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Abstract

Freeze casting is an effective fabrication technique that allows producing scaffolds with variable porosity, pore size, pore orientation and
compressive strength. To our knowledge, the present study is the first investigation on the replacement effects of microparticles with nanoparticles
in bone scaffolds prepared through the freeze casting method. In this study, the effect of nano-alumina content on phase transformation,
microstructural and mechanical properties of hydroxyapatite/nano-alumina (HA/nAl,O3) nanocomposite scaffolds, fabricated through the freeze
casting method at different cooling rates, has been investigated. In the first stage, slurries with 15 vol% solid loading and different nano-alumina
content were prepared. In the next stage, cooling rates of 1 and 4 K/min were applied to synthesize the porous scaffolds, followed by sintering at
1250 and 1350 °C. The characteristics of the initial powders, and phase composition, microstructure, pore size, pore distribution and mechanical
strength of the scaffolds were assessed. The porosity of the synthesized scaffolds was in a range of 78-85%, and the compressive strength varied
from 0.2 to 4 MPa as a function of nAl,O5 concentration, cooling rate, and sintering temperature. Surprisingly, further addition of nAl,O5 not only
affected the microstructural features, but also provided mechanisms to improve the mechanical strength of the scaffolds.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction ridge augmentation [5], maxillofacial reconstruction [6], orbital
implants [7], spine fusion [8] and repair of bone defects [9]. These
materials have been clinically used in dense, granular and porous
forms [10-12]. It is known that the porous constructs of this class
of materials have the possibility of tissue growth, and the
capability of being replaced by bone tissue [13—15]. Unlikely,
CPs have also some drawbacks such as relatively low mechanical
strength (TCPs and biphasic materials) and thermal decomposi-
tion during the sintering [16,17]. Many materials such as zirconia
[18], alumina [19], silica [20], titania [21] and calcium silicate
[22] have been employed to overcome these drawbacks. Gen-
erally, porous alumina structures in comparison with porous CPs
have better mechanical strength but due to the lack of appropriate

Implantation of bone autografts or allografts is a simple strategy
to heal large bone defects. However, there are some drawbacks of
these strategies which limit their widespread usage, such as
extended surgical time and donor site morbidity for autograft,
and adverse immune response and pathogen disease transmission
for allograft. These problems have guided researchers for the
development of bone substitute materials [1-4].

As the most promising bone substitute materials, calcium
phosphate (CP) compounds have been widely used clinically due
to their similarity to hard tissues. Among different CP ceramics,
hydroxyapatite (HA) and tri-calcium phosphate (TCP), or combi-

nations of these two materials (biphasic ceramics) have gained
special attentions for a wide range of applications such as alveolar
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cellular responses they cannot form biochemical interfacial bond
with the natural tissue [23-25]. Therefore, it is reasonable to
reinforce CP porous structures with alumina powder to fabricate
highly bioactive nanocomposite scaffolds with a relatively higher
mechanical strength.
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Different fabrication techniques such as pore-foaming [26],
infiltration of compression molded sponge [27], gel-casting [28],
slip-casting [29], starch consolidation [30], microwave processing
[31] and freeze casting [32,33] can be used for the production of
porous structures. Among these techniques, freeze casting has
gained much attention due to its superior advantages such as
simplicity, low shrinkaging in forming process, possibility of
controlling the porosity, interconnectivity, relatively good
mechanical strength etc. [14,34,35]. Different additives have been
also used to improve the properties of HA-based scaffolds
fabricated via the freeze casting method. Recently, Zuo et al.
[36] investigated the effect of polyvinyl alcohol (PVA) addition
on the morphology of porous HA structures produced by freeze
casting. According to their results the PVA-free HA structures
showed longer lamellar pores. Zhang et al. [37] studied the effect
of gelatin addition on the microstructure of freeze cast porous HA
structures. They showed that the viscosity of HA slurry and also
the linear shrinkage ratio of the sintered samples were enhanced
by increasing the gelatin concentration. In another work, Blindow
et al. [20] investigated the influence of nano SiO, addition on HA
scaffolds produced via freeze casting. They found that SiO,
addition announced a partial phase transformation of HA to
B-TCP and reduced the shrinkage of the scaffolds after sintering.
This interesting study could be completed by investigating the
microstructural changes caused by further addition of nano SiO,
to the HA scaffolds [20].

As mentioned above, different compositions, additives and
fabrication techniques can significantly affect the microstruc-
tural and mechanical properties of freeze casted scaffolds. In
our previous study, we have demonstrated that the freeze
casted HA scaffolds exhibit relatively high mechanical proper-
ties [32]. To our knowledge, the influence of adding nano-
particles on the microstructural features of scaffolds, prepared
by the freeze casting process, has not been fully investigated.
The aim of this research is to study the influence of adding
nano-alumina (nAl,O3) on the microstructure, mechanical
properties, shrinkage and phase transformation of HA scaffolds
fabricated by the freeze casting technique.

2. Materials and methods
2.1. Scaffolds fabrication

The HA/nAl,O; nanocomposite scaffolds with 15 vol%
solid concentration have been produced via an unidirectional

Table 1
Slurry concentration, cooling rate and sintering temperature of samples.
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freeze casting technique. At first, to prepare stable slurries, a
small amount of dispersant agent (4 wt% of HA/MALO3
content) (Dolapix CE 64, Zschimmer & Schwarz, Lahnstein,
Germany) has been added to distilled water. Then, different
amounts of HA powder (2196, Merck KGaA, Darmstadt,
Germany) and nano-alumina (Nabond, china, purity of 99.9%)
have been added bit by bit to suspension, using high speed
magnetic stirring, as shown in Table 1. The mean particle size
(d50) and specific surface area were 1.69 pm and 75.81 m*/g
for HA, and 5nm and 500-600 m%*g for nano-alumina,
respectively. All of these data were provided by the manu-
facturer. Then, the prepared slurries were ball-milled for 24 h
with zirconia balls. After that, polyvinyl alcohol (PVA,
M, =15000, Merck, Darmstadt, Germany) was added as a
binder at 4 wt% of the HA/nAl,O3 content. Before casting, a
vacuum oven was used for air bubble removal at a pressure of
0.02 MPa for 20 min.

The scaffolds were prepared using a custom-made setup as
described previously [32]. Briefly, the slurries were poured
into a PTFE mold, located on a cold finger, where the
temperature was adjusted using liquid nitrogen and a heater
connected to a PID controller. The slurries were poured into
the PTFE mold at 5 °C, and different cooling rates were
applied to solidify the samples (see Table 1). Then, the
solidified samples were removed from the mold carefully
and placed in a freeze dryer (FD-10, Pishtaz Engineering
Co., Tehran, Iran) for 48 h to sublimate the ice crystals. After
sublimation, the green bodies were sintered at different
temperatures. All samples were heated to 600 °C at heating
rate of 5 K/min and kept for 24 h at this temperature. The
samples were then heated to the ultimate sintering tempera-
tures at the same heating rate and maintained for 2 h. The
sintering cycles were completed with a cooling rate of 300 K/h
down to room temperature.

2.2. Property characterization

2.2.1. Phase analysis

Phase analysis of the sintered HA/nAl,O5; composite scaf-
folds was conducted using a X-ray diffraction (XRD, Philips
PW3710) with monochromatic Cu-Ka radiation under the
operating conditions of 40kV and 30 mA. Comparison of
XRD patterns with JCPDS standards was carried out to
identify the crystalline phases.

Sample Code

A5C1T2 AS5CIT3 A5C4T2 A5CA4T3 A10C1T2 A10C1T3 A10C4T2 A10C4T3 A15C1T2 A15CIT3 A15C4T2 A15CA4T3

Micro-HA content 95 95 95 95 90
(vol%)
Nano-alumina content 5 5 5 5 10
(vol%)
Cooling rate (K/min) 1 1 4 4 1

Sintering temperature 1250 1350 1250 1350 1250

O

90 90 90 85 85 85 85
10 10 10 15 15 15 15

1 4 4 1 1 4 4
1350 1250 1350 1250 1350 1250 1350
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2.2.2. Microstructural characterization

The morphology of the nAl,O; and HA particles was
analyzed by transmission electron microscopy (TEM). For this
purpose, the powders were ultrasonically dispersed in ethanol
to form a diluted suspension and then a few droplets were
dropped on carbon coated copper grids. The morphology of
the particles was observed by a TEM instrument (GM200 PEG
Philips), operated at an accelerating voltage of 200 kV. Also,
scanning electron microscopy (SEM, Stereoscan S 360-Leica
Cambridge, England) was used to characterize the morphology
and the microstructure of the scaffolds. Before scanning, the
scaffolds were coated by a thin layer of gold for a better
electrical conductivity.

2.2.3. Porosity and pore size of scaffolds

The total porosity of the sintered scaffolds (P) was
calculated by density measurement (ratio of weight to total
volume, pgcarfold) @nd theoretical density (depending on the
amount of HA and nAl;O3, psoriq) using [38]

P= 1—Pscaffold/ Psolid (1

At least five samples were calculated to obtain the average
value and the standard deviation. Because the HA/nAl,O;
nanocomposites scaffolds were anisotropic, pore sizes were
determined in both long and short axes. The pore sizes were
measured using Quantify Image software and five samples
were studied, with 50 measurements conducted for each
sample.

2.2.4. Shrinkage measurement
The shrinkage volume was calculated using the sample's
volume before and after sintering [39]:

Sv=(Vo=V)/Vo 2

where Sy, V and V; are the total shrinkage, initial and final
volumes, respectively. At least five samples were calculated to
obtain the average value and the standard deviation.

2.2.5. Mechanical testing

For the compressive strength measurements, the cylindrical
scaffolds with diameters of 15 mm and heights of 20 mm were
loaded with a cross-head speed of 0.5 mm/min using a screw-
driven load frame (Instron 5565, Instron Corp., Canton, MA).
The stress responses were monitored for at least five samples
of each group with different HA/nAl,O3 contents to obtain the
average values and the standard deviations.

3. Results and discussion
3.1. TEM diffraction

Fig. 1 demonstrates the TEM images of HA and nAl,O;
powders. Fig. 1(a) shows the TEM image of HA microparti-
cles. As shown in Fig. 1(b), the nAl,O3 grains are extremely
small and separated from each other.

2500 nm
O ——

Fig. 1. TEM macrograph of (a) HA and (b) nAl,O3 powders.

3.2. Phase analysis

There are two main factors responsible for phase transfor-
mation study of HA/nAl,O3; nanocomposites. The first factor is
the content of nAl,O5 in the samples. Fig. 2 (al-d1) shows the
XRD patterns of HA/nAl,O; nanocomposites with different HA/
nAl,O; contents (and pure HA as the control) sintered at 1250 °C
(ASCIT2, A10CIT2, AI5CIT2). As shown in Fig. 2 (al),
HA was the only detectable phase and no secondary phase
was found after sintering at 1250 °C. In the sample containing
5 vol% nAl,O3 (ASC1T2), the HA phase partially decomposed
to TCP. When the volume percent of nAl,O3 increased, the
phase transformation from HA to TCP increased and became
completed for the sample containing 10vol% nAl,O3
(A10C1T2). It has been reported that TCP is more biodegrad-
able in comparison to HA [40], which is of interest for tissue
engineering applications. In all the XRD patterns (ASCI1T2,
A10CIT2, and A15C1T2), no significant peak related to Al,O3
could be detected. The lack of alumina peaks in the XRD
patterns obviously showed that Al,O3 reacted with HA and
formed other phases. Additionally, some other peaks could be
identified in the XRD patterns that belonged to CaAl,O4
(JCPDS#70-0134) and CaAl,O; (JCPDS#74-1467) which
were confirmed by other studies [41]. Usually, HA decom-
poses into TCP around 1350-1400 °C, as previously described
by the reaction shown in Eq. (3) or in some studies with Eq.
(4) [42,43]. However, HA/nAl,O3 nanocomposites are known
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Fig. 2. XRD patterns of HA/nAl,O3 nanocomposites sintered at different temperatures ((a) Pure HA at 1250 °C and 1350 °C; (b) ASCIT2 and ASCIT3;

(c) AI0CIT2 and A10C1T3; and (d) A15C1T2 and A15CIT3).

to decompose at relatively low temperatures with the formation
of calcium aluminates, as shown in Eq. (5):

CalO(PO4)6(OH)2 - 3C33(PO4)2+C30+H20 (3)
Ca;o(PO4)s(OH),; — 2Ca3(PO4),+CasPr00+H,0 (€]
Ca]()(PO4)6(OH)2+A1203 - 3C33(PO4)2+C&A1204+H20 (5)

Also, the formation of calcium aluminates can be related to
the reaction shown in Eq. (6). This means that CaO (calcium
oxide), made by HA decomposition, reacted with alumina to
form calcium aluminates [41,44,45].

nCa0+mALO; - CayAlyyOsmn 6)

It was observed that increasing the nAl,O5 content in the
slurry leaded in diminishing of calcium aluminate with low
content of aluminum (CaAl,O,) and instead, formation of
calcium aluminate with more content of aluminum (CaAl,O-).
It is worth mentioning that Eq. (6) could truly confirm these
observations. The second factor is the sintering temperature.
Fig. 2 (a2-d2) shows the XRD patterns of the HA/nAl,O3
nanocomposites with different HA/nAl,O5 contents (and pure
HA as the control) sintered at 1350 °C (A5C1T3, A10CIT3,
AI15CIT3). All the phase transformations of the HA/nAl,O3

nanocomposites in this temperature are the same as the
samples sintered at 1250 °C, only with different intensities.
Fig. 2(a) compares the XRD patterns of the pure HA in two
different sintering temperatures. As can be seen, HA was the
only phase in both patterns and no secondary phases could be
found after sintering in these temperatures. However, accord-
ing to Fig. 2(b—d), it is completely obvious that increasing the
temperature accelerates the HA decomposition and calcium
aluminates formation in all samples.

3.3. Microstructural characterization

Figs. 3 and 4 show the horizontal and vertical cross section
SEM micrographs of HA/nAl,O; composites, respectively,
including different nAl,O5 contents at different cooling rates
(1 and 4 K/min). As it can be seen, two factors have significant
effects on the microstructure of HA/nAl,O3; nanocomposite
scaffolds as cooling rate and particle size. The pore size and
wall thickness can be adjusted frequently by increasing or
decreasing the cooling rate during the freezing process, as
previously reported by many researchers [14,34,46]. Figs. 3
and 4 obviously show that increasing of cooling rate provides
smaller pores and thinner walls. Higher cooling rate means
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Fig. 3. Horizontal cross section SEM micrographs of HA/nAl,O3 nanocomposites at different cooling rates ((a) HA/5% nAlOs, (¢c) HA/10% nAl,O; and (e) HA/15%
nAl,Os all at 1 K/min; (b) HA/5% nAl,Os, (d) HA/10% nAl,O5 and (f) HA/15% nAl,Os all at 4 K/min).

higher interface velocity (v) and thinner structural wavelength
(4) [average ice crystal thickness+entrapped particles thick-
ness, see Fig. 5(a)] [47], and consequently finer lamellae
structure according to

A~y 7)

where 1 is structural wavelength, v is velocity of ice front, and
n depends on particle size [47]. On the one hand, at the cooling
rate of 4 K/min, compared to the cooling rate of 1 K/min, the
water in the slurry reaches a supercooled state more quickly,
and then higher amounts of ice crystals are formed [34]. Due to
the quick freezing time, the ice crystal growth is repressed and
the smaller crystals are formed. In addition, at the cooling rate
of 4 K/min, compared to the cooling rate of 1 K/min, the
particles have less time to migrate and rearrange by diffusion
mechanisms that consequently cause formation of thinner
walls. Generally, the narrower structures could be obtained
by increasing the cooling rate.

As it can be seen in Figs. 3 and 4, the pore size and wall
thickness could be attuned by replacing the microsize particles
with the nanosize particles. As previously described [48], the
larger particle size results in finer lamellar structures [Fig. 5(b)],
which is in a good agreement with the obtained results about

the composite containing nano- and micro-particles. In fact,
increasing the particle size leads to increasing n and v
parameters [47,48] and decreasing the structural wavelength
according to Eq. (7), and consequently finer lamellar structures.
The increasing of v is due to the larger particles that in this case
means smaller surface area. This smaller surface area provides
few nucleation sites and simultaneously reduces initial tem-
perature for nucleation [48]. So, the system enters in progres-
sively supercooled state which causes a faster interface
velocity. In turn, the larger particles have less time for
reordering between the ice crystals, and thereby thinner walls
are produced. According to our previous study, hollow spaces
remain between larger particles in comparison with smaller
particles (see Zamanian et al. Fig. 7 Ref. [49]). As shown in
Figs. 5(b) and 6, the nanoparticles fill these inter-particle spaces
and the walls become denser, that can influence mechanical
strength.

3.4. Evaluation of mechanical strength
Table 2 shows the values of shrinkage, porosity, compres-

sive strength and pore size of all samples. The effective
parameters for the mechanical strength of the scaffolds can
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Fig. 4. Vertical cross section SEM micrographs of HA/nAl,O5; nanocomposites at different cooling rates ((a) HA/5% nAl,Os3, (c) HA/10% nAl,O3 and (e) HA/15%
nAl,O5 all at 1 K/min; (b) HA/5% nAl,Os, (d) HA/10% nAl,O5 and (f) HA/15% nAl,Oj3 all at 4 K/min).

be found in all the processing steps: slurry formulation and
preparation (HA/nAl,O3 percentage), solidification (cooling
rate) and sintering. By varying the processing parameters,
properties such as porosity and pore size, density and thickness
of the walls, shrinkage percentage and phase composition of
final scaffolds can be controlled [32,34]. Fig. 7 shows pore
size, porosity, shrinkage and mechanical strength of the
scaffolds as a function of nAl,O5 content. Obviously, the total
porosity value decreases with increasing the nAl,O5 contents.
This is due to increasing in volume shrinkage and dense walls,
as mentioned above in Section 3.3. Also, it is clear that the
compressive strength of the scaffolds augments with increasing
the nAl,Oz contents [41,45]. The formation of calcium
aluminate phases in the TCP matrix as well as decreasing
the porosity can be the reasons of this improvement in the
compressive strength. It is worth mentioning that Al,Oj3 is one
of the most widely used reinforcement materials for HA
composites that causes significant increment in the compres-
sive strength values as a result of calcium aluminate formation
[41,50,51]. As it can be seen in Fig. 7, the pore sizes and also
compressive strength increased with multiplying nAl,O3 con-
tent, while it has been widely stated that compressive strength
decreases by increasing pore size [46,52].

It is well known that porosity and pore size plays an
important role on initial cell adhesion, cell ingrowth and blood
vascularization. Murphy et al. [53] showed that the increased
surface area provided by the scaffolds with smaller pore size
may have a beneficial effect in initial cell adhesion, but
ultimately the improved cellular infiltration provided by
scaffolds with larger pores outweighs this effect. They
indicated that an early additional peak in cell number could
be seen in the scaffolds with a mean pore size of 120 pm and
then this early peak disappeared following the cell prolifera-
tion. They observed that the scaffolds with pores about 300 pm
had a better cell migration behavior. Thus, different pore size
ranges are required for good vascularization and cell ingrowth.
On the other hand both length and width of the pores are
important for appropriate cell ingrowth. Therefore, as can be
seen in Fig. 7, further increase in pore width is desirable for the
scaffolds.

Another important factor that influences the compressive
strength is cooling rate. As it can be seen in Fig. 8, by
increasing the cooling rate from 1 K/min to 4 K/min, the
compressive strength relatively increased. With an increase in
the cooling rate, the pore size decreased because of the higher
interface velocity (shorter freezing time), and as a result an
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Fig. 5. (a) 3D schematic image of ice formation and particles entrapment during the freeze casting process and (b) 2D schematic image of influence of nAl,O;

addition on ice formation, particles entrapment and structural wavelength (4).

Fig. 6. SEM micrographs of inter-particle spaces filled with nanoparticles
((a) HA/5% nAl,O; and (b) HA/15% nAl,O5). Arrows indicate nanoparticles
in the matrix.

improvement in the compressive strength of the nanocomposite
scaffolds was observed. Our results related to the relationship
between the cooling rate and the compressive strength is in a

good agreement with the reported data by other researchers
[32,34].

As shown in Fig. 9, the shrinkage and the compressive
strength increased as a function of sintering temperature while
the sintering temperature had an opposite effect on the total
porosity. According to the literature, when the sintering
temperature increases from 1250 to 1350 °C, the porosity goes
down and the shrinking value goes up, and as a result the
compressive strength increases [32,34]. In a recent study,
Sopyan et al. [54] fabricated HA/alumina scaffolds via the
protein foaming consolidation method and obtained compres-
sive strength and porosity values of 0.1 MPa and 45.2%,
respectively, after addition of 50% alumina. In another work,
An et al. [18] used zirconia to improve the mechanical strength
of HA scaffolds, produced by the polymer sponge method, and
obtained a compressive strength of near 3 MPa and porosity
around 80% by even adding 60% zirconia to the HA matrix. In
total, optimal compressive strengths for this type of scaffolds
can be obtained by controlling the nano-alumina content and
cooling rate. Although, more desirable results were achieved
compared to the reported data by other researchers at the
nearly same porosity [18,54], these samples are not still
appropriate to be used in load bearing sites [55]. According
to the previous studies, there might be some bridges between
lamellar pores that could improve the mechanical properties of
the structure [47,56]. However, the formation mechanism and
characteristics of these bridges have not been completely
understood, and there are inadequate data in the available
articles. The ability to manipulate these bridges would be
expected to achieve engineered scaffold constructs with better
mechanical properties.
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(b), porosity (c) and shrinkage (d) of HA/nAl,O; nanocomposites.

4. Conclusions

In this study, the effect of further addition of nano-alumina
particles to HA-based scaffolds on the microstructural, phase
transformation and mechanical properties as well as sintering
behavior of porous HA/nAl,O3 scaffolds has been evaluated.
The obtained results showed that by increasing the nAl,O3
content and sintering temperature, the decomposition of HA to

Table 2
The shrinkage, porosity, compressive strength and pore size of samples.

Sample  Shrinkage Porosity Compressive Pore size  Pore size—

code (%) (%) strength —long short (um)
(MPa) (pm)
A5CIT2  9.01 84.96 0.263 246.55 37.51
ASCIT3 39.04 79.36 1.556 218.45 332
AS5C4T2 10.81 84.45 0.268 161.26 22.44
ASC4T3 39.33 80.01 2.559 140.87 19.83
A10C1T2 32.23 83.81 0.68 286.97 38.19
A10CIT3 43.78 79.16 1.547 272.56 36.15
A10C4T2 31.46 82.59 0.922 164.62 30.24
A10C4T3 44.22 79.06 3.284 154.25 28.25
A15CI1T2 41.17 79.94 1.365 291.02 52.14
A15CIT3 45.48 78.73 2.047 285.07 50.12
A15C4T2 40.62 80.37 2.209 201.73 32.96
A15C4T3 45.16 78.38 4.007 196.55 31.32
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TCP was accelerated. In addition, increasing the nAl,O3
content led to increasing the pore size and the compressive
strength of the scaffolds. The formation of calcium aluminate
phases caused increasing of the walls' densities and thicknesses
as well as decreasing of the porosity, which might be the
reason of this improvement in the compressive strength. By
manipulating the nAl,O5 content, the cooling rate and sintering
temperature, the scaffolds with total porosities between 78%
and 85% and compressive strengths from 0.2 to 4 MPa were
achieved. Finally, the results showed that the pore size,
porosity and compressive strength could be attuned by
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adjusting the ratio of microparticles to nanoparticles content in
the freeze casting process. Since the ice volume, the size and
morphology of the ice crystals can be influenced by using
different additives in the initial suspension, more extensive

studies on the effect of additives such as different anti-freezing
agents, binders and dispersants need to be designed for the
improvement of the scaffold properties. The favorable mechan-
ical behavior coupled with the ability to modify the micro-
structures shows the potential of the freeze casting technique
for the synthesis of excellent bone tissue engineering scaffolds.
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