
Effect of nanosilica addition on the physicomechanical properties,
pore morphology, and phase transformation of freeze cast
hydroxyapatite scaffolds

Seyed Mohammad Hossein Ghazanfari •

Ali Zamanian

Received: 5 January 2014 / Accepted: 18 April 2014 / Published online: 8 May 2014

� Springer Science+Business Media New York 2014

Abstract Freeze casting technique is a simple and

effective method for the fabrication of porous ceramic

structures. The objective of this work is to study the pro-

duction and characterization of hydroxyapatite/nanosilica

(HA/nSiO2) scaffolds fabricated through this method. In

the experimental procedure, the solidified samples were

prepared by slurries containing different concentration of

HA and nSiO2 followed by sintering procedure at 1200 and

1350 �C. The phase composition, microstructure, and

compressive strength of the scaffolds were characterized

by X-ray diffraction, scanning electron microscopy, and

mechanical strength test. It was found that the porosity of

the scaffolds was in the range of 30–86.5 % and the value

of compressive strengths lied between 0.16 and 71.96 MPa

which were influenced by nSiO2 content, cooling rate, and

sintering temperature. With respect to porosity, pore size,

and compressive strength, the scaffolds with 5 % nSiO2,

the cooling rate of 1 �C/min and the sintering temperature

of 1350 �C showed preferable results for bone tissue

engineering applications.

Introduction

For decades, the scientists have conducted multifarious

researches to enhance the quality of human life and health

care system. One of them has been repairing large bone

defects which are not normally regenerated by normal bone

remodeling process, happening by natural processes or

other reasons [1, 2]. Materials used in the regeneration of

fully or partially damaged bone are known as ‘‘biomateri-

als’’ [3, 4]. Bioceramics, an important class of biomaterials,

can be appropriately utilized in orthopedic and dental

surgery due to their outstanding properties like high bio-

compatibility and stability [5, 6]. Among these, calcium

phosphate-based biomaterials especially hydroxyapatite

(HA) and tricalcium phosphate (TCP), or the combination

of these two biomaterials have received a great deal of

attention for using in bone regeneration due to their bio-

activity, osteoconductivity, and similar composition to the

natural hard tissues [7–10]. A large number of studies have

been devoted to achieve proper phase composition and

mechanical strength in these bioceramics. Different kinds

of materials such as zirconia, alumina (Al2O3), silica

(SiO2), and titania have been employed for this purpose

[11–14]. Normally, HA decomposes to TCP around

1350–1400 �C but the addition of these materials can lead

to partial or complete decomposition of HA into TCP at

lower temperatures [15–17]. Many studies have revealed

that TCP is more degradable than HA [7]. However, low

mechanical strength is a shortcoming for TCP [18]. On the

other hand, possible formation of strong reinforcing agent

in the matrix of HA/TCP as a result of reaction between

HA and these materials can be a promising approach to

improve the mechanical strength [19–21]. For example,

Juang et al. [22] investigated the phase transformation and

mechanical strength of HA/Al2O3 composites. They

reported that HA decomposed to TCP, and CaAl2O4 was

formed as a reinforcing phase. They showed that the

mechanical strength of the composites increased after

addition of certain amount of A12O3. Recently, An et al.

[23] studied the physical properties and cellular compati-

bility of porous zirconia/HA scaffolds, and indicated that

the compressive strength of the scaffolds was improved by

increasing the zirconia concentration due to CaZrO3
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formation, while decomposition of HA to TCP happened.

They also informed that the cell adhesion and proliferation

in the zirconia/HA scaffolds was significantly enhanced

compared to the zirconia-based scaffolds. Among these

materials, SiO2 has been mostly used to enhance the bio-

logical behavior of HA ceramics than the mechanical

properties that it could bring [13, 24–26].

These fabricated composites are used in dense, granular,

and porous forms [27–29]. The porous forms of these

composites could provide notable features such as possi-

bility of appropriate osteoconduction and consequently

bone regeneration [30, 31]. Several fabrication techniques

such as polymer sponge method, gel casting, slip casting,

starch consolidation, microwave processing, and freeze

casting have been used to produce porous structures [32–

37]. Among these methods, freeze casting has attracted

much attention due to its superior advantages such as

simplicity, low shrinkage in forming process, possibility of

controlling the porosity, interconnectivity, and relatively

good mechanical strength [38–41]. Various additives have

been also utilized to enhance the properties of HA-based

scaffolds produced through the freeze casting method [42].

In our previous work, we studied the effect of nano-alu-

mina (nAl2O3) on the microstructural and mechanical

properties of HA scaffold [43]. We reported that the

addition of nAl2O3 decomposed HA to TCP, and as a

result, calcium aluminate formed as a reinforcement phase.

In addition, it increased the pore size along with the

compressive strength [43]. In another work, Blindow et al.

[24] investigated the influence of nanosilica (nSiO2) addi-

tion on the characteristics of HA scaffolds. They reported

that 1 and 1.7 wt% nSiO2 addition caused a partial phase

transformation of HA to b-TCP and reduced the shrinkage

after sintering. Moreover, it seemed to stimulate osteoblast-

like cell responses [24]. However, they did not study the

mechanical and structural properties of the scaffolds in

these contents as well as the effect of more addition of

nSiO2. To our knowledge, there is no report on the effect of

nSiO2 on the structural and mechanical properties of HA

scaffolds fabricated by freeze casting method. The object

of this study is to investigate the phase transformation,

structural, and mechanical characteristics of HA/nSiO2

nanocomposite produced by freeze casting process.

Materials and methods

Scaffolds fabrication

The HA/nSiO2 nanocomposite scaffolds with 15 vol%

solid concentration were produced via an unidirectional

freeze casting technique as reported in our previous work

[43]. At first, to prepare stable slurries, a small amount of

dispersant agent (4 wt% of HA/nSiO2 content) (Dolapix

CE64, Zschimmer & Schwarz, Lahnstein, Germany) was

added to distilled water. Then, different amounts of HA

powder (2196, Merck KGaA, Darmstadt, Germany) and

nSiO2 (Sigma, USA, purity of 99.5 %) were added bit-by-

bit to the suspension, employing high speed magnetic

stirring, as shown in Table 1. The mean particle size (d50)

and specific surface area were 1.69 lm and 75.81 m2/g for

HA, and 5–15 nm and 590–690 m2/g for nSiO2, respec-

tively. All of these data were provided by the manufac-

turers. Then, the prepared slurries were ball-milled for 24 h

with zirconia balls. After that, in order to strengthen the

green samples and for the easy handling before sintering,

polyvinyl alcohol (PVA, Mw = 15000, Merck, Darmstadt,

Germany) was added as a binder at 4 wt% of the HA/nSiO2

content. Before casting, air bubbles were removed by a

vacuum oven at a pressure of 0.02 MPa for 20 min. The

scaffolds were prepared using a setup as described previ-

ously [37]. Briefly, the slurries were poured into a PTFE

mold, located on a cold finger, where the temperature was

regulated using liquid nitrogen and a ring heater connected

to a PID controller, and the temperature was monitored

utilizing a PT thermocouple placed near the surface of the

cold finger. The schematic of the applied freeze casting

device is shown in Fig. 1. The slurries were poured into the

PTFE mold at 5 �C, and different cooling rates were

applied to solidify the samples (see Table 1). After that, 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 dif-

ferent temperatures. All of the samples were heated to

600 �C at heating rate of 5 �C/min and kept for 1 h at this

temperature. The samples were then heated to the ultimate

sintering temperatures (Table 1) at the same heating rate

and maintained for 2 h. The sintering cycles were

Table 1 Slurry concentration, cooling rate, and sintering temperature

of samples

Sample

code

Micro-HA

content

(vol%)

Nanosilica

content

(vol%) (Sx)

Cooling

rate (�C/

min) (Cy)

Sintering

temperature

(�C) (Tz)

SxCyTz 99.5 0.5 1 1200

99 1

98.5 1.5

95 5 4 1350

90 10

85 15

That x is nSiO2 content (vol%), y is cooling rate (�C/min), and

z indicates the sintering temperature (�C). For example, S5C1T20

means: 5 vol% nSiO2, cooling rate: 1 �C/min, sintering temperature:

1200 �C
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completed with a cooling rate of 300 �C/h down to room

temperature.

Characterization of the samples

Phase analysis

Phase analysis of the sintered HA/nSiO2 nanocomposite

scaffolds was conducted using a X-ray diffraction (XRD,

Philips PW3710) with monochromatic Cu Ka radiation

under the operating conditions of 40 kV and 30 mA.

Comparison of XRD patterns with JCPDS standards was

carried out to identify the crystalline phases.

Structural characterization

The morphology of the nSiO2 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

Fig. 1 Schematic of the freeze casting setup used in this study

Fig. 2 TEM macrograph of nSiO2 powder

Fig. 3 XRD patterns of HA/nSiO2 nanocomposites sintered at

1200 �C (a S0.5C1T20, b S1C1T20, c S1.5C1T20, d S5C1T20, e

S10C1T20, f S15C1T20)

Fig. 4 XRD patterns of HA/nSiO2 nanocomposites sintered at

1350 �C (a S0.5C1T35, b S1C1T35, c S1.5C1T35, d S5C1T35, e

S10C1T35, f S15C1T35)
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of the particles was observed by a TEM instrument

(GM200PEG Philips), operated at an accelerating voltage

of 200 kV. Also, scanning electron microscopy (SEM,

Stereoscan S360-Leica Cambridge, England) was utilized

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.

Porosity and pore size of scaffolds

The total porosity of the sintered scaffolds (P) was deter-

mined by density measurement (ratio of weight to total

volume, qscaffold) and theoretical density (depending on the

amount of HA and nSiO2, qsolid) using [44]

P ¼ 1� qscaffold=qsolid: ð1Þ

At least five samples were calculated to obtain the

average value and the standard deviation. Because the HA/

nSiO2 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.

Shrinkage measurement

The shrinkage volume was evaluated using the sample’s

volume before and after sintering [45]:

Fig. 5 Horizontal cross section

SEM micrographs of HA/nSiO2

nanocomposites at different

cooling rates (a S0.5C1T20,

b S0.5C4T20, c S5C1T20,

d S5C4T20, e S10C1T20,

f S10C4T20, g S15C1T20,

h S15C4T20)
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SV ¼ ðV0�VfÞ=V0 ð2Þ

in which, SV, V0, and Vf are the total shrinkage, initial, and

final volumes, respectively. At least five samples were

calculated to obtain the average value and the standard

deviation.

Mechanical strength

For the compressive strength measurements, the cylindrical

scaffolds with diameters of 15 mm and heights of 20 mm

were loaded with across-head speed of 0.5 mm/min using

as crew-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/nSiO2

contents to obtain the average values and the standard

deviations.

Results and discussion

TEM micrographs

Figure 2 shows the TEM image of nSiO2 powder. As can

be seen, the nSiO2 grains are actually small and are not

agglomerated. It can be seen that the nSiO2 particles are

homogeneous nanospheres, 5–15 nm in diameter.

Fig. 6 Vertical cross section

SEM micrographs of HA/nSiO2

nanocomposites at different

cooling rates (a S0.5C1T20,

b S0.5C4T20, c S5C1T20,

d S5C4T20, e S10C1T20,

f S10C4T20, g S15C1T20,

h S15C4T20)
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Phase analysis

There are two key factors accounted for phase transfor-

mation study of HA/nSiO2 nanocomposites. The first factor

is the content of nSiO2 in the samples. Figure 3a–f shows

the XRD patterns of the HA/nSiO2 nanocomposites with

diverse HA/nSiO2 contents sintered at 1200 �C

(S0.5C1T20, S1C1T20, S1.5C1T20, S5C1T20, S10C1T20,

S15C1T20). As shown in Fig. 3a, a very small amount of

HA was decomposed to b-TCP. This decomposition pro-

cess in the samples containing 1 and 1.5 vol% nSiO2

(S1C1T20, S1.5C1T20) were more noticeable, but still the

main phase was HA. With further increase in nSiO2 content

(S5C1T20, S10C1T20, S15C1T20), the main phase chan-

ged to b-TCP, but still a very small amount of HA

remained in the samples. In all the XRD patterns, no sig-

nificant peak associated with SiO2 could be detected. The

absence of silica peaks in the XRD patterns clearly

revealed that SiO2 reacted with HA and formed a new

phase. Furthermore, some other peaks could be identified

in the XRD patterns that belong to Ca2SiO4 (JCPDS#29-

0369) which are approved by other studies [46]. Fre-

quently, HA decomposes into TCP around 1350–1400 �C,

as formerly described by the reaction shown in Eq. (3) or in

some studies with Eq. (4) [15, 47]:

Ca10ðPO4Þ6ðOHÞ2 ! 3Ca3ðPO4Þ2 þ CaOþ H2O ð3Þ

Ca10ðPO4Þ6ðOHÞ2! 2Ca3ðPO4Þ2þCa4P2O9þH2O: ð4Þ

Nevertheless, HA/nSiO2 nanocomposites are known to

decompose at rather lower temperatures [24]. Moreover,

the calcium silicate formation can be related to a reaction

between SiO2 and CaO (a dissociation product of HA) at

temperatures lower than 1250 �C according to the CaO/

SiO2 equilibrium phase diagram [48]. The second factor is

the sintering temperature. Figure 4a–f shows the XRD

patterns of the HA/nSiO2 nanocomposites with different

HA/nSiO2 contents sintered at 1350 �C (S0.5C1T35,

S1C1T35, S1.5C1T35, S5C1T35, S10C1T35, S15C1T35).

The phase transformation process at 1350 �C is rather

different from 1200 �C. At this temperature, as shown in

Fig. 4, HA was decomposed to a-TCP and b-TCP phases

Fig. 7 2D schematic image of influence of nSiO2 addition on ice

formation, particles entrapment, and structural wavelength (k)

Fig. 8 Effect of nSiO2 content on pore size at different cooling rates

and sintering temperatures (a 1200 �C, b 1350 �C)
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and such a decomposition increased with rise in content of

nSiO2. Similar to 1200 �C, dominant phase in the scaffolds

containing 0.5–1.5 vol% nSiO2 is HA and it changes to b-

TCP in the sample with 5 vol% nSiO2. It should be noted

that for the scaffolds containing 10 and 15 vol% nSiO2 in

which HA was completely decomposed to a-TCP and b-

TCP, the dominant phase is a-TCP. It is consistently well

known that a-TCP is the high temperature ([1125 �C)

tricalcium phosphate phase [49]. The CaO/P2O5 equilib-

rium phase diagram also confirms this issue [50].

According to Li et al. [13, 49], the sintering of pure HA in

the presence of adequate SiO2 may lead to form a unique

crystalline Si-TCP phase (Ca3(P0.9Si0.1O3.95)2), which

possess a monoclinic structure similar to a-TCP with space

group P21/a. Consequently, the present of the a-TCP phase

might be a combination of a-TCP and Si-TCP phases.

Also, the combination of CaO, P2O5, and SiO2 might form

an amorphous phase based on Ca, Si, P, and O elements

[13, 17]. Similar to 1200 �C, in all the XRD patterns at

temperature of 1350 �C, no significant peak related to SiO2

could be detected. In addition, no other crystalline phases

containing Si element were recognized, and also, all the

peaks in the XRD patterns have identified and there was no

unknown peak. Moreover, there was an integral decrease in

relative intensity of all the peaks by increasing the nSiO2

content. Totally, regarding to all abovementioned reasons,

Fig. 9 HA/nSiO2 nanocomposites sintered at 1350 �C and their horizontal and vertical cross section SEM micrographs (a–c S0.5C1T35; d–

f S5C1T35; g–i S10C1T35, j–l S15C1T35)
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it can be concluded that an amorphous phase (based on Ca,

Si, P, and O) was formed or SiO2 was remained amorphous

till the end of the sintering process. Other evidential proofs

will be presented in the following section.

Microstructural characterization

Figures 5 and 6 show the horizontal and vertical cross sec-

tion SEM micrographs of HA/nSiO2 nanocomposites,

respectively, including different HA/nSiO2 contents at dif-

ferent cooling rates (1 and 4 �C/min) sintered at 1200 �C.

As it can be observed, two factors including cooling rate and

particle size have noteworthy effects on the microstructure

of HA/nSiO2 nanocomposite scaffolds. The pore size and

wall thickness can be adjusted frequently by increasing or

decreasing the cooling rate during the freezing process, as

previously reported in our recent reports [37, 43]. Figures 5

and 6 clearly indicate that increasing of cooling rate pro-

vides smaller pores and thinner walls. Higher cooling rates

mean higher interface velocity (m) and thinner structural

wavelength (k) (average ice crystal thickness ? entrapped

particles thickness, see Fig. 7), and consequently finer

lamellae structure according to:

k� m�n; ð5Þ

where k is the structural wavelength, m is the velocity of the

ice front, and n depends on the particle size [51].

On the one hand, at the cooling rate of 4 �C/min, the

water in the slurry reaches a supercooled state more rapidly

compared to the cooling rate of 1 �C/min, and then higher

amounts of ice crystals are formed. Because of the quick

freezing time, the ice crystal growth is suppressed and the

smaller crystals are formed. On the other hand, at the

cooling rate of 4 �C/min, compared to the cooling rate of

1 �C/min, the particles have less time to migrate and

rearrange by diffusion mechanisms that lead to the for-

mation of thinner walls [52]. In general, the finer structures

could be attained by increasing the cooling rate. As it can

be seen in Figs. 5 and 6 and depicted diagram in Fig. 8a,

the pore size and wall thickness could be adjusted by

replacing the microsize particles with the nanosize parti-

cles. As described in our previous work on HA/nAl2O3

nanocomposites, the smaller particle size addition results in

the finer lamellae structures (Fig. 7), which is in a good

agreement with the obtained results about the nanocom-

posite containing nSiO2 and micro-HA particles [43]. In

fact, increasing the particle size leading to elevation in

n and m parameters and reduction in the structural wave-

length according to Eq. (5), and in turn finer lamellae

structures [53]. The increasing of m is due to the larger

particles that in this case means smaller surface area. This

smaller surface area provides few nucleation sites and

concurrently lessens initial temperature for nucleation.

Thus, the system moves in a progressively supercooled

state which causes a faster interface velocity. In turn, the

larger particles have less time for rearranging between the

ice crystals, and there by thinner walls are formed [40].

Sintering temperature is another factor that influence the

microstructure of HA/nSiO2 nanocomposite scaffolds. In

general, the pore size decreases with increasing the sin-

tering temperature [43]. However, it is necessary to con-

sider some points. Figure 9 shows the HA/nSiO2

Fig. 10 The microstructure of HA/nSiO2 scaffolds’ lamellae sintered at 1350 �C (a S0.5C1T35, b S5C1T35, c S10C1T35, d S15C1T35)
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nanocomposite scaffolds and their horizontal and vertical

cross section SEM micrographs, with different HA/nSiO2

contents at cooling rate of 1 �C/min sintered at 1350 �C.

Similar to 1200 �C, in the horizontal and vertical cross

section SEM micrographs of scaffolds containing 0.5 and

5 vol% nSiO2 sintered at temperature of 1350 �C, the pore

size become larger with increasing the nSiO2 content

(Fig. 8b). But, further increase in the nSiO2 content

(S10C1T35, S15C1T35) induces severe shrinkage in the

scaffolds; as a consequence, the pores are mostly closed or

distorted.

Also, investigation of the microstructure of the scaf-

folds’ lamellae demonstrated significant changes in grain

boundaries with increasing of the nSiO2 content. The

microstructure of the scaffold’s lamellae, with different

HA/nSiO2 contents sintered at 1350 �C (S0.5C1T35,

S5C1T35, S10C1T35, S15C1T35) are shown in Fig. 10. As

shown in Fig. 10a, the microstructure of the scaffold con-

taining 0.5 vol% nSiO2 indicated clear demarcation in the

grain boundaries. Also, the amount of microporosities was

noticeable. By changing the amount of nSiO2 from 0.5 to

5 vol%, the grain boundaries became slightly vague and

show a high-densification behavior. With further increase

in the nSiO2 content (S10C1T35, S15C1T35), the micro-

structure of the scaffold’s lamellae exhibited quite dis-

tinctive features. Figure 10c, d shows a bimodal structure

in which, crystalline grains (a-TCP, b-TCP) surrounded

with a matrix of amorphous phase. This microstructure,

which is also plotted schematically in Fig. 11, confirms an

amorphous phase formation in ‘‘Phase analysis’’ section.

Evaluation of mechanical strength

Table 2 shows the values of shrinkage, porosity, and

compressive strength of all samples. As it can be seen,

three factors have significant effects on the compressive

strength of the HA/nSiO2 nanocomposite scaffolds as the

nSiO2 content, the cooling rate, and the sintering temper-

ature. By altering the processing parameters, properties

such as porosity and pore size, shrinkage percentage,

mechanical strength, and phase composition of final scaf-

folds can be regulated [37, 52]. Figure 12 shows porosity,

shrinkage, and mechanical strength of the scaffolds as a

function of nSiO2 content at different cooling rates (1 and

4 �C/min) sintered at different temperatures (1200 and

1350 �C). At first in both cooling rate and sintering

Fig. 11 Schematic image of microstructure of TCP grains in

amorphous phase matrix

Table 2 The shrinkage, porosity, and compressive strength of all samples

Sample

code

Shrinkage

(%)

Porosity

(%)

Compressive

strength (MPa)

Sample

code

Shrinkage

(%)

Porosity

(%)

Compressive

strength (MPa)

S0.5C1T20 18.33 84.43 0.36 S5C1T20 13.39 86.12 0.16

S0.5C4T20 17.86 84.66 0.53 S5C4T20 12.82 86.46 0.34

S0.5C1T35 48.82 78.05 2.68 S5C1T35 50.64 73.71 6.38

S0.5C4T35 48.07 78 5.66 S5C4T35 50.73 73.02 7.72

S1C1T20 15.58 85.19 0.24 S10C1T20 23.74 84.04 0.58

S1C4T20 16.78 84.96 0.46 S10C4T20 24.24 83.9 1.37

S1C1T35 43.02 79.52 2.58 S10C1T35 79.89 40.95 49.08

S1C4T35 42.26 79.09 4.67 S10C4T35 80.73 39.25 53.55

S1.5C1T20 16.68 85.82 0.22 S15C1T20 28.2 82 1.04

S1.5C4T20 16.45 85.83 0.42 S15C4T20 29.41 80.95 2.74

S1.5C1T35 41.16 79.7 2.15 S15C1T35 82.96 31.27 69.06

S1.5C4T35 40.88 80.71 4.1 S15C1T35 83.2 29.82 71.96
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temperatures, the total porosity value increases with the

elevation in the nSiO2 contents. This is due to the reduction

in volume shrinkage. Furthermore, it is clear that initially

the compressive strength of the scaffolds decreases with

rise in the nSiO2 contents. The decomposition of HA to

TCP phases as well as increasing the porosity can be the

reasons of this reduction in the compressive strength.

Although, with further addition of nSiO2 in both cooling

rate and sintering temperatures, the total porosity value

decreased as volume shrinkage increased. Also due to

reduced total porosity and calcium silicate or amorphous

phase formation, the compressive strength of the scaffolds

augments. Another important factor that has influence on

the compressive strength is cooling rate. As it can be seen

in Fig. 12, in both sintering temperatures by increasing the

cooling rate from 1 to 4 �C/min, the compressive strength

fairly increased. With an elevation in the cooling rate, the

pore size reduced because of the higher interface velocity

(shorter freezing time), and consequently an enhancement

in the compressive strength of the nanocomposite scaffolds

was observed. The obtained results related to the correla-

tion between the cooling rate and the compressive strength

are in a good agreement with the reported data by other

researchers [40, 52]. It should be noted that the cooling rate

had no obvious influence on the shrinkage percentage and

the total porosity.

Fig. 12 Effect of nSiO2 content on shrinkage, porosity, and compressive strength of HA/nSiO2 nanocomposites at different cooling rates and

sintering temperatures (a 1200 �C, b 1350 �C)
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As shown in Fig. 13, the shrinkage and the compressive

strength increased as a function of sintering temperature,

whereas the sintering temperature had verse effects on the

total amount of porosity. According to the literature, by

increasing the sintering temperature from 1200 to 1350 �C,

the porosity descends and the shrinking value ascends, and

as a result, the compressive strength increases [37, 52]. In

total, optimal compressive strengths for this type of scaf-

folds can be attained by adjusting the nSiO2 content,

cooling rate, and sintering temperature. In a recent study,

Zheng et al. [54] used bioglass to improve the mechanical

strength of HA scaffolds, produced by a 3D printing

method, and obtained a compressive strength of near

1.69 MPa and porosity around 72 % by adding 15 % bio-

glass to the HA matrix. In another work, Zhang et al. [55]

fabricated HA scaffolds via the freeze casting method and

obtained porosity values and compressive strength of 68 %

and 2.4 MPa, respectively. As shown in Table 2, more

desirable results were achieved compared to the reported

data by other researchers with the same approximate

amount of porosity.

Appropriateness as a bone substitute

The porosity, pore size, and compressive strength are the

most critical features of biomaterial scaffolds. Several

investigators have studied bone ingrowth into porous

scaffolds with different pore sizes. The diameter of inter-

connecting pores seems to determine the quality of tissue

growing into the porosity spaces. The minimum pore size

that is required to generate mineralized bone is considered

to be 40–100 lm [52, 56–58]. In addition, the scaffolding

materials should have compressive strength as close as

possible to the strength of cancellous bone (2–12 MPa)

[59]. Thus, the HA/nSiO2 nanocomposites with 5 % nSiO2

and a cooling rate of 1 �C/min and sintering temperature of

1350 �C (S5C1T35), along with a porosity of 73 %, a

compressive strength of 6.38 MPa, and a pore size of

224.4 lm in long axis and 40.89 lm in short axis, was

chosen as an optimum sample.

Conclusions

Highly porous and open interconnected pore structural

HA/nSiO2 scaffolds were fabricated through freeze cast-

ing technique. The results showed that the phase com-

position is influenced by nSiO2 content and sintering

temperature in which HA decomposes to b-TCP or a-

TCP. Moreover, Ca2SiO4 or an amorphous phase has

formed as a reinforcing phase. By altering the processing

parameters like nSiO2, cooling rate, and sintering tem-

perature, the scaffolds with total porosity of 30–86.5 %

and compressive strength from 0.16 to 71.96 MPa were

obtained. The porosity initially ascended and then des-

cended as a function of the nSiO2 content whereas the

nSiO2 content had an opposite effect on the compressive

strength. In addition, the pore size of the long and short

axis lies between 121.9–420.3 and 15.7–66.1 lm,

respectively, that increases with more nSiO2 content and

less cooling rate. Furthermore, increasing the sintering

temperature from 1200 to 1350 �C decreases the pore size

that this trend is more notable in the higher nSiO2 con-

tent. The prepared scaffold with the mentioned charac-

teristics has the potential to be a promising substitute for

regeneration of damaged bone.

Fig. 13 Effect of sintering temperature on shrinkage, porosity, and

compressive strength of HA/nSiO2 nanocomposite scaffolds
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