prop-
rties of the porous �-TCP bioceramics have severely restricted
heir clinical applications. Some attempts have been used to
ncrease the mechanical strength of porous �-TCP bioceram-
cs, including introducing secondary phase3,4 and optimizing
intering techniques.5

Nanostructured ceramics have exhibited promising mechani-

al and physical properties, and the fabrication of nanostructured
eramics has already become an exciting prospect in materi-
ls research.6–9 Studies on nanostructured �-TCP bioceramics
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dical applications; Ca3(PO4)2

ere mainly focused on nanocrystalline powders10,11 and solid
ioceramics,12 but few studies were carried out on the fabrica-
ion of nanostructured macroporous scaffolds. In respect that the
abrication of nanostructured macroporous �-TCP scaffolds by
onventional sintering is frustrated since the presence of high
urface and interface area provides a strong driving force for
he grain growth. Nanostructure processing has been proved to
e quite successful for solid materials,6,7,12 but little is known
bout its effectiveness for porous structures.

Spark plasma sintering (SPS) is a comparatively new tech-
ique for rapid fabrication of solid nanostructured ceramics,
ermets and alloys.13–16 The problem of grain growth in
hese nanostructured materials has been overcome to some
xtent by using SPS with final grain size below 200 nm, even
elow 100 nm can be achieved.13,6 Recently, particular atten-
ion has been paid on using of SPS to prepare porous ceramics
nd alloys, for example, alumina,17–19 aluminum,20 titanium
lloys,21 etc. Optimized microstructures and improved mechan-
cal properties have been achieved in these porous materials
abricated by SPS. However, the application of SPS to fabricate

igh porosity macroporous bioceramics scaffolds was scarcely
eported. As bone regeneration scaffolds, high porosity (>50%)
nd macropore size (>200 �m) are essential requirements for
steoconduction.22,23

mailto:jchang@mail.sic.ac.cn
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Based on the above analysis, the objective of the present work
as emphasized on the fabrication of macroporous �-TCP scaf-

olds from nanocrystalline powders (termed “nano-scaffolds”)
sing SPS technique with a modified die, which made it pos-
ible to eliminate the pressure. The spark plasma sintering
ehavior, microstructures and mechanical properties of the con-
olidated macroporous �-TCP nano-scaffolds were investigated
nd compared with those of conventional pressureless sintered
ounterparts.

. Experimental procedure

.1. Materials

The nanocrystalline �-TCP powders were synthesized by a
hemical precipitation reaction. A 0.6 M Ca(NO3)2 solution was
tirred at room temperature, and then was dropped into a stirred
.4 M (NH4)2HPO4 solution to produce calcium phosphate pre-
ipitates. The pH of the solution was adjusted to about 8.0 using
H4OH. The precipitates were dried at 80 ◦C for 24 h after aging

nd washing. Finally, the synthesized powders were calcined at
00 and 800 ◦C for 2 h.

.2. Preparation procedure

The obtained nanocrystalline �-TCP powders were sieved
nd mechanically mixed with polyethylene glycol (PEG 6000)
articulates (350–650 �m in size) that obtained from Sinopharm
hemical Reagent Co. Ltd., China. The mixtures with 10 wt.%
olyvinyl alcohol (PVA) were pressed at 8 MPa uniaxially in a
tainless steel die. The porosity of the substrate was adjusted by
he amount of PEG. The green disks with a diameter of 10 mm
nd a thickness of 8 mm were heat-treated at 400 ◦C for 2 h to
emove the organic substances, and then they were presintered
t 800 ◦C for 2 h to obtain strength to handle. The presintered
ample was placed into a special graphite die for spark plasma
intering, as illustrated in Fig. 1. A small gap d in the range of
–5 mm was designed to avoid damaging the porous ceramics
n the die. The sintering was accomplished using a Model SPS-
040 spark plasma sintering system (Sumitomo Coal Mining
o. Ltd., Japan) at a temperature of 850–1050 ◦C for various

imes under a vacuum of 6 Pa. Temperatures were monitored
y an optical pyrometer through a non-through hole in the
raphite die. The heating rate was maintained as 100 ◦C/min.
or a comparison, the same presintered samples were fabricated
y conventional pressureless sintering at 1100 ◦C for 2 h.

.3. Characterization

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

h
f
C
s

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

icroporosity was measured by mercury intrusion method using
PoreMaster 33 porosimeter. SEM analysis of the fractured

urfaces of the scaffolds was performed on a scanning elec-
ron microscope (SEM, JSM-6700F, Japan). The mean grain
ize of the porous bioceramics was measured from the high-
esolution SEM micrographs of porous walls using an image
nalyzer. The compressive strength of the scaffolds was mea-
ured on a mechanical tester with a 0.5 mm/min crosshead speed
AG-5KN, Shimadzu, Japan). The elastic modulus was calcu-
ated from the slope of the initial linear portion of the stress-strain
urve. Five samples of each group were used for statistical anal-
sis of the mechanical properties.

. Results and discussion

.1. Powder characteristics

The nanocrystalline �-TCP powders were prepared using a
hemical precipitation reaction:

3Ca(NO3)2 + 2(NH4)2HPO4 + 2NH4OH

→ Ca3(PO4)2↓ + 6NH4NO3 + 2H2O (1)

After precipitation, the precipitates were washed, dried and
alcined. Fig. 2 shows the X-ray diffraction patterns of the
recursors and calcined calcium phosphate powders at differ-
nt temperatures. Low-crystalline Ca-deficient apatite (CDHA)
hase (ICDD No. 46-905) was observed in the precipitated
recursors (Fig. 2a). The CDHA with chemical formula of
a9HPO4(PO4)5OH has an apatite structure with peak posi-

ions matching closely to the diffraction peaks of stoichiometric

ydroxyapatite (ICDD No. 09-432). The wet-chemical method
or �-TCP synthesis was most commonly used to form the
DHA precursors with Ca/P molar ratio (1.50), which is the

ame as that in �-TCP.10 After calcined at 700 ◦C, partial CDHA
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ig. 2. X-ray diffraction patterns of the precursors (a) and calcined calcium
hosphate powders at 700 ◦C (b) and 800 ◦C (c).

as been transformed into the �-whitlockite (�-TCP) phase
Fig. 2b). But some CDHA was still preserved (Fig. 2b). Pure
rystalline �-TCP phase (ICDD No. 09-169) formed after cal-
ined at 800 ◦C (Fig. 2c). The transformation from Ca-deficient
patite to �-TCP is described by the following equation10:

a9HPO4(PO4)5OH → 3Ca3(PO4)2 + H2O (2)

It was reported the above phase transformation temperature
s 790 ◦C in the calcium phosphate precipitates.24 Therefore,

00 ◦C was chosen as the calcination temperature of the chemi-
al precipitates to obtain a pure �-TCP phase. The typical TEM
orphology of the nanocrystalline �-TCP powders that calcined

t 800 ◦C is shown in Fig. 3. The mean particle size of the particu-

ig. 3. TEM micrograph of the nanocrystalline �-TCP powders with corre-
ponding SAED pattern (inset).
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ates was about 80 nm. The powders were spherical in shape and
here were some agglomerates in the powders. The selected area
lectron diffraction (SAED) pattern (inset) of one nano-particle
as indexed as [11̄0] zone axis of the �-whitlockite.

.2. Spark plasma sintering behavior

The sintering behavior of the nanocrystalline �-TCP pow-
ers during SPS was studied. It is found that solid �-TCP
ioceramics could be fabricated from nanocrystalline powders
y SPS at a temperature of 880 ◦C for 3 min and axial pres-
ures of 50 MPa. The relative density was 99% determined by
rchimedes method. However, the porous �-TCP bioceramics
ano-scaffolds need much higher temperature for a high den-
ity. As presented in Fig. 4, the total porosity decreased with
he increase of temperature and holding time. At temperature
f 950 ◦C for 5 min, it achieved a stable porosity of 66 ± 1.0%.
he total porosity decreased marginally when the temperature

ncreased above 1000 ◦C. As a result, high-density �-TCP nano-
caffolds were fabricated at 950 ◦C for 5 min by SPS. The XRD
attern result shows that the original �-TCP phase was preserved
nd no high temperature phase (�-TCP) was detected in the �-
CP scaffolds after spark plasma sintered at 950 ◦C for 5 min

Fig. 5).
The spark plasma sintering furnace was modified for prepa-

ation of macroporous scaffolds, where the presence of a gap
in the die (Fig. 1) resulted in a pressureless environment

or the sample. The driving force for sintering of the porous
ioceramics was just provided by the surface energy of the
ano-particles. Therefore, higher sintering temperature (950 ◦C)
as needed in SPS of the macroporous �-TCP scaffolds com-
ared with the solid bioceramics (880 ◦C) from nanocrystalline
owders. In contrast, the sintering temperature of the �-TCP
caffolds from the same nanocrystalline powders was 1100 ◦C
y the conventional pressureless sintering. This difference in

he sintering temperature may be due to the sintering effects
f pulsed direct current field. The particles that were activated
uring SPS led to a decrease of sintering temperature. It also
ay due to the temperature difference between the measured

Fig. 4. Variation of scaffolds porosity with SPS temperature.
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ig. 5. X-ray diffraction pattern of spark plasma sintered �-TCP scaffolds.

nd actual temperature in SPS which sometime rises to above
00 ◦C.

.3. Microstructures

The SEM micrographs of macroporous �-TCP scaffolds pre-
ared by SPS and conventional sintering are shown in Fig. 6.
he macroporous structure of the spark plasma sintered scaf-

olds seems smooth, while the conventional sintered counterpart
eems rough (Fig. 6a and b). The shapes and sizes of the
ores were similar to those of the PEG particulates. The scaf-
olds showed macropore sizes ranging from 300 to 500 �m. A
ore size greater than 200 �m are essential requirements for
steoconduction.22,23 The optimal pore size for attachment, dif-
erentiation, and growth of osteoblasts and for vascularization
s approximately 300–400 �m.25,26. Thus, the macropore size
n the �-TCP scaffolds meets the requirements for osteocon-
uction and bone regeneration. Then, the morphologies of pore
alls were examined (Fig. 6c–f). The grains were well intercon-
ected by the formation of almost melted, thick and strong necks
ith minimal grain growth in the spark plasma sintered scaffolds

Fig. 6e). The mean grain size, measured from SEM image using
n image analyzer, in the spark plasma sintered scaffolds was
bout 200 nm (Fig. 6c and e), while that in the conventional
intered scaffolds was about 1.0 �m (Fig. 6d and f). The spark
lasma sintered scaffolds showed enhanced neck growth, and
efined grain size compared to the conventional sintered ones.

In order to identify the microporosity and micropores dis-
ribution, mercury intrusion method was employed for the
caffolds sintered by the two techniques. The samples for
he mercury intrusion measurement expressed the same total
orosity of 66 ± 1.0% determined by Archimedes methods.
icroporosity is defined as pore sizes less than 10 �m.27 Fig. 7

hows the mercury intrusion volume versus micropore diameter
f the spark plasma sintered and conventional sintered �-TCP

caffolds. Microporosity of the scaffolds was calculated statisti-
ally from the mercury intrusion volume. The microporosity
f the spark plasma sintered scaffolds (1.8 ± 0.3 vol.%) was
uch lower than that of the conventional sintered scaffolds

m
t
a
t

eramic Society 28 (2008) 539–545

8.0 ± 0.2 vol.%). As noted in Fig. 7, the distribution of micro-
ore diameter mainly ranged from several nanometers to about
.0 �m in the spark plasma sintered scaffolds. In contrast, the
icropore diameter was mainly distributed from 4.0 to 9.5 �m

n the conventional sintered scaffolds. The spark plasma sintered
caffolds showed lower microporosity and smaller micropores
han that of the conventional sintered counterparts. From the
EM results in Fig. 6c–f, it is noticed that there were fewer
icropores in pore walls of the spark plasma sintered scaffolds

han those of the conventional sintered counterparts. Addition-
lly, the average size of micropores in the spark plasma sintered
nd conventional sintered scaffolds were around 100 nm and
everal �m, respectively. Thus, the microporosity measurement
esults by mercury intrusion method (Fig. 7) were consistent
ith the SEM analysis (Fig. 6c–f). The macroporosity is the

esult of total porosity subtracted microporosity. The spark
lasma sintered scaffolds possessed higher macroporosity than
hat of conventional sintered counterparts. The SPS has led to
lower microporosity and smaller micropores in the scaffolds
ithout loss of macroporosity, which contribute to the increase

n the density of the solid matrix.

.4. Mechanical properties

Fig. 8 shows the mechanical properties variation of the
acroporous �-TCP scaffolds as a function of porosity. Both

he compressive strength and elastic modulus of the compos-
tes decreased as the porosity increased. After fit testing, it is
ound that the relationship between the porosity and mechani-
al properties of the porous scaffolds obeys exponential decay
quation, which are in accordance with the function that pro-
osed by Rice.28 The compressive strength and elastic modulus
f the spark plasma sintered scaffolds with 66 ± 1.0% porosity
ere 3.1 ± 0.4 and 48.5 ± 8 MPa, respectively. In contrast, the

ompressive strength of the conventional sintered scaffolds with
he same porosity was only 1.6 ± 0.5 MPa and the elastic modu-
us was only 31.2 ± 6 MPa. At porosity 55 ± 1.0%, the spark
lasma sintered scaffolds showed a compressive strength of
.0 ± 0.8 MPa and an elastic modulus of 240.5 ± 20 MPa, but the
onventional sintered scaffolds exhibited a compressive strength
f 4.8 ± 0.5 MPa and an elastic modulus of 150.2 ± 25 MPa. As
xpected, the spark plasma sintered scaffolds exhibited much
igher mechanical properties than the conventional sintered
ounterparts. The spark plasma sintered nano-scaffolds pro-
ide improved mechanical properties, which are about 50–100%
igher than those of the conventional sintered scaffolds with
orosity from 55 to 70%.

The improved mechanical properties of spark plasma sintered
caffolds were due to their microstructure optimization evi-
enced by the refinement of grain size, the increment of matrix
ensity, and the enhancement of neck growth. Refining grain size
f a solid ceramic is a well-known method to achieve improved
echanical properties. The reducing in grain size results in a

echanical strength increase in solid materials. The solid nanos-

ructured ceramics and metals have been extensively studied
nd exhibited excellent mechanical properties.13–16 However,
he preparation of nanostructured porous scaffolds is a great
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ig. 6. SEM micrographs of the macroporous �-TCP scaffolds fabricated by SP
ore walls.

hallenge since nanocrystals have a rapid grain growth. Some
esearches tried to fabricate porous ceramics by SPS using a rel-
tive low pressure, for instance 5 MPa.17,18 Unfortunately, the
orosity is less than 50% and the pore size is not controllable.
n this study, the graphite die was designed with a small gap d
o eliminate the pressure for SPS of high porosity macroporous
ano-scaffolds. The porosity of the scaffolds was controlled in
he range of 55–70% and the macropore size was modulated in
he range of 300–500 �m by porogen additions. The experimen-

al results showed that SPS also could be used to fabricate high
orosity macroporous bioceramics nano-scaffolds by the special
ie design. The grain growth of nanocrystals has been inhibited
o some extent by SPS, as a result ultrafine grain sized (200 nm)

s
s
o
o

c, e) and conventional sintering (b, d, f) showing the macroporous structure and

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

The density of the solid matrix related to the microporosity
nd micropore sizes is an important factor tending to influence
he mechanical properties of the porous ceramics. The spark
lasma sintered scaffolds showed a lower microporosity and

maller micropore sizes, which led to a higher density of the
olid matrix without loss of macroporosity (Fig. 7). Microp-
rosity is dominated by some critical parameters, such as the
riginal particle size, sintering temperature and holding time.
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distribution and shape of the PEG porogens, which need fur-
ig. 7. Variation of mercury intrusion volume vs. micropore diameter of the
-TCP scaffolds fabricated by SPS and conventional sintering.

ince the scaffolds prepared at different conditions were sin-
ered from the same �-TCP nanocrystalline powders, the SPS
echnique plays the key role for the decrease of microporosity
nd micropore sizes in the �-TCP scaffolds. These micropores
re located between ceramic grains after the materials were sin-
ered. Microporosity could allow body fluid circulation whereas

acroporosity provides space for bone-cell colonization.27 The
icropores are not beneficial to the bone tissue ingrowths;

owever, they have significant effects on the mechanical prop-
rties, degradation rate, and surface properties of bioceramic
caffolds.29–31

There was no axial pressure on the sample, but the neck
rowth of grains was greatly enhanced to almost a melted state
n the SPS process. It was attributed to the rapid heating between
he activated particles and the enhanced diffusion in the pulsed
c electric field resulting in a better sintering effect. During SPS,

he discharge that is assumed to take place in voids between par-
icles is thought to promote the particles bridging by neck growth
n the initial stage of sintering.18 The diffusion in SPS can be

t
o
g

Fig. 8. Compressive strength (a) and elastic modulus (b) of the �-T
eramic Society 28 (2008) 539–545

ormulated as follows

∂n

∂t
= D

∂2n

∂x2 + μE
∂n

∂x
(3)

here n is the atom numbers of diffusion, t the sintering time,
the diffusion coefficient, E the electric intensity, x the diffu-

ion distance and μ is the atom displacement in electric field.
wing to the effect of spark activation in SPS, the D-value
as greatly enhanced. Moreover, electric field E was added in
q. (3). Subsequently, the neck growth was enhanced by the

ncremental diffusion over densification in SPS. The enhanced
iffusion in SPS plays a dominate role in promoting the neck
rowth of grains. The formation of necks between grains by sur-
ace diffusion before densification can significantly improve the
echanical strength and elastic modulus of dense and porous
aterials. Consequently, the improvement in mechanical prop-

rties of the nano-scaffolds by SPS was attributed to the reducing
f grain size, the increment of density in the solid matrix, and
he enhanced neck growth of grains.

In this study, improved compressive strength and elastic mod-
lus of porous �-TCP scaffolds were obtained by SPS of the
anocrystalline powders. The final grain size in the scaffolds was
bove 100 nm primarily due to the grain size of initial nanocrys-
alline powders was just below 100 nm. Although the grain size
f the spark plasma sintered nano-scaffolds (200 nm) was not
n the nanometer scale, their mechanical properties were much
igher than those of the conventional sintered scaffolds (1 �m).
his indicated that the nanostructure processing is also effec-

ive for porous structures. Actually, the mechanical properties
n these spark plasma sintered nano-scaffolds are still low. Fac-
ors tending to influence the mechanical properties of the �-TCP
ano-scaffolds may be due to the non-uniform electric field and
apid cooling rate during SPS resulting in some residual stress
reserved in the porous scaffolds, as well as the decomposition,
her investigation. It is believed that the mechanical properties
f the �-TCP scaffolds could be further improved by refining
rain size to nanometer scale, and optimizing the pore form-

CP scaffolds fabricated by SPS and conventional sintering.
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ng techniques. Despite all that, this study has indicated that the
PS can be used to fabricate high porosity macroporous bio-
eramics nano-scaffolds by the special die design. The grain
rowth of nanocrystals was inhibited by SPS, and the mechani-
al properties of porous bioceramics were increased accordingly.
he SPS technique may provide a new method for fabricating
acroporous bioceramics nano-scaffolds.

. Conclusions

Macroporous scaffolds were successfully fabricated from
anocrystalline �-TCP powders by using SPS technique with
modified die. The degree of porosity (55–70%) and the
acropore size (300–500 �m) of the scaffolds were controlled

y modulating the porogen additions. The SPS could inhibit
he grain growth of nanocrystals, increase the density of the
olid matrix, and enhance the neck growth of grains, as
ell as improve the compressive strength and elastic modulus

50–100%) of the macroporous nano-scaffolds. The SPS seems
o provide an alternative approach to fabricate macroporous bio-
eramics nano-scaffolds.
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