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Phase transformation of y-Al,O5 to a-Al,O5 in alumina sol gel coatings on biomedical CoCr
alloy was studied as function of heat treatment temperature and time. Transformation in
unseeded coatings was significant only above ~ 1200°C. Addition of a-Al,03 seed particles
having an average size of approximately 40 nm lowered the phase transformation
temperature to around 800°C. These particles were considered to act as heterogeneous
nucleation sites for epitaxial growth of the a-Al,O3 phase. The kinetics and activation energy
(420 kd/mol) for the phase transformation in the seeded coatings were similar to those
reported for seeded monolithic alumina gels indicating that the transformation mechanism
is the same in the two material configurations. Avrami growth parameters indicated that the
mechanism was diffusion controlled and invariant over the temperature range studied but
that growth was possibly constrained by the finite size of the seed particles and/or coating
thickness. The phase transformation occurred by the growth of «-Al,O5 grains at the expense
of the precursor fine-grained y-Al,O3; matrix and near-complete transformation coincided
with physical impingement of the growing grains. The grain size at impingement was

~ 100 nm which agreed well with that predicted from the theoretical linear spacing of seed

particles in the initial sol.
© 2004 Kluwer Academic Publishers

1. Introduction
CoCr alloys are used extensively for load-bearing and
articulating orthopedic applications, such as knee and hip
prostheses, owing to their acceptable biocompatibility,
excellent strength and toughness, and reasonable hard-
ness. In these applications, CoCr usually articulates
against a polymer counter-surface of ultrahigh molecular
weight polyethylene (UHMWPE). This wear couple
produces micron-sized UHMWPE wear debris which is
considered to be a primary cause of osteolysis and
eventual aseptic loosening of these prostheses [1-5].
The wear rate of UHMWPE against alumina
(0-Al,O5) is significantly lower than that against CoCr
alloys [6-10]. As a result, the incidence of aseptic
loosening tends to be lower with alumina-UHMWPE
wear couples [11]. It follows that the wear performance
of orthopedic implants may be improved, and the
incidence of aseptic loosening reduced, by incorporating
a-Al,O5 as the counter-surface against UHMWPE [7].
However, with the notable exception of alumina femoral
heads, monolithic ceramics cannot be used as load-
bearing orthopedic prostheses owing to their low fracture
toughness and brittle mode of failure. Instead, biome-
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dical load-bearing applications of ceramics are restricted
mainly to coatings on metal prostheses.

CoCr alloys, in particular, have a highly coherent
passivation layer of Cr,0O5 [12, 13] that imparts excellent
corrosion resistance to the alloy. Cr,O; and a-Al,O4
have similar hexagonal (corundum) crystal structures
and, according to phase diagrams of the Cr,05;-Al,04
system [14—16], have complete solid solubility in each
other at high temperatures (> 950°C). At lower
temperatures, there exists a miscibility gap in which
two solid solution corundum phases (i.e. an alumina-rich
phase and a chromia-rich phase) coexist. The high degree
of mutual solubility is significant because it suggests that
it may be possible to form a compositionally graded
interdiffusion interface between an a-Al,O5 coating and
CoCr substrate during heat-treatment. Such an interface
is important for two reasons. First, the thermal expansion
coefficient varies monotonically from o-Al,O4
(8.4x107°°C~ 1) to Cr,05 (9.6x10-°°C~") to
CoCr (14.0x 10 ~%°C ') such that on cooling after
heat-treatment (i.e., for coating processes involving heat-
treatment) there is a gradual rather than an abrupt change
in the extent of contraction of the coating *‘layers’’. Also,
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the magnitudes of the thermal expansion coefficients
indicate that the ceramic coating should be placed in
a state of compression. Second, the elastic modulus
varies monotonically from o-Al,0; (380GPa) to
Cr,05 (325 GPa) to CoCr (240 GPa) which may help to
minimize the stress discontinuity across the interface.
Stress discontinuities are undesirable because they can
cause interfacial cracking and delamination of the
coating from the substrate during mechanical loading.
Thus, the interdiffusion bond layer, combined with
graduation of residual stresses and minimization of
stress discontinuities, may promote strong adherence of
a-Al,O5 coatings to CoCr.

Sol-gel processing is a common method used for the
deposition of alumina coatings. The initial sol—gel
precursor phase, usually boehmite (y-AlIOOH) or
gibbsite (y- AI(OH);), comprising the deposited coating
is converted by heat-treatment to a-Al,O; via several
possible phase transformation sequences involving
alumina transition phases [17]. The final stable phase
of u-Al,O; is obtained at temperatures above ~ 1200 °C
[18-20]. Nanometer-sized a-Al,O5 seed particles can be
incorporated into the unfired sol-gel precursor to
promote heterogeneous nucleation of the o-Al,O;
phase thereby lowering significantly the temperature
needed for the transformation of the alumina precursor
phase to a-Al,O5 [21-24], as well as for densification of
the coating [25, 26]. This addresses a major constraint in
the processing of coatings on CoCr in that any heat-
treatment should be done below ~ 1200°C in order to
avoid degradation of the microstructure and mechanical
properties of CoCr [27].

Sol—gel deposition of alumina coatings on CoCr has
been investigated by the authors in terms of sol-gel
processing parameters; phase evolution, densification,
and grain growth of the coating; coating—substrate
interdiffusion; and resultant mechanical properties and
wear behavior [28]. In this paper, a study of the effect of
heat-treatment conditions (temperature and time) and
addition of nanometer-sized «-Al,O; seed particles on
a-Al,O; phase evolution in boehmite-derived sol-gel
coatings is presented.

2. Experimental procedure

2.1. Preparation of Al,05-coated CoCr alloy
Surgical grade CoCr alloy [29] (ASDM, St Leonards,
Australia) having a nominal composition of 60 wt % Co,
~ 27-30wt % Cr, ~ 5-7wt% Mo, and small amounts
of Fe, Ni, Si, Mn, and C comprising the balance, was
used as the substrate. Disks (10mm diameter, 2 mm
thickness) were polished on one face to a surface
roughness (R,) of ~ 0.01 pm using diamond-impreg-
nated rotating polishing cloths. After polishing, the disks
were degreased in acetone, cleaned ultrasonically in
deionized water, and stored in absolute ethanol until
coating.

A boehmite (y-AIOOH) sol was prepared by the
method reported by Yoldas [30]. Briefly, 1mol of
aluminum tri-sec-butoxide (Al(C4Hy);; 99.0 wt % purity,
Aldrich Chemical Company, Milwaukee, USA) was
hydrolyzed by mixing with 100 mol of deionized water,
followed by vigorous stirring at 90 °C. This solution was
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peptized by adding 0.2mol of nitric acid (HNOj)
followed by stirring at 90°C for 48h. The resultant
boehmite sol was completely transparent and had a final
pH of ~ 3.0.

Nanometer-sized seed particles of o-Al,O5, for
promoting heterogeneous nucleation and growth of
a-Al,O; in the coating during heat-treatment, were
prepared from a commercial alumina powder (99.99%
purity; 0.2 pm crystallite size; Taimei Chemical Co. Ltd.,
Nagano, Japan). The powder was deagglomerated by
ball-milling in deionized water for 48 h using high-purity
a-Al,O5 grinding balls (99.7% purity, Aston Co. Ltd.,
Incheon, South Korea) in a high-density polyethylene
mill chamber. The resultant suspension was allowed to
settle for 30 days, after which time the supernatant
containing o-Al,O; nanoparticles was collected.
Examination of the nanoparticles using transmission
electron microscopy (TEM; Philips CM200, FEI Co.,
Hillsboro, Oregon, USA) showed them to be relatively
equiaxed with diameters in the range of ~ 10-100nm
with an average size of ~ 40nm. These dimensions are
similar to those of seed particles used in other studies of
heterogeneous nucleation and crystallization of alumina
sols [21-26]. The zeta potential of the nanoparticles in
deionized water was measured as a function of pH using
electrophoretic light scattering (ZetaPlus, Brookhaven
Instruments Corp., Holtsville, USA). The zeta potential
was maximal (~ 55mV) at pH 3—4 indicating that the
nanoparticles should have maximal repulsion, and thus
low tendency to agglomerate or settle, when incorporated
into the boehmite sol.

The CoCr disks were coated with either pure boehmite
sol or boehmite sol seeded with a-Al,O; nanoparticles.
The concentration of nanoparticles in the latter was
2.5wt % (dry basis) of the sol, which was shown from
preliminary work [28] to be optimal in terms of
eliminating cracking during drying whilst providing
heterogeneous nucleation of o-Al,O; phase during heat-
treatment. This concentration was similar to that used in
transformation studies of seeded monolithic boehmite
sols [21, 25, 27]. The viscosity of the sol suspensions was
increased to ~ 200mPas by increasing the solids
loading through evaporation of water at 80°C. This
viscosity was known, from pilot studies, to be an
optimum between having a sufficiently low viscosity
for satisfactory spin coating, and having a sufficiently
high solids loading for reducing drying shrinkage and
avoiding cracking of the deposited coating. Sols were
deposited onto the CoCr alloy disks by spin coating at
~ 1500 rpm for 3 min. The coated disks were dried in air,
initially at 25 °C and then at 100 °C. The dried coatings
were calcined at 450 °C in air for 0.5 h.

Coated samples were heat-treated in air using a
horizontal tube furnace equipped with an alumina
working tube (Ceramic  Engineering  Furnace
Manufacturers, Marrickville, Australia). Heat-treatment
temperatures and times varied according to the experi-
ments specified below. A heating rate of 600°C/h was
used in all experiments. A micrograph (obtained by field
emission scanning electron microscopy; S4500, Hitachi,
Tokyo, Japan) of a polished cross-section of a heat-
treated sample is shown in Fig. 1. The fired coatings
were ~ 3—4 um thick and of high bulk density, appeared



Figure 1 Micrographs of the polished cross-section of a seeded coating
heat-treated at 800°C for 8h at (a) low magnification (scale
bar =10 um) and (b) high magnification (scale bar =2 um). R, A, and
S denote resin mount, alumina coating, and CoCr substrate,
respectively.

to be well attached to the CoCr substrate, and were free
from drying or firing cracks.

2.2. Characterization of phase composition
of coatings

The evolution of o-Al,O; in unseeded and seeded
coatings was studied as function of heat-treatment
temperature (up to 1200°C) and time (up to 128h).
The phase composition of coatings heat-treated in situ on
disks was analyzed by thin film X-ray diffraction (XRD;
X’Pert PRO MRD, PANalytical, Almelo, The
Netherlands) using Cu-Ko radiation and an incident
angle of 0.8°. The resultant patterns were relatively low
in intensity and provided only qualitative identification
of phases.

Quantitative determination of phase composition was
done using heat-treated coatings that had been removed
from the disks after drying. This provided sufficient
quantity of each coating to yield XRD patterns of
reasonable intensity for quantification. Coatings was
analyzed using a powder-type X-ray diffractometer
(PW1140, Philips Co., Ltd, Eindhoven, The
Netherlands) employing Cu-Ka radiation. The fraction

of transformed o-Al,O; phase in each coating was
calculated as the integrated intensity of the major
a-Al,0; diffraction peak ({113} reflection) of the
coating expressed as a fraction of the integrated intensity
of the corresponding peak of a reference sample
consisting entirely of a-Al,O5. This reference sample
was prepared by heat-treating an unseeded coating at
1600 °C (this temperature being well in excess of that
needed to give a complete transformation of boehmite
coatings [23,25]) and its XRD pattern was virtually
identical to that measured for the commercial o-Al,O;
powder used to prepare the seed particles.

The rate constant (k) of the y-Al,O; (this phase is
present after calcining at 450°C) to o-Al,O; phase
transformation at each temperature was determined by
fitting the a-Al,O; fraction () versus time () data to the
Avrami growth equation [31]:

f=1—exp(—k") (1)

where n is a temperature-independent exponent. The
activation energy (E,) of the phase transformation was
determined by fitting the rate constant (k) versus
temperature (T) data to the Arrhenius relationship [31]:

k = koexp(E,/(RT)) ()

where k; is a constant and R is the gas constant.

The grain morphology in selected coatings was
examined qualitatively by TEM (CM200, Philips,
Eindhoven, The Netherlands). To avoid the technically
demanding and time-consuming task of preparing thin
sections of ceramic coatings on metals, coatings were
removed from their substrates after drying. The coatings
were then calcined and heat-treated (750-900°C up to
96 h) as described for the coated samples. The resultant
flakes were fractured to yield thin edges for TEM
examination.

3. Results

A selected thin film XRD pattern (seeded coating heat-
treated at 800 °C for 8 h) is shown in Fig. 2. CoCr was
identified as the major phase in all samples. The alumina
phase evident in the patterns was o-Al,O; and the
diffraction intensity of this phase was always much lower
than that of CoCr. The intensity of the a-Al,O; peaks

2500
C C CoCr
a u-AlOs

2
£ 1500 |
£
g
S 1000
5 C
P C

500 A 1

0 . :
20 30 40 50 60 70

Diffraction angle (26°)

Figure 2 Thin film XRD pattern of a seeded coating heat-treated at
800°C for 8h.
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Figure 3 Powder XRD patterns of unseeded coatings after drying at
100°C, calcining at 450°C for 30min, and heat-treating at 600—
1200°C for 2h.

tended to increase with increasing heat-treatment
temperature and time whilst the intensity of the CoCr
peaks remained constant. Precursor alumina phases that
were identified in the powder XRD patterns (see below)
were not apparent. However, this is probably a result of
the diffraction peaks of phases being of inherently low
intensity, because of which the peak was not discernable
from the relatively noisy background. Owing to their
relatively low intensity, the thin film XRD patterns were
unsuitable for quantitative analysis of the alumina
phases.

Powder XRD patterns of unseeded coatings (removed
from disks prior to heat-treatment) are shown as a
function of temperature in Fig. 3. Although difficult to
identify with any certainty, the peaks in the dried coating
(100°C) correspond most likely to y-AIOOH [32] and
the peaks in the calcined coating (450 °C) correspond to
v-AlL,O; [33]. Above ~ 900-1000°C, 6-Al,0; [34]
and/or 8-Al,05 [35] were also present in the unseeded
coatings. These two polymorphs have similar interplanar
spacings and consequently their major peaks occur at
similar diffraction angles and, because the measured
peaks were broad and of low-intensity, it was not possible
to distinguish equivocally between the two phases. The
thermodynamically stable phase of a-Al,O5 [36] formed
in the unseeded coatings at temperatures above ~ 1100—
1200°C (Fig. 3), in agreement with that reported in the
literature [21,37,38]. Since such temperatures are
considered excessive for the heat-treatment of CoCr
[27], futher investigation of the transformation kinetics
of unseeded coatings was not done.

Powder XRD patterns of seeded coatings (removed
from disks prior to heat-treatment) are shown as a
function of temperature in Fig. 4. Peaks corresponding to
a-Al,O; [36] are discernable in the dried (100°C)
coating and, given that they are absent in the unseeded
coatings, these peaks arise most likely due to the 2.5 wt %
a-Al,O;5 seed particles. As in the unseeded coatings, the
precursor y-AlIOOH sol was transformed to y-Al,O;
during calcination at 450°C. However, unlike the
unseeded coatings, y-Al,0; transformed directly to
a-Al,O; during subsequent heat-treatment; the transition
alumina phases of 8-Al,0; and/or 6-Al,0; were not
apparent in the XRD patterns. Growth of the a-Al,0O;
phase was evident at temperatures as low as ~ 700 °C.
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Figure 4 Powder XRD patterns of seeded coatings after drying at
100°C, calcining at 450°C for 30min, and heat-treating at 600—
1200°C for 2 h.

With increasing heat-treatment temperature and/or time,
the intensity of the a-Al,O; diffraction peaks increases
and the intensity of the 7y-Al,O; peaks decreases,
indicating the progressive transformation of y-Al,O5 to
a-Al,O3. The relative intensities of the o-Al,O4
diffraction peaks are similar to indexed values [36]
indicating that the «-Al,O; grains were randomly
oriented and, specifically, that no significant preferred
orientation had occurred on nucleation and growth of the
phase within the y- Al,O; matrix.

The fraction of «-Al,O; in the seeded coatings is
plotted as a function of heat-treatment time and
temperature in Fig. 5. At a given heat-treatment
temperature, the amount of o-Al,O; increased with
heat-treatment time. The time to form a given amount of
a-Al,O; decreased significantly with increasing tem-
perature. For the time-points used, an incubation period
(during which there is no measurable transformation)
was not apparent.

The kinetics of the y-Al,O; to «-Al,O; phase
transformation in the seeded coatings (800-950°C)
were fitted to the Avrami growth equation (Equation 1)
by plotting Inln(1/(1 —f)) versus In(¢). The resultant
plots are shown in Fig. 6. At each temperature, the plot
was reasonably linear (> values are given in Table I)
indicating that the phase transformation in the seeded
coatings followed Avrami-type growth kinetics. The
values of n and k at each temperature (equal to the slope
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Figure 5 Fraction of transformed o-Al,O5 phase in seeded coatings as
a function of heat-treatment time at various temperatures.
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Figure 6 Avrami plot of Inln(1/(1 —f)) versus In(z) for the seeded
coatings at various temperatures.

TABLE 1 Avrami constants, n and k, calculated by regression
analysis of the plots in Fig. 7

Temperature (°C) n k(s™h) r?

800 1.38 1.12x 108 0.9895
850 1.28 5.42x10-8 0.9864
900 1.38 429 %1077 0.9805
950 1.38 3.54x10°° 0.9976

and exp(intercept) of the plot, respectively) were
calculated by linear regression and are given in Table I.
The values of n were very similar which suggests that the
mechanism of the phase transformation was the same for
the four temperatures. The average value of n is 1.36
(£ 0.05 standard deviation). The rate constant (k)
increased with increasing temperature. The Arrhenius
plot of In(k) versus 1/T is shown in Fig. 7. The plot is
reasonably linear (72 = 0.9893) and the activation
energy of the y-Al,O; to a-Al,O; phase transformation
was calculated by linear regression to be 420 kJ/mol.
TEM micrographs of coatings heat-treated at 700, 750,
800, 850, and 900°C for 64 h are shown in Fig. 8. At
700°C, the coating consisted mostly of a uniform
dispersion of fine crystallites which were < 5nm in
size (Fig. 8(a)). From consideration of the XRD pattern
for this heat-treatment temperature and time, this phase
corresponded to y- Al,O5. At higher temperatures, large
grains were also present in the coatings (Fig. 8(b)—(e)).
Qualitatively, the concentration of the large grains
increased, and the concentration of the fine-grained
v-Al,O; matrix decreased, as the heat-treatment
temperature and time increased. Since these micro-
structural observations correlate well with the evolution
of the a-Al,O; phase as determined by XRD, the large
grains are most probably o-Al,0;. At high o-Al,0O;
concentrations, the size of the o-Al,O; grains was
relatively uniform at each temperature and was invariant
over the temperature range studied; this size was
estimated from TEM micrographs to be ~ 100 nm.

4. Discussion

The XRD data for the unseeded coatings show that the
precursor y-AlOOH sol was transformed to y-Al,O;
during calcination at 450°C, then to 8-Al,O; and/or
6-Al,0; at ~ 900-1000°C, and finally to o-Al,O4
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Figure 7 Arrhenius plot of In(k) versus 1/T for the seeded coatings.

above ~ 1100-1200 °C. This transformation sequence is
typical of that reported for monolithic unseeded
boehmite sols [17,39]. However, heat-treatment of
CoCr should be done below ~ 1200°C to avoid
degradation of the microstructure (most notably, solution
annealing resulting in carbide dissolution) and mechan-
ical properties of the alloy [27]. Accordingly, the
discussion hereafter focuses on the seeded coatings as
they required significantly lower heat-treatment tem-
peratures to obtain the a-Al,O5; phase.

In contrast to the unseeded sols, the calcined seeded
sols transformed directly from v- Al,O; to a-Al, O3 with
the transformation occurring at temperatures as low as
~ 700 °C. This suggests that the a-Al,O5 seed particles
provided sites for heterogeneous nucleation of the phase
transformation. This role of o-Al,O; in alumina
transition phases in bulk samples is well demonstrated
in the literature [21-26]. Furthermore, it is likely that the
initial concentration of nucleation sites was fixed by the
concentration of seed particles with each particle
providing multiple epitaxial nucleation sites [40-42].
Thus, assuming that no new nucleation sites form (i.e., by
homogeneous nucleation in the sol), the phase transfor-
mation should proceed solely by epitaxial growth of the
a-Al,O; phase on the seed particles. Such heterogeneous
growth behavior has been reported for a transition
alumina (6-Al,0;) seeded with o-Al,O; nanoparticles
[26].

The Avrami growth exponent, n, is determined by the
type of nucleation and the geometry of crystal growth
and is typically between 1 and 4 [31]. The value of n was
largely invariant in the 800-950 °C range (average value
of 1.36) indicating that the mechanism of the y- Al,O5 to
a-Al,O5 phase transformation in the seeded coatings was
the same at each temperature. Assuming that the rate of
transformation is diffusion-controlled, in this case
involving short-range diffusion of AP’™ and O~
across the v-Al,05/0-Al,05 transformation interface
[25] (and probably rate-limited by the diffusion of
oxygen [26]), the Avrami exponent is given by [43]:

n=p+0.5xn

where [ is determined by the type of nucleation and A is
the number of unconstrained orthogonal directions in
which the nuclei grow. The absence of any significant
incubation period for the y-Al,O; to a-Al,0O; phase
transformation suggests that the nucleation sites on the
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Figure 8 TEM micrographs of seeded coatings heat-treated for 64 h at (a) 700 °C, (b) 750°C, (c) 800°C, (d) 850 °C, and (e) 900 °C. Scale bar equals
100 nm.
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seed particles became saturated relatively early in the
transformation process, in which case B may be taken to
be zero [31]. Assuming growth in three directions
(A=3), the predicted Avrami exponent for the seeded
coatings is therefore 1.5. The measured value of 1.36
agrees reasonably well with this predicted value and with
values calculated from kinetic data reported in the
literature for transformation at ~ 900-1050°C of
monolithic boehmite gels seeded with particles of
a-Al,O5 [37,42] or particles of other oxides having
corundum crystal structures [25].

The Avrami exponent for diffusion-controlled trans-
formations may be reduced by boundary conditions such
as finite size of the nuclei particles or a finite dimension
in one or more given directions [31,44]. Both of these
occur in the present work. Firstly, the average seed size in
this work was ~ 40nm which is significant compared
with the final grain size at impingement of ~ 100 nm.
The value of n for diffusion-controlled growth of nuclei
particles having an initial dimension greater than about
one tenth of the distance of separation (or one tenth of the
dimension of the final particles) is predicted to be
between 1 and 1.5 [44]. This may account for the
measured n value of 1.36 being lower than the predicted
value of 1.5. Secondly, in this work, the coatings were
~ 3 um thick and the transformed o-Al,O; grains were
~ 100nm in size. Growth across the thickness of the
coating was therefore limited to a distance of ~ 30
grains but unrestricted in the other two orthogonal
directions. In the limiting case of growth constrained to
two directions (A=2), the Avrami exponent for site-
saturated nucleation (B =0) is predicted to be 1. Thus, it
is possible that the measured n value was slightly lower
than the predicted value due to the growth of the a-Al,O;
phase being constrained by the limited thickness of the
coatings.

The activation energy of 420 kJ/mol for the y-Al,O; to
a-Al,O; phase transformation in the seeded coatings
agrees with published values [40, 42]. This indicates that
the transformation in the coatings is not significantly
different, either mechanistically or thermodynamically,
from that which occurs in monolithic samples. However,
the kinetics of the phase transformation were determined
for coatings removed from the CoCr substrata before
heat-treatment. It is possible that the kinetics of the
transformation in coatings heat-treated in situ on the
CoCr disks could be affected by interaction with the
CoCr and the formation of the diffusion bond interface.
In particular, it has been shown that transformation of
boehmite to a-Al,O5; in monolithic samples is inhibited
by Cr addition due to stabilization of 6-Al,0; by
substitution of AI>* by Cr®" in the tetrahedral sites
[45,46]. However, this effect is not considered to be
significant in the present work for three reasons. First,
XPS chemical depth profiling [28] has determined that
the diffusion distance of Cr into the coating is relatively
small (e.g. 400nm after 16h heat-treatment time at
800 °C) compared to the thickness of the coatings (3 pm).
Second, 8- Al,0; was not observed in any of the thin film
XRD patterns. Third, as already discussed, the kinetics
and activation energy for the 7y-Al,O; to o-Al,O4
transformation in the seeded coatings agree well with
the published data.

The maximal size of the o-Al,O; grains formed in the
coatings was ~ 100 nm at all temperatures (Fig. 8). This
suggests that the phase transformation proceeds until all
of the parent y- Al,O; phase has been consumed and the
resultant o-Al,O; grains impinge upon each other (Fig.
8(e)). Furthermore, the consistency in maximal grain size
between the temperatures suggests that coarsening of the
a-Al,O5 grains, once the maximal size is attained, does
not occur for temperatures up to 950°C. For a seed
concentration of 2.5 wt %, and assuming a uniform seed
size of 40 nm, the linear distance between adjacent seed
particles is calculated to be 113 nm. Thus, assuming a
spherical growth front from each seed particle, the final
size of a-Al,O; grains at impingement is 113 nm. This is
in good agreement with the size of ~ 100 nm estimated
from the TEM micrographs (Fig. 8) and with a size of
90nm reported for boehmite gels seeded with 5wt %
a-Al,O5 particles [47]. This supports the argument that
the grain size in the coatings is governed mainly by
impingement of the growing grains with little subsequent
coarsening at the heat-treatment temperatures used. It is
probable that grain coarsening would be significant at
higher temperatures [25].

5. Conclusions

Phase evolution in alumina sol gel coatings on
biomedical CoCr alloy was studied as a function of
heat-treatment temperature and time. The initial depos-
ited phase of boehmite transformed to y- Al,O5 and then
to a-Al,O5 with increasing temperature. In the case of
unseeded coatings, this latter transformation occurred via
several alumina transition phases, with a-Al,O; being
produced above ~ 1100-1200°C. The addition of
nanometer-sized a-Al,O5 particles reduced this tempera-
ture to ~ 800 °C and enabled the direct transformation
of y-Al,O; to a-Al,O5. It is considered that these
particles act as nucleation sites for epitaxial growth of the
a-Al,O; phase. The kinetics and activation energy for
the phase transformation were similar to those reported
for bulk monolithic alumina gels indicating that the same
mechanism is operative in both configurations. The
Avrami growth parameters indicate that the phase
transformation mechanism is diffusion controlled and
invariant over the temperature range studied but that
growth possibly is constrained by the finite size of the
nuclei particles and/or the thickness of the coating. Near
complete transformation coincided with physical impin-
gement of the o-Al,O; grains. The grain size at
impingement was ~ 100nm which agreed well with
that predicted from the theoretical linear spacing of seed
particles in the sol.
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