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Abstract

A room temperature camphene-based freeze-casting method was used to fabricate hydroxyapatite/tricalcium phosphate (HA/TCP)
ceramic scaffolds. By varying the solid loading of the mixture and the freezing temperature, a range of structures with different pore sizes
and strength characteristics were achieved. The macropore size of the HA/TCP bioceramics was in the range of 100–200 lm, 40–80 lm and
less than 40 lm at solid loadings of 10, 20 and 30 vol.%, respectively. The initial level of solid loading played a primary role in the resulting
porosity of the scaffolds. The porosity decreased from 72.5 to 31.4 vol.% when the solid loading was increased from 10 to 30 vol.%. This
resulted in an increase in the compressive strength from 2.3 to 36.4 MPa. The temperature gradient, rather than the percentage porosity,
influenced the pore size distribution. The compressive strength increased from 1.95 to 2.98 MPa when samples were prepared at 4 �C as
opposed to 30 �C. The results indicated that it was possible to manufacture porous HA/TCP bioceramics, with compressive strengths com-
parable to cancellous bone, using the freeze-casting manufacturing technique, which could be of significant clinical interest.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium phosphate-based bioceramics have received
considerable attention as bone graft substitutes because
of their excellent biocompatibility, bioactivity and osteo-
conductive characteristics compared to other materials.
One of these bioceramics is hydroxyapatite (HA), which
has a similar chemical composition to the major inorganic
component of the skeletal tissue of vertebrates. It has been
shown that synthetic HA is totally biocompatible, non-
toxic and osteoconductive [1–3]. However, although HA
is bioactive, it exhibits slow osteoconduction in vivo [1].
In the last decade, attention has focused on producing
highly porous HA/TCP in either block or granular form
in order to promote tissue ingrowth, thus enhancing the
implant-tissue attachment and improving osteoinduction
[4].
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It has been reported that an optimal pore size exists for
successful cell infiltration and host tissue ingrowth: 5–
15 lm for fibroblasts, 20–125 lm for adult mammalian
skin tissues and 100–350 lm for bone tissues [5]. There is
also some evidence that pore interconnectivity is as impor-
tant as porosity for bone ingrowth, particularly in the early
stages of bone regeneration and penetration in the scaffold
[6,7].

A number of fabrication techniques have been devel-
oped over the years for manufacturing porous bioceramics.
These include, amongst others, the replication of polymer
foams by ceramic dip coating [8,9] or impregnation, foam-
ing of aqueous ceramic powder suspensions [10,11], pyroly-
sis of preceramic precursors [12] and firing of ceramic
powder compacts with pore-forming fugitive phases
[13,14]. However, none of these methods can completely
satisfy all the necessary requirements, namely, a controlled
level of interconnected porosity combined with good
mechanical properties (strength in the region of 20 MPa
with a porosity >50%). An example is the foam replication
vier Ltd. All rights reserved.
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method, which can achieve very high volumes of porosity
and excellent interconnectivity levels but characteristically
results in poor mechanical properties due to defects gener-
ated during the pyrolysis of the polymer foam template [9].

An alternative approach is to use the freeze-casting (or
freeze-drying) process to produce porous ceramics [15].
This has proven to be an attractive manufacturing method
as it allows construction of reticulated porous ceramics on
a finer scale and without the polymer burnout stage. This
avoids some of the inherent problems currently associated
with other manufacturing methods. The process consists of
freezing a ceramic slurry, which is usually aqueous based,
in a mould at low temperatures, followed by demoulding
and vehicle removal by sublimation to obtain a green body
[15]. More recently, camphene, which has a melting point
of approximately 45 �C, [15–18] has been used successfully
as a freezing vehicle, allowing more flexibility in the process
as it can be frozen and easily sublimed at room temperature
[19–21].

The aim of this study was to explore the application of
this method to the production of a highly porous calcium
phosphate-based ceramic with aligned, interconnected
and graded porosity for tissue engineering purposes and
to determine the important variables that control the struc-
tural characteristics of the final product.

2. Materials and methods

2.1. Materials

Commercially available hydroxyapatite powder TCP130
(Ca10ðPO4Þ6ðOHÞ2) (Thermphos) with an average particle
size of six microns was selected. The composition of the
ceramic powder before, and the bulk specimens after, sin-
tering were quantitatively assessed using X-ray diffraction
(XRD). The XRD spectra were obtained between 20 and
60 (2h) in 0.02� steps. In order to estimate the phase com-
positions, the Rietveld refinements were performed using a
software package ‘‘Fullprof Suite” on a 2h range between
21� and 36� using structural models for the phases identi-
fied, including HA, a-tricalcium phosphate (TCP) and b-
TCP. Camphene (C10H16), 95% purity, Sigma–Aldrich
Company Ltd., Gillingham, UK) was used as the freezing
vehicle without any further purification. In addition, Texa-
phor 963 (Cognis, Southampton Hampshire, UK) was used
as dispersant (density at 20 �C of 0.89–0.91 gcm�3 and acid
value of 55–58 mg KOH g�1). The dispersant concentra-
tion was 6–100 wt.% of the calcium phosphate powder
for all 10, 20 and 30 vol.% of solid loadings.

2.2. Solidification study

The solidification of the slurry was monitored by pre-
paring an HA/Camphene slurry at 60 �C with a solid load-
ing of 2 vol.% and placing a drop into a pre-heated slide
glass (both top and bottom) in order to avoid rapid freez-
ing. A low concentration of HA was used in order for the
slurry to be sufficiently translucent for analysis under the
light microscope. The drop was left to freeze at room tem-
perature, after which the structure formed was examined
using optical microscopy, with particular emphasis on
observing the presence of primary and secondary dendrites.

2.3. Fabrication methods for bulk samples

The first part of the manufacturing process involved the
slurry preparation. This was achieved by melting the
camphene at a temperature of 60 �C on a heating plate to
create a clear and fluid vehicle. The dispersant concentra-
tion was 6–100 wt.% of calcium phosphate powder for all
solid loadings. The HA powder was then added in quanti-
ties of 10, 20 and 30 vol.%. The slurry was stirred via the
use of a motor and stirrer with a cap on the top to prevent
any camphene vapour escaping. The slurry was left to stir
at a constant temperature for 3 h, for all solid loadings,
before pouring into metallic moulds for freezing; the
moulds were 15 mm in internal diameter and 80 mm in
height. Some samples were left to cool at room temperature
(20 �C) for 30 min; other samples were cooled at different
temperatures (4 and 30 �C) for the same length of time to
study the effect of cooling rate on the solidification charac-
teristics. After solidification, the green body was removed
from the moulds and left to sublime (optimised to 20 h)
at room temperature in order to remove the camphene
entirely and achieve a highly porous structure. Following
sublimation, sintering of the green body at 1280 �C enabled
the densification of the samples and concomitant improve-
ments in mechanical strength. The sintering regime entailed
heating the samples at 35 �C h�1 up to 600 �C followed by
1 h of dwell time. They were then heated at 60 �C h�1 up to
1280 �C and held at this temperature for 4 h, before cooling
down to room temperature at a rate of 120 �C h�1. Prior to
sintering, the ceramic powder was 100% HA. Post-sinter-
ing, XRD analysis confirmed that the composition of the
ceramic body changed to 75% HA, 18% b-TCP and 7%
a-TCP.

2.4. Pore structure analysis

The fabricated samples were characterised by evaluating
their pore structures, including pore size and porosity, and
by observing the densification of the HA/TCP walls using
scanning electron microscopy (SEM; JSM 6480LV). The
porosity was calculated using mass and volume measure-
ments (using electronic balance and callipers) to determine
the density of the porous samples and then comparing this
to that of the fully dense ceramic, using a value from the
literature of 3.16 g cc�1 [22], to find the percentage of
‘‘void” (15 samples per condition were examined and stan-
dard deviation calculated accordingly). Pore size was deter-
mined by measuring the average size of pores from the
SEM micrographs taken at four points on each sample
3 mm from the outer wall at a 90� plane (two samples
per condition and four locations per sample).
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2.5. Compressive strength measurements

For the compressive strength measurements, samples
with a diameter of 10 mm and a height of 15 mm were
loaded with a crosshead speed of 10 mm min�1 using a
screw-driven load frame (Instron 3369, Instron Corp.).
The stress and strain responses were monitored; in excess
of nine samples in each group of 10, 20 and 30 vol.% solid
loadings were tested to obtain average values and standard
deviations.

3. Results and discussion

3.1. Camphene solidification observations

The solidification of the slurry was studied in order to
acquire an understanding of the geometry and character-
istics of dendrite formation. Fig. 1a shows the develop-
ment of dendritic branches (at the extreme of the
sample) along the freezing plane, which, in the image,
runs towards the top left corner (as indicated by the
arrow). Although preheating of both the top and bottom
slide glass was used to facilitate two-dimensional den-
dritic formation, there was still a variance in the temper-
ature gradient posed by the low conductivity of the glass
which could explain the difficulty in the development of
secondary dendrites at the extremes of the sample.
Fig. 1b shows the interconnectivity of the camphene
Fig. 1. (a) Solidification of camphene dendrites; (b) interconnection of
camphene side-branches.
side-branches in the central region of the slide where
the temperature gradient was sufficiently high to stimu-
late secondary dendritic formation but at the same time
not too high to favour only primary dendrites. In both
instances the HA powder (pre-sintered) is finely dispersed
in the background (2 vol.%) and only the solute-rich area
adjacent to the dendrites can be observed together with
the translucency of the camphene. These observations
show the morphology of the dendrites that are produced
during the solidification of the camphene and the impor-
tant role of the heat transfer gradient on determining the
final shape and orientation.

3.2. Graded porosity observations

Sintered samples generated with solid loadings of 10–
30 vol.% were analysed by SEM. The SEM micrographs
(Fig. 2a and b) showed that the pores tend to align in
the direction of freezing, indicating the possibility of con-
trolling pore orientation by controlling parameters such
as the heat transfer gradient and direction of freezing.
Fig. 2b shows the three distinct regions that were
Fig. 2. (a) Pore alignment in the direction of freezing; (b) graded porosity
with three distinct regions.
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observed, with a denser structure on the outside of the
sample, which freezes first, gradually becoming more
porous towards the centre of the sample, where the effec-
tive heat transfer gradient was lower. This was a qualita-
tive assessment of the change in porosity based on visual
observation.

The main heat transfer mechanism in this solidification
process is conduction and is governed by the following
equation:
DQ
Dt
¼ �kA

DT
Dx

ð1Þ
where A is the cross-sectional surface area, k is the heat
transfer coefficient, DT is the temperature difference be-
tween the ends and Dx is the distance between the ends.
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From Eq. (1) it is possible to see the dependence of dis-
tance (Dx) on the heat transfer rate ðDQ=DtÞ, which, in the
specific freezing conditions used, is equivalent to the radial
direction in the cross-sectional plane of the samples. As the
radial distance increases towards the centre of the sample
the heat transfer rate reduces, enabling the camphene den-
drites to develop larger primary dendritic branches, result-
ing in greater porosity after sublimation and subsequent
sintering.
3.3. Sublimation of the camphene during solidification

The weight loss of the green body during freezing was
studied in order to have a better understanding of the
processes that occur during the solidification of the slurry.
The warm slurry was poured in a cylindrical split mould
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with an open top and placed on a weighing scale, and its
weight recorded at regular time intervals. Two distinct
regions were observed when monitoring the weight loss
y = -2.06x + 91.06
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3020
ding (Vol%)

ding (samples sintered at 1280 �C).

300

ing (Vol%)

ity (%)
0 55 60 65 70 75

ed samples; (b) the effect of porosity on the compressive strength.



1324 A. Macchetta et al. / Acta Biomaterialia 5 (2009) 1319–1327
the overall weight loss. The second region is dominated
by sublimation as the rate of weight loss is reduced and
remains relatively constant thereafter.

3.4. Sublimation of the camphene during the dry-freezing

process

Fig. 3b shows the behaviour of the camphene during
sublimation as a function of time. The weight loss, shown
as a percentage, represents the amount of camphene that
is slowly sublimed at room temperature with time. It can
be seen that the weight loss has an exponential behaviour
with an initially high rate of sublimation for the first 5 h
of the process, after which the rate starts to gradually
reduce as the quantity of residual camphene begins to
Fig. 6. SEM micrographs of porous structures for (a)
diminish. The dry-freezing process took an average of
25 h to complete in an open air environment at room tem-
perature and with a constant flow of air. This time was
reduced when the samples were placed in a vacuum for
2 h reducing the length of the process to 20 h. However,
it must be noted that the effectiveness of the vacuum is
reduced as the concentration of camphene in the environ-
ment increases. No shrinkage was observed after complete
sublimation of the camphene. However, after sintering a
linear shrinkage of about 30% was observed.

3.5. Effect of solid loading on sintered materials

Solid loading plays a critical role in determining the
porosity and mechanical strength characteristics of the sin-
10 vol.%, (b) 20 vol.% and (c) 30 vol.% at 23 �C.
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tered samples. Fig. 4 shows how porosity is affected by the
initial solid loading of the ceramic slurry. As the solid load-
ing is increased, the porosity was observed to decrease pro-
portionately. The porosity was reduced from 72.5 to 31.4%
by increasing the solid loading from 10 to 30 vol.%. The
linear relationship between porosity and solid loading can
be expressed by the equation:

Y ¼ 91:06� 2:06x ð2Þ

where Y is the porosity (vol.%) and x is the solid loading
(vol.%).

This result suggests that it is possible to achieve a dense
product after sintering with an initial solid loading of
44.2 vol.%. It also shows how the porosity can be manipu-
lated by controlling the solid loading of the slurry.

In addition to porosity level, the solid loading affects the
compressive strength of the sintered samples. The compres-
sive strength was increased from 2.3 to 36.4 MPa by
increasing the solid loading from 10 to 30 vol.% (Fig. 5a)
for samples prepared at room temperature (23 �C). The
compressive strength of these materials lies within, or even
exceeds, the compressive strength of cancellous bone,
which has been reported to be in the range 4–12 MPa
[23]. Plotting compressive strength against porosity allows
comparison of the general behaviour of the samples and
examination of the fundamental limitations posed by the
level of porosity on the mechanical strength (Fig. 5b).
The error bars indicate the standard deviation of the results
recorded. The exponential relationship between compres-
sive strength and porosity shown in Fig. 5b can be
expressed by the equation:

y ¼ 294:18e�6:71x ð3Þ
where y is the compressive strength (MPa) and x is the
porosity volume fraction (0–1).
Fig. 6 shows SEM micrographs of the sintered micro-
structures generated and how these vary with solid loading.
A larger porosity and pore size can be seen at low solid
loadings as compared to high solid loadings. Samples with
10% solid loading had an average pore size of 100–200 lm,
those with 20% solid loading had an average pore size of
40–80 lm and those with 30% solid loading an average
pore size of <40 lm.

3.6. Effect of freezing temperature

The effect of freezing temperature on porosity and com-
pressive strength were studied by freezing the camphene-
based ceramic slurry at temperatures of 4, 23 and 30 �C.
It followed that, whilst the heat transfer gradient does
not have much effect on the overall level of porosity
(Fig. 7), it does have an effect on pore size distribution
and alignment (Fig. 8). Although the overall effect is diffi-
cult to quantify in this preliminary study, the results sug-
gest that samples produced at 4 �C had a average pore
size of <40 lm, those produced at 23 �C an average pore
size of 40–80 lm and those produced at 30 �C an average
pore size of >100 lm. As a consequence, the compressive
strength of the samples increased from 1.95 to 2.98 MPa
by decreasing the freezing temperature from 30 to 4 �C
(Fig. 9).

A greater alignment of the pores was observed at lower
freezing temperatures due to the larger driving force of the
camphene dendrites during the solidification process as a
direct consequence of the greater heat transfer gradient
(Eq. (1)). However, at higher freezing temperatures and
thus low heat transfer rates, the development of larger
pores was observed (Fig. 8). This resulted in a more favour-
able structure for potential osteoblast cell attachment and
bone ingrowth.



Fig. 8. SEM micrographs showing pore size at freezing temperatures of: (a) 4 �C, (b) 23 �C and (c) 30 �C at 10 vol.% solid loading.
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4. Conclusions

It has been demonstrated that large pore channels can
be achieved using the novel manufacturing technique of
freeze-casting, indicative of the potential for porous HA/
TCP scaffolds to be produced using this technique. Initial
solid loading played a primary role in the resulting porosity
of the scaffolds. This was reduced from 72.5% to 31.4% by
increasing the solid loading from 10 to 30 vol.%. As a result
of this, the compressive strength was affected, increasing
from 2.3 to 36.4 MPa for the respective increase in solid
loading.

Camphene dendrites were found to orient according to
the direction of freezing; the rate of heat transfer played
an important role in the morphology of the dendrites. The
freezing temperature affected the pore size distribution
rather than the overall percentage porosity, which is
believed to be determined mainly by the initial solid loading.
Freezing at 4 �C resulted in a greater compressive strength
compared to the higher temperatures of 23 and 30 �C. The
compressive strength increased from 1.95 to 2.98 MPa when
the freezing temperature was decreased from 30 to 4 �C.

No shrinkage was observed after sublimation of the
samples prior to sintering, making it a very competitive
process relative to, for example, the classical water based
ceramic slip that experiences shrinkage during drying,
which may result in crack formation and defects within
the structure even prior to sintering.

In conclusion, this manufacturing technique shows great
potential for generating defect-free scaffolds with con-
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trolled porosity and pore size and appropriate compressive
properties for use in tissue engineering applications.
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