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Abstract
Freeze casting of aqueous suspensions was investigated as a method for preparing porous
hydroxyapatite (HA) scaffolds for eventual application to bone tissue engineering.
Suspensions of HA particles (10–20 volume percent) were frozen unidirectionally in a
cylindrical mold placed on a cold steel substrate (−20 ◦C). After sublimation of the ice,
sintering for 3 h at 1350 ◦C produced constructs with dense HA lamellae, with porosity of
∼50%, and inter-lamellar pore widths of 5–30 µm. These constructs had compressive
strengths of 12 ± 1 MPa and 5 ± 1 MPa in the directions parallel and perpendicular to the
freezing direction, respectively. Manipulation of the microstructure was achieved by
modifying the solvent composition of the suspension used for freeze casting. The use of
water–glycerol mixtures (20 wt% glycerol) resulted in the production of constructs with finer
pores (1–10 µm) and a larger number of dendritic growth connecting the HA lamellae, and
higher strength. On the other hand, the use of water–dioxane mixtures (60 wt% dioxane)
resulted in a cellular-type microstructure with larger pores (90–110 µm). The mechanical
response showed high strain tolerance (5–10% at the maximum stress), high strain for failure
(>20%) and sensitivity to the loading rate. The favorable mechanical behavior of the porous
constructs, coupled with the ability to modify their microstructure, indicates the potential of the
present freeze casting route for the production of porous scaffolds for bone tissue engineering.

1. Introduction

Tissue engineering, involving the implantation of cells and
tissues, or stimulating host cells to grow in an implanted
scaffold, has emerged as a promising approach for the repair
or regeneration of lost or damaged tissues [1, 2]. The
applicability of the tissue-engineered construct is critically
dependent on the composition and structure of the porous
three-dimensional scaffold which guides the growth of
new tissue in vitro and in vivo [3–5]. For bone tissue
engineering, the scaffold material should possess certain
desirable properties, such as biocompatibility, the ability to
be formed into porous, three-dimensional constructs with the
relevant anatomical shape and with the appropriate mechanical
properties to support physiologic loads, and the ability to be
formed economically and reproducibly [6–8].

Bioactive ceramics have been widely investigated for
repairing bone defects, because of their good biocompatibility
and ability to bond to surrounding tissues [3, 9, 10]. A
variety of methods have been used to produce porous scaffolds
for tissue engineering, including consolidation with a pore-
producing fugitive phase such as starch or PVA [11, 12],
the use of foaming agents [4, 5, 13, 14], thermally induced
phase separation, TIPS [15–17], solid freeform fabrication
[18–20], slip casting, foam replication and fiber packing
methods [21–23]. Freeze casting has been widely applied in
the production of synthetic and natural polymer scaffolds for
tissue engineering applications [15–17, 24], and its application
in the production of porous bioceramic scaffolds is now
receiving interest [25–29]. Recent investigations have shown
the ability to prepare porous HA scaffolds with a lamellar-type
microstructure and oriented pores by unidirectional freezing
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of aqueous suspensions [27–29]. The microstructure and
strength of the scaffolds were modified by altering the particle
concentration of the suspension, freezing rate and sintering
conditions. However, the average pore diameter or width was
10–40 µm, which is too small to support tissue ingrowth.

Another way to manipulate the microstructure of
the freeze-cast construct is to control the freezing (or
solidification) behavior of the liquid in the suspension, but this
has received little attention. Certain liquids, such as glycerol
and 1,4-dioxane (referred to hereafter simply as dioxane), are
miscible with water, and when added to water modify the local
structure of the aqueous liquid. As a result, they modify the
nucleation and growth of the ice crystals, thereby modifying
the freezing behavior of the aqueous liquid. Glycerol has been
shown to lead to a localized structure, resulting in a reduced
size of the growing ice crystals and inhibiting solute rejection
[25]. A study of the local solvent structure of dioxane–
water mixtures indicated that structural changes of the mixture
occurred at three specific compositions [30].

The objective of the present work was to explore how
key processing factors influenced the microstructure of freeze-
cast HA constructs, and to characterize the effect of the
microstructure on the mechanical properties of the fabricated
constructs. HA was chosen as the material system because
of its biocompatibility, being the main mineral constituent
of bone. The processing parameters investigated were the
solids content of the suspension, the freezing rate and the
composition of the solvent in the suspension. The effects
of sintering conditions on the microstructure and mechanical
behavior of the fabricated HA constructs were investigated.
An understanding of the relationship between the processing
parameters and the resulting microstructure and mechanical
strength is useful for controlling the microstructure and
properties of scaffolds for bone repair and replacement.

2. Materials and methods

2.1. Freeze casting of suspensions

Suspensions containing 5–20 vol% HA particles (average
particle size <1 µm; Alfa Aesar, Haverhill, MA), 0.75 wt%
of a dispersant, Dynol 604 (Air Products & Chemicals, Inc.,
Allentown, PA), and 1.5 weight percent (wt%) of an organic
binder poly(vinyl alcohol), PVA (DuPont Elvanol R© 90–50,
DuPont, DE), based on the dry weight of the HA powder,
were prepared by ball-milling for 48 h in polypropylene
containers using Al2O3 grinding media. The preparation
and characterization of the HA suspension are described in
detail elsewhere [29]. The suspensions were de-aired by ball-
milling at a low speed prior to freeze casting. To explore
the effects of solvent composition, aqueous suspensions
containing 5–20 wt% of glycerol (Fisher Scientific, Pittsburgh,
PA) or 40–70 wt% dioxane (Fisher Scientific) were also
prepared using the same procedure.

Unidirectional freeze casting was performed by pouring
the suspensions into polyvinyl chloride (PVC) tubes (∼10 mm
internal diameter × 20 mm long) placed on a cold steel
substrate kept at −20 ◦C using a freeze dryer (Genesis 25 SQ
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Figure 1. X-ray diffraction (XRD) patterns of the as-received HA
powder and the freeze-cast constructs sintered for 3 h at 1350 ◦C.
The pattern for a reference HA (JCPDS 72-1243) is also shown.

Freeze Dryer, VirTis Co., Gardiner, NY). Polyurethane foam
was used to cover the PVC tubes to reduce heat transfer from
the surrounding environment to the slurry, ensuring optimum
directional freezing of the system. The frozen constructs were
subjected to a vacuum of 4 Pa for 48 h in a freeze dryer
(Genesis 25 SQ Freeze Dryer) to cause sublimation of the
frozen solvent. The green bodies were sintered in air for 3 h at
temperatures between 1250 and 1375 ◦C, with a heating and
cooling rate of 3 ◦C min−1.

The microstructure of the surfaces and cross-section
of the green and sintered constructs was observed using
scanning electron microscopy, SEM (S-4700; Hitachi, Tokyo,
Japan). X-ray diffraction, XRD (D/mas 2550 v; Rigaku;
The Woodlands, TX) was used to identify the phases present
in the starting powder and sintered samples, using Cu Kα

radiation (λ = 0.154 06 nm) at a scanning rate of 1.8◦ min−1

in the 2θ range of 10–80◦. The volume of open porosity
in the sintered samples was measured using the Archimedes
method. The compressive strength of cylindrical samples
(8 mm in diameter × 16 mm) in the directions parallel and
perpendicular to freezing was measured according to ASTM-
C773 using an Instron testing machine (Model 4204; Instron
Inc., Norwood, MA) at a crosshead speed of 0.5 mm min−1.
Eight samples were tested, and the mean strength and standard
deviation were determined. To investigate the effect of
loading (strain) rate on the compressive mechanical response,
testing was also performed at cross-head speeds of 0.05 and
5 mm min−1.

3. Results and discussion

3.1. Microstructure of constructs prepared from
aqueous suspensions

Figure 1 shows the XRD patterns of the as-received HA powder
and freeze-cast material sintered for 3 h at 1350 ◦C. Both
patterns corresponded to the reference pattern of HA (JCPDS
72-1243). Within the limits of detection by XRD (<0.5 wt%),
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Figure 2. SEM images of the HA sample cross section (a) perpendicular and (b) parallel to the freezing direction; (c) higher magnification
image of the cross section in (b), showing the pore structure; (d) surface of the sample. The sample was sintered for 3 h at 1350 ◦C.

Table 1. Comparison of porosity, pore width, microstructure and compressive mechanical properties of HA constructs prepared from
aqueous suspensions, suspensions with glycerol and suspensions with dioxane.

Solvent HA concentration Pore Porosity Compressive Strain
composition (vol%) width (µm) (%) Microstructure strength (MPa) (%)

Aqueous 10 25 ± 5 70 ± 5 Lamellar – –
20 15 ± 10 55 ± 2 Lamellar 12 ± 1 7

Water–glycerol (20 wt%) 10 10 ± 5 67 ± 2 Rectangular 18 ± 2 5
Water–dioxane (60 wt%) 10 100 ± 10 65 ± 2 Cellular 7.5 8

no additional peaks corresponding to any second phases were
found in the patterns.

After freeze casting and sintering, the constructs
maintained a uniform cylindrical shape. The green constructs,
after sublimation of the frozen liquid, were weak, so most of
the microstructural characterization studies were performed
on constructs after they were sintered. Figure 2 shows SEM
images of constructs prepared from suspensions with 20 vol%
HA particles. A uniform lamellar-type microstructure was
observed throughout the construct, with the pores oriented in
the direction of freezing. The lamellar-type microstructure
shown in figure 2 is quite similar to the microstructures
of polymeric materials such as collagen prepared for tissue
engineering applications [24]. For the present system, the
HA lamellae and the macropores between them were oriented
in the direction of freezing. The lamellae had a thickness
of 20–30 µm and a length of 100–250 µm in cross section
(figure 2(a)) and extended from the bottom of the construct
to the top (figure 2(b)). A higher magnification image
(figure 2(c)) indicated that the average pore width was
∼20 µm, and that the lamellae were almost fully dense, with
some dendritic bridges between the lamellae. Determination
of the porosity by the Archimedes method and by mercury

intrusion porosimetry, reported elsewhere [29], showed that
the pores in the sintered constructs were interconnected with
the porous surface (figure 2(d)).

For aqueous suspensions, a reduction of the particle
concentration produced a higher porosity, pores with a larger
cross section, and thinner HA lamellae (table 1), which was due
to fewer nucleation sites for ice nuclei and fewer barriers for
water molecules to diffuse to the surface of the formed crystals.
On the other hand, lowering the substrate temperature during
freezing resulted in pores with finer cross sections. From the
thermodynamic point of view, a lower substrate temperature
means a large driving force for nucleation of ice crystals, which
results in the formations of a larger number of ice nuclei and
the decreased growth of the formed ice crystals, and therefore
to smaller inter-lamellar pores. By adjusting the particle
concentration and substrate temperature, the microstructure
of the construct can be controlled over a wide range.

3.2. Effects of sintering conditions

The effect of the sintering temperature on the open porosity
and compressive strength (in the freezing direction) of HA
constructs sintered for 3 h at temperatures between 1250 ◦C
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Figure 3. Influence of sintering temperature on porosity and
compressive strength of HA samples.

and 1375 ◦C is shown in figure 3. With increasing temperature,
the porosity decreased slightly, but the compressive strength
increased significantly. Both the porosity and mechanical
strength reached their limiting values at 1350 ◦C, which is
an indication that the HA lamellae in the microstructure had
reached their highest density. Sintering for 3 h at 1350 ◦C
represented approximately the optimum sintering conditions
for the present system. Sintering for much longer times at
1350 ◦C or at higher temperatures will lead primarily to grain
growth in the HA lamellae. The compressive strength of the
HA constructs in the direction of freezing reached its highest
value of 12 ± 1 MPa at 1350 ◦C. While this value is far lower
than the compressive strength of cortical bone (100–150 MPa)
[31], it is equal to the highest values reported for trabecular
(or cancellous) bone (2–12 MPa) [32].

3.3. Effect of solvent composition on microstructure

Figure 4 shows the microstructure of sintered HA constructs
formed from suspensions (10 vol% HA particles) in which the
solvent consisted of water, water + 20 wt% glycerol, and water
+60 wt% dioxane. When compared to the microstructure of the
construct formed from the aqueous suspension (figure 4(a)),
the addition of glycerol to the solvent had the effect of
increasing the number of dendritic bridges between the HA
lamellas (figure 4(b)). This increased to such an extent
that the cross-section of the pores changed from a plate-like
morphology to a more dendritic shape. The microstructure
was quite uniform, the pores became smaller, and the number
of dendritic bridges between the HA lamellas increased. The
pore widths were in the range 1–10 µm, compared to values
20–30 µm for similar constructs prepared without glycerol.
Glycerol addition to the suspension was capable of reducing
the size of ice crystals [25, 29]. The large lamellar ice crystals
disappeared due to the formation of the localized ice crystals
and smaller crystals produced in the frozen samples, which
corresponded to fine dendritic pores in the sintered HA samples
(figure 4(b)). The addition of dioxane to the aqueous solvent

(a)

(b)

(c)

Figure 4. Effects of solvent composition on the microstructure of
HA constructs prepared from 10 vol% suspension: (a) water,
(b) water + 20 wt% glycerol, and (c) water + 60 wt% dioxane.

resulted in the production of constructs with a cellular type
microstructure (figure 4(c)). The pore diameter, 100 ± 10 µm,
was much larger than the pore width of the constructs prepared
from the aqueous suspensions. The change in microstructure
of the freeze-cast constructs may be attributed to the presence
of stable dioxane–water complexes [33, 34].

3.4. Mechanical response of HA constructs

Figure 5 shows stress–strain curves in compression testing for
freeze-cast HA constructs prepared from aqueous suspensions
with 20 vol% particles. The curves show the behavior of the
constructs in the directions parallel and perpendicular to the
freezing direction. The data shown are engineering stresses
and strains, based on the initial cross-sectional area and length
of the test sample, and do not represent the true stresses and
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Figure 5. Stress–strain response in compression testing parallel and
perpendicular to the freezing direction, for HA constructs prepared
from aqueous suspensions (20 vol% particles) and sintered for 3 h at
1350 ◦C. Three different regions are outlined for the curve
corresponding to the parallel testing direction: I, elastic region;
II, stress plateau region; III, failure region.

strains. An interesting feature of the stress–strain curves is the
high strain tolerance (high strain for failure) of the constructs.
Unlike common ceramics which show brittle behavior with just
an elastic response and failure at low strain (typically <0.1%),
the constructs produced in the present work showed three
distinctive regions: an ‘elastic’ regime in which the stress–
strain response is linear, a ‘stress plateau’ region representing
the region of highest sustainable loading, and a ‘failure’ region
of decreasing load-bearing ability.

While the three regions can be observed in both curves,
the stress–strain curve in the freezing direction had a different
shape from that perpendicular to the freezing direction. The
curve for the response in the freezing direction had a more
smoothly varying, asymmetric bell-shaped curve, indicating
a compressive strength (taken as the stress at the peak) of
∼10 MPa at a strain of ∼7%. In contrast, the curve for the
perpendicular testing direction had a large plateau region, in
a strain range of 2–10%, with numerous bumps and valleys.
The average compressive strength in this plateau region was
∼4 MPa.

The mechanical response of the fabricated constructs
showed a high dependence on the loading (or strain) rate
(figure 6). Typically, a high stain rate led to a high compressive
strength of the constructs. An increase in the strain rate from
0.05 mm min−1 to 0.5 and 5 mm min−1 resulted in an increase
in the compressive strength of the constructs of 25% and 125%
respectively. On the other hand, the failure strain decreased
from 8% to 5% and 2%, respectively.

The mechanical response of the HA constructs prepared
from suspensions with glycerol or dioxane addition was similar
in nature to that shown in figure 5 for constructs prepared from
aqueous suspensions, but the magnitude of the response was
different. The nature of the observed mechanical response was
attributed to the anisotropic microstructure produced by the
unidirectional freeze-casting process. This type of mechanical

Figure 6. Effect of loading (or strain) rate on the mechanical
response of HA constructs prepared from aqueous suspension
(20 vol% particles).

behavior with a high strain tolerance has been found in natural
materials with anisotropic structure such as bone, and it is
considered to be important for the remodeling of bone structure
in response to the applied load [35, 36].

The mechanical response of porous materials, such as
brittle foams, has been modeled by Gibson and Ashby [35].
According to the model, the compressive crushing strength σ cr

of brittle foams is given by

σcr

σfs
= C

(
ρ

ρo

)3/2 1 + (ti/t)2√
1 − (ti/t)2

= C(1 − P)3/2 1 + (ti/t)2√
1 − (ti/t)2

(1)

where σ fs is the modulus of rupture of the solid struts, C is
a constant of proportionality, ρ and ρo are the densities of
the porous cellular material and the fully dense solid phase,
respectively, P is the porosity of the cellular material, and ti/t
is the ratio of the width of the box-like void in the struts to
the thickness of the solid strut. In the case of brittle foams
[35], C = 0.2. For HA, the reported values for σ fs are in
the range 115–200 MPa [3]. In the present work, the struts
were almost fully dense, so ti/t = 0. Using these values,
the strength predicted by the model is in the range 5–8 MPa
for a porosity P = 0.65. This value is not vastly different
from the measured compressive strengths (7.5–18 MPa) for
the constructs investigated in the present work with P = 0.65–
0.70, and tested under a loading rate of 0.5 mm min−1 along
the pore orientation direction.

Scaffolds intended for bone repair and regeneration should
have not only adequate mechanical properties to support
physiologic loads but also favorable pore characteristics
for supporting tissue ingrowth into the scaffolds to allow
strong bonding and facile integration with surrounding tissues.
Interconnected pores with a mean pore diameter or width
of 100 µm or greater, and open porosity of >50% are
generally considered the minimum requirements to permit
tissue ingrowth and function in porous scaffolds [37, 38].
Scaffolds prepared in this work from aqueous suspensions and
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from suspension with glycerol additions had pores (1–30 µm)
that were too small to support tissue ingrowth. On the other
hand, the pore diameter or width (100 ± 10 µm) of the
scaffolds prepared from suspensions with dioxane additions
was more favorable. Further work is in progress to (1) prepare
freeze-cast scaffolds with larger pore size, while retaining
strength and porosity, and (2) evaluate the cell proliferation and
differentiation on the surface and within the porous scaffolds.

4. Conclusion

Freeze casting of aqueous suspension of HA particles on a
cold substrate produced porous constructs with a uniform,
lamellar-type microstructure in which plate-like HA lamellas
were oriented in the direction of freezing. The sintering
conditions had a marked effect on the microstructure and
mechanical behavior of the fabricated constructs. An increase
in the sintering temperature from 1250 ◦C to 1375 ◦C produced
a small (5%) decrease in porosity, but an increase in the
compressive strength of nearly 50%. Constructs with a
porosity of 52%, formed by sintering for 3 h at 1350 ◦C
had compressive strengths of 12 ± 1 MPa and 5±1 MPa in the
directions parallel and perpendicular to the freezing direction,
respectively. Significant changes in the microstructure
and properties were achieved by modifying the solvent
composition of the suspensions used in the freeze-casting
process. The addition of glycerol (∼20 wt%) to the aqueous
solvent used in the suspensions produced finer pores and
a larger number of dendritic structures connecting the HA
lamellas. On the other hand, the addition of 60 wt% dioxane
produced a cellular microstructure with much larger pores.
The fabricated constructs showed gradual failure behavior in
compression, high strain tolerance (∼5% at the maximum
stress), high strain for failure (>20%) and sensitivity to the
loading rate.
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