
Effect of processing parameters on the microstructure
and mechanical behavior of silica-calcium phosphate
nanocomposite

Xueran Liu • Ahmed EI-Ghannam

Received: 18 December 2009 / Accepted: 15 March 2010 / Published online: 9 April 2010

� Springer Science+Business Media, LLC 2010

Abstract Silica-calcium phosphate nanocomposite

(SCPC) is a bioactive ceramic characterized by superior

bone regenerative capacity and resorbability when com-

pared to traditional bioactive ceramics. The aim of the

present study is to evaluate the effect of processing

parameters on the microstructure and mechanical proper-

ties of SCPC. Cylinders were prepared by pressing the

ceramic powder at 200, 300 or 400 MPa and sintering at

900, 1000 or 1100�C for 3 h, respectively. XRD results

indicate that the crystalline structure of the material is

made of b-NaCaPO4 and a-cristobalite solid solutions. The

increase in sintering temperature results in an increase in

the grain size and the formation of a melting phase that

coats the grains. TEM analyses reveal that the melting

phase is amorphous and rich in silicon. The mechanical

properties of SCPC cylinders are dependent on the content

of the melting phase and the microstructure of the material.

The ranges of compressive strength and modulus of elas-

ticity of the SCPC are 62–204 MPa and 6–14 GPa,

respectively, which are comparable to those of cortical

bone. The results suggest that the interaction between

crystalline and amorphous phases modulated the mechan-

ical behavior of SCPC. It is possible to engineer the

mechanical properties of SCPC by controlling the pro-

cessing parameters to synthesize various fixation devices

for orthopedic and cranio-maxillofacial applications.

1 Introduction

Ideally, the mechanical properties of orthopedic implants

should be comparable to that of the host–bone at the

implantation site in order to provide structural support and

tissue guidance. In addition, the bioactivity of the implant

material would allow for rapid integration with the bone,

which enhances implant fixation and longevity. Hydroxy-

apatite (HA), tri-calcium phosphate (TCP), bioactive glass

(BG), and calcium phosphate cement (CPC) are widely

used as bone substitutes [1–6]. HA has a composition

similar to that of mineral phase of bone and therefore bond

to bone, however, its chemical stability limits its dissolu-

tion in physiological solutions. The limited solubility of

HA inhibited the osteoconduction effect and resorbability

of the material [7–9]. Moreover, the poor resorbability of

HA implants limits the mechanical properties of bone at the

implantation site. On the other hand, b-TCP is plagued by

an unpredictable, fast rate of dissolution that may elicit

adverse immunological response [10]. BG has an excellent

surface reactivity, however, it has a dense nonporous

structure that limits its resorbability in physiological solu-

tions [11]. CPC has limitations due to its poor mechanical

properties and slow in vivo biodegradation [12].

Silica-calcium phosphate nanocomposite (SCPC) is a

bioactive ceramic characterized by superior bone regener-

ative capacity and resorbability when compared to HA and

BG [13, 14]. Synthesis of SCPC with superior mechanical

properties has been an important challenging goal. The

compressive strength of cortical bone varies in the range of

100–230 MPa [15]. In a previous study, we prepared

advanced dense SCPC with compressive strength in the

range 55–285 MPa which is comparable to that of cortical

bone [16]. The wide variations in the mechanical properties

of polycrystalline SCPC are due to the variations in its
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composition and microstructure. The effect of high sin-

tering temperature and compact pressure on the grain size,

phase composition and mechanical properties of SCPC has

not been reported. In the present study, we prepare SCPC

disks by powder metallurgy technique and use transmission

electron microscopy to study the effect of processing

parameters, pressure and temperature, on the grain size and

phase transformation at the grain boundaries. The

mechanical behavior of SCPC is correlated to the micro-

structure of the material.

2 Materials and methods

2.1 Materials preparation and processing parameters

SCPC (composed of 20.3 P2O5, 19.5 SiO2, 40.7 CaO and

19.5 Na2O in mol%) was prepared as previously reported

[16, 17]. The original powders were calcined at 850�C for

2 h, ground, and sifted to a size range (250 nm–67 mm).

To study the effect of processing parameters on the

microstructure and mechanical properties, SCPC particles

were uniaxially pressed into disks (10 mm dia. 9 4 mm) at

200, 300 or 400 MPa using Instron 4400 R machine. The

SCPC disks were sintered in air at 900, 1000 or 1100�C for

3 h at a heating rate of 2�C/min.

2.2 Structural characterization

2.2.1 X-ray diffraction analysis

The phase compositions of powdered samples of SCPC

prepared under different compact pressures and sintering

temperatures were determined by X-ray diffraction (XRD,

X’ Pert PRO) analysis with Ni-filtered Cu K (alpha) radi-

ation at 45 kV and 40 mA.

2.2.1.1 Electron microscopy The morphology and ele-

mental composition were characterized by scanning

electron microscope–energy dispersive X-ray analysis

(SEM–EDX). The samples were coated with gold and

analyzed employing a JEOL JSM-6480 microscope with an

accelerating voltage of 10 keV. The fine details of the

interaction between SCPC grains after sintering at different

compact pressures and sintering temperatures were ana-

lyzed using transmission electron microscope (TEM, Hit-

achi HF-2000 with an accelerating voltage of 200 kV)

equipped with EDS system and energy dispersive X-ray

analyzer (EDX, Oxford INCA EDS). The TEM samples

were prepared by focused ion beam system (FIB, FEI

Quanta 200 3D).

2.2.2 Density measurements

The relative density of the as-sintered SCPC was measured

by the Archimedian method using deionized water as the

medium. The porosity was obtained by calculating the

relative density.

2.2.2.1 Mechanical testing Five replicates of each SCPC

sample (n = 5) were compressed uniaxially to failure at a

strain rate of 0.01% s-1. On the stress–strain curve, the

maximum stress value obtained from the curve was taken

as the compressive strength of the SCPC sample and the

modulus of elasticity of the SCPC sample was calculated

by taking the slop of the linear portion of the stress–strain

curve.

2.3 Statistical analysis

All the data were expressed as mean ± standard deviation

(SD) and analysis of the results was carried out using

Student’s t-test. Statistical significance was considered at

P \ 0.05.

3 Results

3.1 XRD analysis of crystalline phase

XRD spectra of SCPC pressed at 200, 300 or 400 MPa and

then sintered at 900�C for 3 h are shown in Fig. 1. Before

Fig. 1 XRD patterns of (a) SCPC pressed at 200 MPa before

sintering, (b) pressed at 200 MPa and sintered at 900�C for 3 h, (c)

300 MPa/900�C/3 h, and (d) 400 MPa/900�C/3 h. SCPC prepared at

the compact pressures had the same crystalline phases of b-NaCaPO4

and a-cristobalite

2088 J Mater Sci: Mater Med (2010) 21:2087–2094

123



sintering, SCPC material was composed of b-NaCaPO4 and

a-cristobalite (Fig. 1a). After sintering at 900�C, all sam-

ples had the same crystalline phases as SCPC before sin-

tering (Fig. 1b–d). SCPC pressed at 200 MPa and sintered

at 900, 1000 or 1100�C for 3 h had the main crystalline

phases of b-NaCaPO4 and a-cristobalite (Fig. 2). However,

as the sintering temperature increased from 900 C to 1000

or 1100�C, a small tip indicating minor unknown phase

appeared (Fig. 2b, c). It should be noted that with

increasing the compact pressure and sintering temperature,

the intensity of characteristic peaks of a-cristobalite

decreased gradually. Table 1 shows the percent of the

relative decrease of a-cristobalite phase after sintering

compared with before sintering according to XRD data. As

the compact pressure increased the percent of a-cristobalite

phase decreased from 18.17 to 2.28. On the other hand, the

increase in the sintering temperature result in a higher rate

of decrease in the percentage of a-cristobalite for SCPC

discs prepared at fixed pressure of 200 MPa.

3.2 SEM–EDX analysis of SCPC Surface

The SEM morphology of SCPC pressed at 200, 300 or

400 MPa and sintered at 900�C for 3 h is shown in Fig. 3a,

b and c, respectively. After sintering, the grain size of

SCPC 200 MPa/900�C/3 h ranged from 0.3 to 1 lm

(Fig. 3a). EDX analyses showed that the small round grains

were silica crystals (black arrows) and the hexagonal grains

were rich in sodium calcium phosphate (white arrows). The

grain boundaries were found to be separated by a melting

phase. The formation of the melting phase at the grain

boundaries (Fig. 3a–c) correlated well with the decrease in

the intensity of the XRD characteristic peaks of a-cristo-

balite (Fig. 1). Fig. 3a–c shows that the increase in com-

pact pressure from 200 to 400 MPa resulted in a limited

increase in the grain size and a significant increase from

2.28 to 18.17% in the percent of the melting phase

(Table 1). Occasionally, nanosized pores in the size range

of 30–200 nm were noticed at the grain boundaries and

triple junctions.

Figure 4a and b show the morphology of SCPC pressed

at 200 MPa and sintered at 1000 or 1100�C for 3 h. The

grain size range of SCPC 200 MPa/1000�C/3 h increased

from 0.3 to 2 lm (Fig. 4a) to (1–5 lm) after treatment at

1100�C/3 h (Fig. 4b). The particles of SCPC 200 MPa/

1100�C/3 h appeared significantly coarse and were fully

enveloped within the melting phase (Fig. 4b). The decrease

in the percentage of a-cristobalite (Table 1) correlates well

with the formation of the amorphous phase after thermal

treatment at high temperature. Percent of the melting phase

increased from 21.39% for SCPC 200 MPa/1000�C/3 h

to 45.33% for 200 MPa/1100�C/3 h. Occasional cracks

0.5–4 lm long were observed at the interface between

the melted phase and the SCPC grains (Fig. 4a, b).

Figure 5 demonstrates the EDX analyses of the different

positions marked in Fig. 4a. EDX analyses revealed that

the compositions of the hexagonal crystals (points A and

B) were mainly O, Na, P, Ca and a minimal percentage of

Si. Table 2 shows the atomic percentage of Na, Ca, P and

Si on each position on the material surface. The compo-

sition of the melting phase (point C) was rich in Si, having

minimal content of Na, P and Ca (Fig. 5c). The content of

silicon for point C was 46.17 at.% indicating that the

melting phase was Si-rich phase.

3.3 TEM–EDX analysis of SCPC microstructure

Figure 6 shows a TEM image of the microstructure of

SCPC pressed at 200 MPa and sintered at 900�C for 3 h.

The grain size ranged from 300 to 1000 nm and the melting

phase separated the grain boundaries, which was consistent

with the SEM observation (Fig. 3a). The selected area

diffraction of region A (Fig. 6b) indicated that the melting

Fig. 2 XRD patterns of SCPC pressed at 200 MPa and sintered at:

(a) 900�C, (b) 1000�C and (c) 1100�C for 3 h. The crystalline phases

of the SCPC were mainly composed of b-NaCaPO4 and a-cristobalite

Table 1 Effect of processing parameters on the percent of relative

decrease of a-cristobalite phase compared with before sintering

Pressure (MPa) Temperature (�C)

200 300 400 900 1000 1100

(%) Decrease of a-cristobalite 2.28 8.77 18.17 2.28 21.39 45.33

SCPC samples were either pressed at various pressures then heated at

fixed temperature (900�C) or pressed at a fixed pressure (200 MPa)

and then treated at various temperatures
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phase was amorphous. In addition, EDX analysis showed

that the melting phase was silicon-rich (Fig. 6c). These

results showed that crystalline silica transformed into the

amorphous phase during sintering.

3.4 Measurement of the relative density of SCPC

Table 3 shows the effect of processing parameters on the

relative density of SCPC. As the compact pressure and

sintering temperature increased, the relative density of

SCPC gradually decreased. With increasing the compact

pressure from 200 to 400 MPa, the relative density

decreased from 90.70 to 84.85%. Moreover, the relative

density decreased from 81.32 to 78.92% with increasing

the sintering temperature from 1000 to 1100�C. Thus the

SCPC 200 MPa/900�C/3 h acquired the highest relative

density of 90.70% and the microstructure was the most

compact under all processing parameters.

3.5 Mechanical testing

Figure 7a and b show the compressive strength and mod-

ulus of elasticity of SCPC as a function of the compact

pressure and sintering temperature. The compressive

strength of SCPC decreased significantly with increasing

the compact pressure (Fig. 7a). SCPC 200 MPa/900�C/3 h

acquired a compressive strength of 205 ± 9 MPa, which

was higher (P \ 0.001) than that of SCPC 300 MPa/

900�C/3 h (184 ± 9 MPa). Moreover, the compressive

strength of the SCPC 300 MPa/900�C/3 h was significantly

higher (P \ 0.004) than that of SCPC 400 MPa/900�C/3 h

(132 ± 6 MPa). As the sintering temperature increased,

the compressive strength of SCPC decreased significantly

and the malleability increased (Fig. 7b). SCPC 200 MPa/

1000�C/3 h and 200 MPa/1100�C/3 h acquired mechanical

strength of 119 ± 7 and 62 ± 12 MPa, respectively

(Fig. 7b). The modulus of elasticity of SCPC significantly

Fig. 3 SEM micrographies of

SCPC pressed at different

pressures and sintered at 900�C

for 3 h: a 200 MPa, b 300 MPa

and c 400 MPa. The grains were

fused together during the

sintering. The small round

grains indicated a silica crystals

(black arrows), and the

hexagonal grains represented

sodium calcium phosphate

(white arrows)

Fig. 4 SEM micrographs of

SCPC pressed at 200 MPa and

sintered at different

temperatures for 3 h: a 1000�C

and b 1100�C. The sintering

temperature had a significant

effect on the morphology of

SCPC. The grains became

coarse and the percent of the

melting phase increased with

increasing the sintering

temperature
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decreased with increasing the pressure and/or the temper-

ature. The modulus of elasticity of SCPC was in the range

of 6 ± 1 to 14 ± 1 GPa, which was comparable to the

reported values for cortical bone [15].

4 Discussion

The processing parameters engineered the microstructure

of SCPC and optimized its mechanical properties to be

comparable to that of bone. The increase in the compact

pressure or in the sintering temperature enhanced atomic

diffusion at the grain boundaries, which resulted in an

increase in the grain size and partial melting of the silica

phase. The grains of the sodium calcium phosphate phase

were coated with the amorphous silica-rich phase. In

conjunction with the micro structural modifications, the

compressive strength and modulus of elasticity of the

material significantly decreased, however remained within

comparable values to bone.

The increase in the powder compact pressure or the

sintering temperature resulted in a significant increase in the

grain size and the formation of a melting phase at the grain

boundaries. As the sintering temperature increased from

900 to 1100�C, the grain size range increased from 0.3–1 to

2–5 lm and the percent of the melting phase significantly

increased from 2.28 to 45.33% (Table 1). The increase in

grain size of the silica phase is attributed to the diffusion of

Na and Ca atoms from b-NaCaPO4 to silica in addition to

the phosphate-silicate ionic substitution. Previous studies in

the literature [17] have showed that silicate-phosphate ionic

substitution caused evident modifications of microstructure

of SCPC. In conjunction with the increase in the percentage

of melting phase in SCPC, XRD analyses (Figs. 1 and 2)

revealed a decrease in the intensity of the characteristic

peak of a-cristobalite suggesting that the melting phase is a

silica-rich phase. Moreover, TEM–EDS analyses indicated

that the melting phase is amorphous phase, which is mainly

composed of silica structure incorporating Na, Ca and P

elements. The transformation from a-cristobalite to b-cris-

tobalite appeared at temperature of about 250�C [18].

Therefore, it is possible that the formation of the amorphous

silica phase started during a to b partial transformation of

cristobalite. These results suggest that the ionic diffusion at

the interface between b-NaCaPO4 and a or b-cristobalite

resulted in a formation of a modified silicate structure that

has a relatively low melting temperature. As the sintering

temperature increased, more breakage of the Si–O bonds

took place resulting in enhanced melting. Several studies

reported that the crystallizing temperature of amorphous

SiO2 without any incorporated metal ions was over 1000�C

[19, 20]. In the present study, SCPC pressed at different

pressures and sintered at 900�C did not show any change in

its crystalline structure of b-NaCaPO4 and a-cristobalite.

However, as the sintering temperature increased to 1000 or

1100�C, a small tip indicative of a-quartz appeared at

2-theta 20.521� in XRD patterns (Fig. 2b, c), which could

be due to the crystallization of the amorphous phase. Data in

the literature indicated that sample preparation using

focused ion beam may affect the structure of the material

and introduce surface damage [21–25]. However, encour-

aging results for alumina, magnesium aluminate spinel, and

yttria-stabilized zirconia were reported [25]. Since the Si–O

bond strength of ceramic is high, it is expected that the use

of focused ion beam during sample preparation would have

minimal effect of the structure modification of the SCPC

material.

The thermal behavior of the SCPC phases during heat

treatment played an important role in modifying the

porosity of the material. SCPC phases had significantly

different thermal expansion coefficient. It has been repor-

ted that, in the temperature range from 1000 to 1550�C,

both b-NaCaPO4 and a-cristobalite have positive thermal

expansion coefficient, whereas b-cristobalite and the silica

melt have negative thermal expansion coefficient [20, 26].

Fig. 5 EDX spectrums of selected points in Fig. 4a of SCPC

200 MPa/1000�C/3 h: (a) point A, (b) point B and (c) point C. The

melting phase was a-cristobalite

Table 2 Compositions of different points for SCPC pressed at

200 MPa and sintered at 1000�C for 3 h corresponding to Fig. 4a

(except oxygen element)

Mark Element (at.%)

Na P Ca Si

Point A 37 34 27 2

Point B 36 34 29 1

Point C 17 21 16 46
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Therefore, the formation of nano pores and cracks in SCPC

samples at 1000 or 1100�C is due to the difference in the

thermal behavior of SCPC crystalline phases at high tem-

perature. Moreover, the linear increase in the porosity of

SCPC with increasing the compact pressure and sintering

temperature (Table 3) correlates well with the increase in

the percent of the melting phase in the material (Table 1).

In conjunction with the significant modification of the

microstructure and porosity we observed significant changes

in the mechanical properties of SCPC prepared under various

pressures and temperatures. As the compact pressure and/or

the sintering temperature increased, the mechanical proper-

ties decreased in the order 200 MPa/900�C/3 h [ 300 MPa/

900�C/3 h[ 400 MPa/900�C/3 h[200 MPa/1000�C/3 h[
200 MPa/1100�C/3 h. There were several factors affecting

the mechanical properties of SCPC, such as porosity, grain

size and the percent of the melting phase. The percent of the

melting phase significantly increased with increasing

the compact pressure, however, with minimal change in the

grain size. Therefore, the decrease in the mechanical prop-

erties of the material is mainly due to the increase in the

percent of the melting phase that led to separation of the

grains. The reduction in the density of the grain boundaries in

ceramic materials is known to facilitate crack propagation

and reduce the mechanical strength. The development of

cracks at the interface between the melting phase and the

crystalline phases has contributed to the decrease in the

mechanical strength (Fig. 4). Moreover, the decrease in

the strength of the SCPC ceramic can also be attributed to the

poor mechanical strength of the amorphous phase that lacks a

crystalline configuration.

The compressive strength of cortical bone varies in the

range of 100–230 MPa, and the modulus of elasticity

ranges 7–30 GPa [15]. Although HA-coated implants are

often used as load-bearing implants, the medical applica-

tions of pure HA ceramics are limited by its poor

mechanical properties [27, 28]. Tricalcium phosphate

(b-TCP) is widely used as bone substitute materials,

however, the compressive and bending strength of sintered

b-TCP are 83 and 21 MPa, respectively, which are lower

Fig. 6 a TEM micrograph of

SCPC pressed at 200 MPa and

sintered at 900�C for 3 h,

b selected area diffraction

pattern of the melting phase

showed that it is non crystalline

and c EDX spectrum of the non

crystalline phase showing that it

is Si-rich

Table 3 Effect of processing parameters on the relative density of

SCPC

Pressure (MPa) Temperature (�C)

200 300 400 900 1000 1100

Relative density (%) 90.70 87.11 84.85 90.70 81.32 78.92
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than those of the human bone [29, 30]. Doping dense b-

TCP with MgO under vacuum increased the compressive

strength to 301 MPa [31]. However, the nonporous com-

pact structure of TCP or HA influenced the biocompati-

bility and degradability of the material [32–35]. SCPC has

superior mechanical and biological properties when com-

pared to HA and BG [14, 36]. Previous study has showed

that the mechanical properties of SCPC was dependent on

the Si content of the material and the compressive strength

and modulus of elasticity of the same composition of dense

SCPC50 were 54.66 MPa and 1.32 GPa, respectively [16].

These samples were prepared using porous ceramic parti-

cles in the size range 45–150 lm and were compacted

manually at 360 MPa with zero holding time [16]. In the

present study, the superior mechanical properties of

SCPC50 cylinders are attributed to the use of nano size

ceramic particles (250 nm–67 lm) and the employment of

Instron machine for powder compaction which have pro-

duced highly dense cylinders. The present study further

demonstrates that using higher pressure, temperature and

longer thermal treatment duration allowed increasing the

compressive strength and modulus of elasticity of SCPC to

118.48–204.57 MPa and 9.50–13.56 GPa, respectively,

which are compatible to cortical bone. Under all processing

parameters, only the mechanical properties of SCPC

200 MPa/1100�C/3 h fall below the target range. The

superior mechanical properties of SCPC could be attributed

to the high mechanical strength of the silica phase and to

the fine grain microstructure. The presence of a high vol-

ume of grain boundaries in the crystalline structure of the

material restricted the movement of dislocations and

propagation of cracks during mechanical loading.

5 Conclusion

Compact pressure and sintering temperature significantly

modified the SCPC microstructure and its mechanical

properties. The increase in the sintering temperature or in

the compact pressure enhanced atomic diffusion at the

grain boundaries and hence facilitated crystal growth as

well as partial melting of the silica phase. The sodium

calcium phosphate crystals were coated with amorphous

silica. In conjunction with the modification of the phase

structure, the compressive strength, modulus of elasticity

and brittleness of the material significantly decreased.

However, under all processing conditions, the mechanical

properties of SCPC were comparable to that of cortical

bone. These results indicate that it is possible to engineer

the mechanical properties for SCPC to be used as fixation

devices for load-bearing applications in orthopedic and

cranio-maxillofacial surgeries.
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