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Crystallization kinetics of Si-TCP bioceramic films
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The crystallization kinetics leading to the formation of a characteristic globular,
interconnected morphology in the transformation of an unfired hydroxyapatite precipitate
(HA) to silicon stabilized tri-calcium phosphate (Si-TCP) are examined by rapid thermal
processing of thin films prepared on silica substrates. The results are interpreted using an
Avrami model in which nucleation of Si-TCP is induced by diffusion of a silicon front from

the substrate. The model is supported through SEM inspection of the morphological
development. The transformation is characterized as an interfacial reaction with Avrami
exponent m= 1.3+ 0.2, activation energy for the reaction E. = 2.5+ 0.3 eV and time
constant 7, = 20 + 1 s at 950°C. Silicon in the films acts to nucleate Si-TCP, while also
causing impurity pinning of grains, resulting in a fine microstructure when excess Si is
present in the film. © 2004 Kluwer Academic Publishers

1. Introduction
Calcium phosphate based bioceramics, notably calcium
hydroxyapatite, are well recognized for their bioactive
nature [1]. Silicon stabilized tricalcium phosphate (Si-
TCP) is an exceptional bioceramic in both bulk and
coating forms [2, 3] as it participates in the full remodel-
ing process of bone, recruiting the activity of both bone
building (osteoblast) and bone resorbing (osteoclast)
cells [3]. Si-TCP has a unit cell akin to that of the high
temperature (>1200°C) «-TCP phase and is formed
when a colloidal precipitate of calcium hydroxyapatite
(Cas(OH)(PO4)3-HA) is sintered in the presence of sil-
icon (Si) or silica (SiO,) at temperatures between 850—
1000°C [2, 4]. The significance of the presence of Si or
Si0; in the firing of HA was initially recognized when
HA films were fired on quartz (SiO,) substrates [2], re-
sulting in a phase composition consisting of a mixture
of HA and Si-TCP, with the characteristic intercon-
nected globular crystal morphology shown in Fig. 1.
Both a high phase composition (~75%) of Si-TCP and
the characteristic crystal morphology have been iden-
tified as factors required for resorptive bioactivity.
This paper describes the use of rapid thermal pro-
cessing methods to examine the kinetics of the HA —
Si-TCP transformation in nano-crystalline HA films
fabricated on quartz substrates. An Avrami model of
the phase transformation has been employed to guide
the interpretation of the results. In conventional Avrami
theory, nucleation of a new phase is assumed to follow
a power law expression, providing a linear relationship
between the Avrami exponent and the kinetics of grain
growth and nucleation [5]. This nucleation model does
not effectively describe the thin film Si-TCP system
on a quartz substrate, and a model based on heteroge-
neous nucleation controlled by diffusion of a Si front
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from the substrate has been developed. This model may
apply to similar thin film systems where a new phase
is generated as a result of impurity diffusion from the
substrate.

2. Experiment

2.1. Unsintered film fabrication

Thin films of an HA nano-crystalline precipitate on
quartz substrates were created by dip coating the sub-
strate with a colloidal sol formed by reaction in an
ammoniated aqueous mixture. Details of the chemi-
cal preparation have been given by Langstaff et al. [2,
4]. Scanning electron microscope examination of the
cross-section of representative films after deposition
and drying showed that the film thickness was 1.2 +
0.2 pum. Silica doped sols were prepared by addition
of a fumed silica (SiO,) Cab-o-Sperse™ SiO, powder
(20 nm mean diameter) to the HA sol prior to deposit-
ing the film [2]. Doping concentrations were 0.3:1 and
1:1 molar ratios of SiO, to HA.

2.2. Film processing

The crystallization kinetics of the phase transformation
at anneal temperatures of 850, 900, 950 and 1000°C
respectively were examined through rapid thermal pro-
cessing using an AG Associates Model 410 Rapid
Thermal Processor. The coated quartz substrate was
placed on a silicon process wafer. Rapid heating rates
(50°C/s) controlled by the temperature of the process
wafer, precise temperature control (< 1% variability in
temperature) and quench cooling conditions (—60°C/s)
from 1000 to 700°C generated ‘snapshot’ samples of
the HA — Si-TCP transformation as a function of
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Figure 1 Planar view of typical thin film microstructure, detailing porous, interconnected morphology. Micrographs such as this are used to estimate

the average grain radius of a sample.

temperature and time. Attaching a thermocouple to the
surface of a representative sample checked the tem-
perature of the samples during processing. The sample
temperature was at the temperature of the silicon pro-
cess wafer to within 10°C, and remained so throughout
the course of a 120 s anneal.

2.3. High resolution field emission scanning
electron microscopy

A Hitachi S-4500 field emission scanning electron mi-
croscope was used to investigate microstructure within
the fired coating. Samples were prepared by sputtering
gold to a thickness of ~10-50 A. This coating was ob-
served as a granular texture visible on the grains of the
sample.

2.4. Phase composition

The volume fractions of the crystalline phases present
were determined using glancing angle X-ray diffraction
(GA-XRD) [6]. All GA-XRD spectra were obtained
with a 12 kW Rigaku rotating anode diffractometer fit-
ted with a chromium (Cr) target, with a glancing angle
(GA = 0) of 2°. The volume fraction of the Si-TCP
phase was calculated by normalizing the sum of the in-
tegrated area of G-XRD peaks representative of Si-TCP
to the sum of integrated areas of representative G-XRD
peaks of the phase mixture consisting of HA, 8-TCP
and Si-TCP:

3" SiTCP
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2.5. X-ray photoelectron spectroscopy
(XPS)

The concentration of Si at the surface of the film was de-
termined using XPS spectroscopy. XPS was performed
on a Leybold Max 200 with mono-energetic Al K, X-
rays with energy 1486.6 eV. Argon etching was used
to obtain a measurement ~10 nm from the surface of
the film to avoid surface contamination. Identification
of Si was based on the release of photoelectrons with
characteristic energy in the range of 96.7-112.7 eV.

2.6. Grain radius estimation

Grain radius was estimated from SEM micrographs
such as that shown in Fig. 1. The true area of crys-
talline and porous regions was estimated on the basis
of light and dark areas of the micrograph, correspond-
ing to grain and porous area, respectively. The number
of grains in the picture, n, was manually counted, and
the average radius of the grain, r, was estimated by as-
suming grains form circular cross sections in the 2D

plane:
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3. Results and analysis

3.1. Crystallization kinetics

The measured volume fraction of the Si-TCP phase de-
veloped as a function of time for hold temperatures from
850 to 1000°C, V(t, T), are shown for undoped sols
in Fig. 2. The transformation kinetics of the HA —
Si-TCP transformation are well described by the
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Figure 2 HA — Si-TCP phase transformation for undoped sols for tem-
peratures of 850-1000°C.

Avrami equation:

il ) o

where m is the Avrami exponent and A is the equilibrium
fraction of Si-TCP in the resulting sintered sample. The
transformation with characteristic time (7 is assumed
to be thermally activated:

T = Toexp(Ea/kpT) “4)

with activation energy E,, 7, the characteristic time of
the transformation in the high temperature limit, and kg
the Boltzman constant.

Fitted values of m, A, and t for the HA — Si-
TCP transformation at various temperatures are listed
in Table I. Noteworthy are the unusually small (<1.5)
values of the Avrami exponent m for undoped films
sintered at temperatures between 850-950°C. As out-
lined in the proceeding analysis, these low Avrami ex-
ponents have non-physical interpretations, suggesting
that the conventional Avrami nucleation model may not
be appropriate for this system. The plot of In(z) vs. 1/T
shown in Fig. 3 exhibits a linear relationship and yields
the activation energy E, = 2.49 4+ 0.05 eV.

SEM inspection indicates rapid, linear grain growth
at temperatures of 950 and 1000°C, as depicted in
Fig. 4. Earlier TEM cross-section data for Si-TCP thin
films showed single crystal globular grains that had
grown in all three dimensions [7]. Spherical, linear
grain growth has therefore been attributed to Si-TCP
grains in the description of the extended transformed
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Figure 3 Estimation of reaction activation energy from plot of In(7) vs.
reciprocal temperature.
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Figure 4 Grain growth of Si-TCP at 950 and 1000°C. Linear grain
growth is observed in thin films early in the transformation.

volume fraction of the Avrami model described below.
TEM cross-section data also depicts small grains of
residual HA phase (15-20 nm diameter) near the film-
substrate interface [7].

An equivalent expression for the Avrami equation
is a statement in terms of the extended and actual
transformed volume fractions, Ve and V, respectively
[5, 8,9]:

V = A(l —exp(—Vex)) &)

where ‘extended’ denotes the transformed volume had
grain growth been unimpeded by impingement upon
neighboring grains. The extended transformed volume
for spherical grains of radius r, growing in a film of

TABLE 1 Summary of fitting parameters of the Avrami model, Equation 11

Additional silica doping

Equilibrium
volume fraction

Reaction time

Avrami

Temperature (°C) mol Si: mol HA Si-TCP: A(T)% constant: T (s) exponent (m)
850 Undoped (43+4) (166 £ 5) (0.9£0.3)
900 Undoped (70 £ 3) (55+2) (1.14 £ 0.4)
950 Undoped (75+4) 20£1) (1.30£0.2)

1000 Undoped T7£1) @8x1) (2.94+£0.2)
950 0.3:1 (75 £3) (3.75£0.2) (0.46 £0.1)
950 1:1 (78 £3) (0.24£0.1) (0.21 £0.1)

2445



thickness L and planar area w?, is given by:

3 f
Lw?

, ‘
[1 dmrddngs
o S

Vexl = (6)

where g—’; describes the rate of nucleation of the new
phase at time s.

Since it has been determined that grains are spher-
ical and grow linearly, the only parameter that is not
experimentally accessible in this system is the nucle-
ation rate. Nucleation models usually assume a power
law expression [5]:

3 .
8—’; = noar®! %)

where n, is the number of nucleates at the beginning
of the transformation, and ‘a’ is a parameter describing
a constant (a = 1), increasing (@ > 1) or decreasing
(a < 1) nucleation rate. Using (5), (6) and (7), the total
time dependence of the extended volume, described by
the Avrami exponent m, can be directly related to both
the kinetics of nucleation and the kinetics and dimen-
sion of grain growth. For spherical, linear grain growth
with grain boundary velocity U, the grain radius after
sintering for time ‘¢’ is:

r=Ut )

and the extended transformed volume fraction for sin-
tering for time ¢ is:

t4,573 3 -1
Vo = [, 53U — s)y)anes*Hds w ()
Lw?

Comparing (9) with (2) we find that for linear spherical
grain growth with a power law expression for the nu-
cleation kinetics, the Avrami exponent ‘m’ is related to
the nucleation parameter ‘a’ via:

m=a+3 (10)

However, for the HA — Si-TCP transformation, char-
acterized by spherical, linear grain growth, with an
Avrami exponent of m = 1.3 £ 0.2 at 950°C, this
leads to a nucleation parameter ¢ = —1.7 +0.3. This
strongly negative value is non-physical, implying the
disappearance of Si-TCP seed nuclei as the reaction
proceeds. The situation is similar for the 900 and
850°C transformation and for the doped film data, all
of which are described by m < 3. Clearly, the con-
ventional power law description of the time depen-
dence of nucleation stated in Equation 7, does not
describe the thin film Si-TCP system appropriately.
A modified description of the nucleation kinetics of
the Si-TCP film system is developed in the subsequent
analysis.

In studies of the formation of Si-TCP in powders it
has been shown that the presence of Si is necessary
to form the TCP phase at T < 1200°C [4]. In the film
samples no silicon is initially present in the coating ma-
terial, but diffusion of Si is likely to occur during firing.
A model of nucleation controlled by an advancing front
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of Si has therefore been developed. It is assumed that a
critical concentration of Si, Cy, is required to induce the
formation of a nucleus of Si-TCP. As the critical con-
centration of Si advances from the substrate, Si-TCP
grains nucleate and grow. Therefore, the nucleation rate
of Si-TCP is proportional to the rate of advancement of
an iso-concentration of Si diffusing from the substrate.
The expression for the extended volume fraction of Si-
TCP in the thin film now becomes:

Jo 3T W3 = 5)*)(prp e )ds
L

Vext =

Y

where % is the rate of advancement of the critical
concentration of Si, and prcp is a scaling factor repre-
senting the density of Si-TCP nuclei forming per unit
area swept out by the critical front of Si.

3.2. Diffusion of silicon
The atomic concentration of Si near the surface of Si-
TCP films sintered at 1000°C for various periods of
time was measured by XPS. Thickness of the thin film
was estimated directly from FE-SEM of a cross sec-
tion of thin film. The results are displayed in Fig. 5 for
undoped films of estimated thickness 1.2 + 0.2 pum.
Note in Fig. 5 that diffusion of Si is rapid in the initial
stages of the transformation from 30 s to 5 min, at which
point it reaches an initial equilibrium value of about 1.0
atm% Si between 15 min and 1 h. After sintering for
16 h, the Si concentration has increased significantly to
2.9 atm% Si. The initial plateau of Si, and the subse-
quent increase in Si concentration after very long time
periods are interpreted as the results of diffusion occur-
ring via two diffusion paths: a high diffusivity path with
low saturation dominating the early stages of the reac-
tion occurring along single crystal grain surfaces and
boundaries, and a low diffusivity path with higher sat-
uration occurring through the bulk of the single crystal
grain.

The diffusion equation for the concentration of Si,
C(x, t), at position x in the thin film and at time ¢ is
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Figure 5 Estimating Si diffusion through the film from Si concentration
at the surface of undoped films as a function of time determined using
XPS spectroscopy.
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Figure 6 Thin film geometry, indicating diffusion of Si from substrate,
with associated boundary conditions.

[10]:

2C _ 14C -
ax2 D ot

The geometry, boundary and initial conditions are dis-
played in Fig. 6, where the film is in the y-z plane,
x = 0 1is the film-substrate interface and x = L is the
film-atmosphere interface. The concentration of Si in
the thin film is modeled as the linear combination of a
steady state and positive definite transient solution, ¢,
and c(x, t), respectively:

Cx,t)=co—c(x,t) (13)

Initially at time ¢t = 0 the Si concentration in the film
is taken to be zero. Subsequently, the concentration at
the film-substrate interface is taken to be c,, the solid
solubility limit, with zero flux at the film-atmosphere
interface. At long times, a uniform concentration, c,,
is established in the film. Consequentially, the initial
condition is C(x, t = 0) = 0, the boundary conditions
are % lx== 0 and C(x = 0,1) = c¢,, and the
steady state is C(x,t — 00) = co.
The solution of (13) for the described conditions is:

C(X, I)A
= Con (1 + Z (i)(sin(kx))exp(—kzDAt)>
=\ Lk

k= (n+ 1/2)% (14a)
where A indicates either grain boundary (gb) or bulk
(b) diffusion mechanism, D is the diffusion constant,
¢, 1s the saturation value of silicon in either diffusion
mechanism, and L is the film thickness. The total con-
centration of Si is the sum of grain boundary and bulk
diffusion:

Cx,1)=C(x, g + C(x, )y (14b)

The fit of (14b) to the data provides an estimate for
the values of cogp, Dgp, cp, and Dy, for silicon in the
thin film system as listed in Table II. It is assumed that
the phase transformation from HA — Si-TCP requires
Si substitution into the bulk crystal of HA/Si-TCP, and
therefore, only bulk diffusion parameters will be con-
sidered in the subsequent analysis.

TABLE II Estimates of diffusion parameters derived from fit of sur-
face silica concentration to thin film diffusion Equation 12, with a film
thickness of (1.2 £ 0.2) um

Diffusion co-efficient

Path of diffusion (cm?/s) Saturation level (atm.%)
Grain boundary (2 £0.5) x 107° 1.10 £+ 0.20
Grain bulk (64+2) x 10712 35407

3.3. Diffusion controlled nucleation Avrami
model (DCN Avrami model)

The concentration distribution of Si in the thin film for
the time period of the HA — Si-TCP transformation
at 950°C (1-200 s) was calculated using Equation 14a,
assuming bulk diffusion. The calculation used the bulk
diffusion co-efficient and saturation value at 950°C,
listed in Table II. The rate of advance of a concentra-
tion front of Si was determined numerically as a func-
tion of the critical concentration C,. The results were
used to describe the transformation at 950°C within
the diffusion controlled Avrami model incorporating
Equations 5 and 11. In the model the velocity of grain
growth U = 1.0 £ 0.1 nm/s was obtained from ob-
served grain growth at 950°C, plotted in Fig. 4. C¢; and
prcp were treated as free parameters. The best fit to
the volume fraction of transformed Si-TCP at 950°C
using Equations 5 and 11 is shown in Fig. 7, obtained
for Ct = 0.3 + 0.2 atm% and prcp = (1 +2) x 10'6
nucleates/cm?.

Unfortunately, due to a lack of Si diffusion informa-
tion, C(x, t) could not be calculated at other tempera-
tures, or in the case of Si doped films. In general, the
advance of a critical front of Si in the thin film can be
described by:

. pit p3t
(p2+1)  (psa+1)

5)

Xet

where p;—p4 are fitted parameters.

Addition of particulate silica to the thin films prior to
sintering enhances the rate of Si-TCP phase develop-
ment as illustrated in Fig. 8. Doped films also exhibit
exceptionally low Avrami exponents, listed for 0.3:1

+ Data

— DCN Fit

0 T T T T 1

0 50 100 150 200 250
Sintering Time (s)

Figure 7 Diffusion controlled nucleation (DCN) fit to transformation at
950°C using observed grain growth and diffusion parameters at 950°C.
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Figure 8 Rate of phase transformation increases in silica particle doped
films, while morphology is pinned (inset). Pinning of the microstructure
is evident in the 1:1 mol SiO,: mol HA sample, inset (c), sintered for 60 s
at 950°C. This has a microstructure similar to that of the unsintered film,
inset (a). In the undoped sintered sample, inset (b), extensive grain growth
has occurred, resulting in interconnected grains of Si-TCP. Diffusion
controlled nucleation (DCN) fit to transformation is shown.

and 1:1 doped films in Table I, which as discussed ear-
lier have non-physical interpretations under the con-
ventional nucleation model.

While the addition of particulate silica changes the
diffusion geometry of the undoped film system outlined
in Fig. 6, a simple interpretation regarding the role of
silica in the development of phase and morphology of
Si-TCP can be obtained by calculating and comparing
the nucleation rate, using Equation 15 for the 0.3:1, 1:1
and undoped films sintered at 950°C using the DCN
Avrami model. Fig. 8 details the DCN Avrami fit for
0.3:1, 1:1 mol Si:HA doped films and undoped films,
all sintered at 950°C. The nucleation kinetics of the
0.3:1, 1:1 and undoped films sintered at 950°C, shown
in Fig. 9, were calculated to give the best fit of the DCN
Avrami model with the observed grain growth rates for
the respective film series. The nucleation kinetics in-
dicate increasing nucleation rates of Si-TCP with in-
creasing SiO; particulate addition to the thin film.

The inset to Fig. 8 displays grain growth inhibition
for excessive silica content. Pinning of the microstruc-
ture is evident in the 1:1 mol SiO;: mol HA sample,
(c), sintered for 60s at 950°C. This has a microstruc-
ture similar to that of the unsintered film, (a). In the un-
doped sintered sample, (b), extensive grain growth has
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Figure 9 Nucleation rate increases in silica particle doped films.
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Figure 10 Grain growth of Si-TCP in doped and undoped films at 950°C.

occurred, resulting in interconnected grains of Si-TCP.
Fig. 10 shows that the rate of grain growth decreases
with the Si content of the film.

4. Discussion

The results indicate that the HA — Si-TCP transfor-
mation is well described by a modified Avrami model
involving diffusion-controlled nucleation. Silica acts as
anucleation agent for the Si-TCP phase in the thin film.
Comparison of nucleation rates calculated for undoped
and doped films in Fig. 9 support this interpretation as
increasing silica concentration in the film result in an
increase in the nucleation rate.

The morphological development of undoped Si-TCP
thin films is characterized by rapid linear grain growth,
which leads to a coarse grained, interconnected mi-
crostructure. The interconnected microstructure im-
plies the coalescence of impinging grains. This is in
conflict with a normal grain growth mechanism, where
impinging grains cease growth at a common interface
[11]. The addition of excess silica by doping the film
leads to progressive inhibition of grain growth with in-
creasing silica concentration.

It is suggested that Si acts as a grain boundary pin-
ning impurity in the HA/Si-TCP thin film system. Trace
levels of Si present in the film through diffusion from
a SiO; substrate lead to weak pinning of the initial
HA microstructure. Si induces the nucleation of Si-
TCP phase, which having some energy advantage over
HA, grows preferentially. The resulting microstructure
consists of large interconnected grains of Si-TCP, with
residual fine grained HA remaining at the film-substrate
interface [7, 12]. When excess silica is added as a
dopant, although more grains are nucleated, the grain
boundary mobility of both HA and Si-TCP phases is
decreased, and as a result grain growth is progressively
slowed, Fig. 10.

5. Conclusions

Silicon nucleates Si-TCP in the thin film system. This
conclusion is supported by a model of nucleation con-
trolled by diffusion of an impurity from a substrate into
a thin film. The generation of a highly interconnected



microstructure in undoped films is the result of rapid lin-
ear grain growth of Si-TCP with coalescence of grains,
which occurs for low levels of silica at grain bound-
aries. Further addition of silica particulate to the thin
film leads to Si impurity pinning of grain boundaries,
resulting in a much finer grained microstructure. The
HA — Si-TCP transformation is parameterized by an
Avrami exponent which varies from m = 0.9 to 2.9
for reactions at 7 = 850 to 1000°C, and an activation
energy for the entire transformation, £, = (2.49 +
0.05) eV.

These results are derived from thin film geome-
try, which has clear mathematical advantages for the
development of a comprehensive diffusion controlled
nucleation model. However, an analogous nucleation
and growth model may occur in a three dimensional
bulk ceramic system, in which silica diffuses from sil-
ica particles dispersed through a calcium phosphate
matrix.
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