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The formation of Aly1_yMgxTi( 05 solid solutions from Al,0;-TiO,—MgAi,O, powder

mixtures of ~1 um particle size and moderate purity has been studied at 1300 °C for different
final composition values: x=0 (“pure’” Al,TiOs), 1072, 1072 and 10~". Analysis of the kinetic
data and microstructural observation indicates that MgAl,O, affects the mechanism of

Al;TiOs formation by providing active nuclei for the growth of the new phase. These nuclei
are probably constituted by Mg, sAlTi150s, i.e. the equimolar Al,TiOs—MgTi,Os solid solution,
and are formed by reaction between MgAl,O, and TiO, at temperatures above ~1150°C. As

the value of x increases, the number of titanate particles per unit volume accordingly
increases and the conversion of the original oxides is faster. At values of x<1072, the
prevailing mechanism is the nucleation and growth of Al,TiOs nodules for fractional
conversion up to ~0.8. Further conversion of the residual Al,O; and TiO, particles dispersed
into the titanate nodules is slower and controlled by solid-state diffusion through Al TiOs. At
x=0.1, a large number of nucleation sites is present, and solid-state diffusion through

Al TiOs becomes important even in the initial stage of reaction, as the diffusion distances are
strongly reduced. The study of Al,TiOs formation under non-isothermal conditions in the
temperature range 1250-1550 °C shows that reaction proceeds between 1300 and 1350 °C for
x=0.01 and between 1250 and 1300°C for x=0.1. Densification of the titanate becomes
important at temperatures above 1300°C for x=0.1, but only above 1450°C for x=0.01.

1. Introduction

Aluminium titanate is a promising ceramic for tech-
nological applications due to its very low thermal
expansion coefficient, low thermal conductivity and
excellent thermal shock resistance [ 1]. This material is
conventionally prepared by reaction sintering of
Al,O5 and TiO, powders. Above 1280 °C [2], forma-
tion of Al,TiO5 occurs in an oxidizing atmosphere
according to

a-Al, O3 + TiO,-rutile — B-Al,TiO; 1)

where the phases present are those which are thermo-
dynamically stable. Below 1280 °C, aluminium titan-
ate decomposes, as it is unstable in comparison to
Al,05 and TiO,. The kinetics of Reaction 1 has been
carcfully investigated by Freudenberg and Mocellin
[3, 4]. Depending on temperature and on advance-
ment of the reaction, different overall reaction kinetics
and microstructure evolution have been observed.

In the range 1280-1400°C, the chemical driving
force (proportional to the difference T-1280, where
T is the experimental temperature) is too small in
comparison with the strain energy associated with
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bulk nucleation of the new phase. As a consequence,
titanate formation can start only at a limited number
of “easy-to-nucleate” sites with growth of quite large
ALTiOj; crystals. The growth rate is controlled by the
rapid bulk or interface transport of aluminium ions
through TiO,-rutile. This fast growth interrupts at
a fractional conversion < 1, when the entire sample
volume is completely occupied. The titanate-forming
reaction continues at a reduced rate, as the conversion
of the residual Al,O; and TiO, particles dispersed
into the Al,TiOs cells is controlled by slower solid-
state diffusion through AL, TiO;. The final microstruc-
ture of the sintered body is therefore porous and
large-grained ( & 100 um), even though the average
grain size strongly depends on the level and the nature
of impurities present in the starting materials [57]. At
T > 1400°C, a large number of nucleation sites be-
comes available and the reactants are quasi-immedi-
ately separated by the forming new phase; the growth
rate is controlled by solid-state diffusion through the
AL TiOj; layer.

Several additives, such as SiO, [6], ZrO, [6,7],
Fe,O; [8] and MgO [6,9] have been added to control
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the thermal decomposition of Al,TiO5 below 1280 °C
and to increase the poor mechanical strength related
to the extensive microcracking in sintered polycrys-
tals. Only Fe,O5 and MgO seem to offer an improved
and reliable phase stability and this ability is related to
the formation of solid solutions between Al,TiO5 and
the isostructural Fe,TiO5 and MgTi,Os compounds.
In previous papers [10, 11], the effect MgO addition
on the reactive sintering of Al,TiO5 from rutile and
o-alumina was investigated. The final materials,
Al - Mg, Ti(; + »O5 solid solutions with x ranging
from 0.01-0.2, exhibit high density (95%) and relat-
ively small grains (5-10 pm). The importance of the
nucleation process of the new phase on the resulting
microstructure was identified. Initially, MgO reacts
with Al,O; to form spinel

This reaction occurs below 1100°C and determines
the complete conversion of MgO. At T & 1200 °C, the
formation of a solid solution Aly;—yMg,Ti +Os
with x > 0.2 was observed and it was suggested that
titanate formation begins with the solid solution with
x = 0.5 according to

% MgA1204 + % TIOZ 4 AlMgO.STil.SOS (3)

As temperature further increases, the composition of
the solid solution approaches the final one. It was
proposed that the magnesium-rich titanate crystals
initially formed, therefore act as preferential sites for
further titanate nucleation and growth, producing the
observed dense and fine-grained microstructure.

In the present work, the formation kinetics of
Al TiOs from the parent oxides in the presence of
different amounts of MgAl,Q,, corresponding to x in
the solid solution ranging from 0.001 to 0.1,-was inves-
tigated at T = 1300°C. The variation of x should
provide a different number of active nuclei for titanate
growth, resulting in different kinetic behaviours and
different final microstructures. The results should also
give useful information about the origin of the “casy-
to-nucleate” sites which plays an important role in the
formation of aluminium titanate [3, 5].

2. Experimental procedure

Different mixtures of a-Al,O; (Keramont 100PCT/
TLV/TWA, 99.99%, Xso = 0.5um), TiO, (Aldrich
22 422-7, predominantly rutile, 99.9%, X5, = 1 um)
and MgAl,O, (obtained by firing at 1400 °C a mixture
of MgO (Aldrich 34 279-3, 99%) and the same
alumina used to prepare the titanate, particle size
0.2-1 pm) corresponding to x = 0, 1073, 1072 and 0.1
in Aly - yMg,Ti;+,Os, were prepared by mixing
and wet-milling in distilled water for 24 h using
alumina balls and PE bottles. The resulting powders,
after drying and sieving, were isostatically pressed at
150 MPa forming cylinders of ~ 10 mm diameter and
~ 100 mm length. The green density, determined by
geometry and weight, was 2.0-2.1 gcm ™~ *. The chem-
ical analysis of the main impurities of the as-milled
powder without MgAl,O, addition is shown in
Table 1. Silicon, sodium and calcium are the primary
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TABLE I Chemical analysis (p.p.m.) of Al,O,/TiO, equimolar
mixture by ICP spectroscopy

Fe,O

1,0, MgO ZrO

S0,  Na,0  CaO s

800 920 810 120 200 35

contaminants. The kinetics of Reaction 1 was investi-
gated at T = 1300 °C for times ranging from 5 min to
16 h. The experimental temperature was chosen slight-
ly higher than that reported for Al,TiOs formation
(1280°C [2]) in that the addition of spinel increases
the reaction rate and the initial stages of the reaction
could not be observed at higher temperatures. In the
case for x = 0.01, the reaction kinetics was also meas-
ured on samples presintered at 1100 °C for 24 h. Initial
densities of 2.3-2.4 gecm ™ have thus been obtained.
In order to study the occurrence of Reaction 3,
stoichiometric mixtures of MgAl,O, and TiO, were
prepared following the procedure above reported and
fired at 1200 and 1300°C for times ranging from
10 min to 8 h. All the kinetic experiments were carried
out in air using slices =~ 1 cm thick cut from the green
cylinders. To reduce the influence of heating time, the
samples were put inside the furnace, kept at a preset
temperature, within 30s, The samples reached the
firing temperature in = 3 min. The temperature
through the hot zone, measured by a S-type ther-
mocouple, was constant within + 3°C. The experi-
mental time being expired, the samples were pulled
out of the furnace and air-quenched. Reaction times
shorter than 5 min were avoided to reduce experi-
mental errors. The relative amount of titanate solid
solution after reaction was measured after fine grind-
ing in an agate mortar by quantitative X-ray diffrac-
tion (XRD, Philips PW1710/PW1050/PW1729, CoK,
radiation, secondary graphite monochromator). The
scanning step was 0.025 ° 20 and the sampling time 5 s
for each point, with digital collection of the resulting
pattern.

For mixtures with x <0.01, the amount of
MgAl,O, present in the reacted samples is practically
undetectable and the following system of linear equa-
tions was used to determine the concentration of
o-Al,O5, TiO,-rutile, and Al TiO;

T W ai,1i
ALTi0,023 _ ~ WaiTio, (4a)
Itio,a10 Wtio,
n
= (4b)
n1io,
W0, + Wrio, + Waitio, = 1 (4c)

where I 10,023 1S the intensity of the (02 3) reflection
of AL, TiOs, Itio 110 the intensity of the (110) reflec-
tion of rutile, W, the weight fraction, n; the number of
moles and C a constant dependent on the crystal
structure and lattice parameters of A1, TiO5 and rutile.
The value of C calculated from available structural
data [12-14] is 0.36. The measure of integrated inten-
sity was preferred over the measure of the peak height
to avoid effects arising from milling time and anneal-
ing. The entire diffraction pattern in the range



d = 5.15-2.12 was fitted by a linear combination of
pseudo-Voigt functions to describe the peaks profile
and a straight line for the background. The area of
each peak, i.e. the integrated intensity, results then as
a function of some adjustable parameters. The adjust-
able parameters were calculated by minimizing the
chi-square function. To test the validity of the method
described by Equations 4a—c, different standards con-
taining, respectively 5, 10, 20, 40, 60 and 80 wt %
AL, TiOs where prepared. The ratio Ia,tio,023/
Itio,a10) Was plotted against the ratio W rio /Wrio, -
The data are described by a straight line, and regres-
sion analysis gives a slope of 0.35 +0.01, in good
agreement with the theoretical value. The reproduc-
ibility of the results was investigated by determining
the composition of different samples reacted for the
same time. The minimum detectable level of Al, TiO5
was 0.5-1 wt %.

For mixtures with x =0.1, the presence of
MgAl,O, can no longer be neglected. In addition,
a complication arises from the formation of magne-
sium-richer solid solutions in the initial stages of the
reaction. The current value of x in the solid solution
can be determined from the cell constants of the new
phase, assuming a linear dependence on the composi-
tion, as previously reported [6]. The composition of
the mixture is then given by resolution of the following
system of linear equations

I Al,TiO,(023) W ai,tio,
e = Cp—2— (5a)
Itio,a10 Wrtio,
Iy 0,012 - C, W0, (5b)
Itio,110 Wrio,
1 MgALO,(B11) _ C, Wgat,0, (5¢)
Itio,a10 Wrio,

1 (5d)

where the different symbols have the same meaning as
in Equations 4a—c. The subscript Al,TiOs now indi-
cates the Al, TiOs—MgTi,Oj5 solid solution at variable
composition, and the value of C; is computed accord-
ing to the actual composition. Because, for times lon-
ger than 20 min, the residual spinel is below the XRD
detection limit, the problem can be reduced to resolu-
tion of Equations 5a, b and d by setting Wygai,0, = 0.
A system of equations similar to Equations 4a—c was
also used in the case of Reaction 3.

Microstructure was observed by optical (OM,
Reichert) and scanning electron microscopy (SEM,
Philips 515} after infiltration of the specimen in epoxy
resin and the usual metallographic preparation. The
backscatter (BS) mode was especially useful to distin-
guish the different phases, which appear white (TiO,),
dark grey (Al,O3) and intermediate grey (Al,TiOs).
The microstructure of reacted samples was character-
ized by image analysis (analySIS).

Kinetic experiments were also performed under
non-isothermal conditions. Samples were heated up to
temperatures between 1250 and 1550°C, with 50°C
intervals, at 1 °C min~!. As soon as the preset temper-
ature was reached, the samples were cooled down
rapidly. The phases present were determined by X-ray

Wrio, + Waio, + Wmgeano, + Watio,

diffraction. The final density was measured by a water-
immersion method, coating the specimens with a thin
gloss layer to avoid water absorption.

3. Results and discussion

3.1. ALTiO; isothermal formation kinetics
The isothermal reaction kinetics (Al, TiO5 weight frac-
tion) o = f(t) at 1300°C is reported in Fig. 1 for
different values of the final composition parameter. x:
0,1073, 10" 2 and 10~ !. The conversion rate is strong-
ly dependent on the amount of MgAl,O, present. The
curve at x = 1073 is very close to that corresponding
to the formation of “pure” Al,TiOs; such a small
value has been chosen to increase the level of “magne-
sium impurities” in the moderate purity reacting mix-
ture. The amount of added spinel corresponds to
about 200 p.p.m. MgO in the mixture, a value compa-
rable with the amount of MgO present in the starting
powders. As a consequence, the effective final com-
position will corresponds to x ~ 2 x 1073, An incuba-
tion period of about 30-40 min exists before the
Al,TiO;s fraction reaches approximately 1%. During
this time the sample undergoes an important densifi-
cation, according to previous dilatometric experi-
ments [5, 10], and = 90% of the ultimate density is
reached. As a consequence, it can be assumed that
Al,TiOs formation occurs in a matrix of approxim-
ately constant density. The incubation period is
strongly reduced at x = 0.01, where the reacted frac-
tion reaches = 10% after 5 min for standard samples
and = 2% after 10 min for presintered samples. The
early formation of titanate inhibits the initial densifi-
cation of the Al,O;/TiO, mixture and the reaction
occurs in a porous matrix. The initially formed
AL TiO; particles generally show a spherical shape
and contain Al,O4 and TiO, inclusions, as shown in
Fig. 2. At x = 0.1 the conversion is so fast that the
initial stages of the reaction cannot be observed; the
reaction is = 70% completed after 5 min. For
x £ 0.01, when the converted fraction exceeds about
80%, the reaction rate strongly decreases and further
formation of Al,TiOs occurs slowly. After 16 h reac-
tion, about 10% of unreacted oxides are still present.
On the contrary, for x = (.1 the reaction is practically
complete after 2 h (96% conversion). Comparison be-
tween the microstructure developed in samples with
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Figure I Reaction kinetics at 1300°C. x: (O) 0, (A) 0.001, (OJ) 0.01,
(M) 0.01 presintered, (&) 0.1.
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x = 0 and x = 0.01 at different values of the converted
fraction o is presented in Fig. 3a—f. Initially the reac-
tion occurs by the growth of isolated Al, TiO5s nodules
(Fig. 3a and b) into a fine-grained Al,05/TiO, matrix.
The formation of a larger number of smaller Al,TiO5
nodules at x = 0.01 in comparison to x = 0 is evident.
As the reaction proceeds, the titanate crystals grow
further (Fig. 3¢ and d) and impinge into each other.
The growth terminates when the sample volume is
completely filled (Fig. 3e and f). This point corres-
ponds to a converted fraction o = 0.8. Further reac-
tion leading to the conversion of Al,O; and TiO,
residual particles can only proceed by solid-state diffu-
Figure 2 Al,TiO; single nodule formed in a sample with composi- sion through the A12T105 matrix, corre.spo.ndmg to
tion x — 0 reacted 40 min at 1300°C (SEM/BS). the second, slow, reaction stage observed in Fig. 1. The
coarsening of Al,O; and TiO, particles due to

(e

Figure 3 Growth of A1, TiO, particles into the Al,0,~TiO, fine matrix: {(a) x =0, 1 h, o = 0.05; (b) x = 0.01, Smin, « = 0.1;(c) x =0, 2 h,
o = 0.47; (d) x = 0.01, 20 min, o = 0.57; () x = 0, 4 h, o = 0.87; (f) x = 0.01, 1 h, ot = 0.84; (a—d) OM; (e, f) SEM/BS.
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Ostwald ripening contributes in slowing down the
kinetics, as both the particle size and the diffusion
distance increase with time. In the case for x = 0.1,
after 5 min reaction, the microstructure (Fig. 4) shows
a matrix of quite fine Al,TiO5 particles (0.5-3 pm)
containing many particles of residual TiO,, probably
corresponding to the biggest original particles and
some small aggregates of Al,Os;.

From the kinetic and microstructural observations
it can be concluded that the formation of Al,TiOs
becomes increasingly fast as the value of x increases,
probably due to the presence of a larger number of
nucleation centres associated with the MgAl,O4
seeds. Addition of as little as 10~% mol % MgAl,O, is
sufficient practically to suppress the induction period,
but titanate formation still occurs by two different
mechanisms, as already observed for pure Al,TiOs
[3, 4]. At higher MgAl,O, content (x = 0.1) an impor-
tant contribution of mass transport through Al,TiOs
in the overall reaction mechanism is expected, as in-
dicated by the small size of the titanate particles and
the almost complete conversion achieved in = 2 h.

3.2. Growth kinetics

The sigmoidal shape of the o = f(f) curves of Fig. 1
corresponding to x = 0, 1072 and 102, is typical of
nucleation and growth processes and data can be
tentatively analysed using the Johnson-Mehl-Avrami
phenomenological equation

B(r) = 1 —exp(— k™) (6)

where B is the volume fraction reacted in a time ¢,
m and k are two constants. The physical meaning of
m and k is related to the boundary conditions of the
nucleation and growth process; in particular, the value

Figure 4 Microstructure of a sample with final composition x = 0.1
reacted 5 min at 1300°C (SEM/BS).

of m depends on the nature of the nucleation site and
on the growth-controlling mechanism [15]. Equa-
tion 6 can be linearized writing

lnln<1 i B) =

Because the sample volume is completely filled (f = 1)
by Al,TiOs crystals when a & 0.8, the reacted fraction
o has been multiplied by a factor 1.25 to obtain the
corresponding B value. The so corrected data are
plotted dccording to Equation 7 in Fig. 5. A linear
regression analysis of the data yields the values of
m and k reported in Table II together with the corres-
ponding standard deviations.

Ink +mlnt (7)

3.2.1. Samples with composition x =0
and 102

At x=0 and 1073, m = 3.2 and 3.4, respectively.
These values are close to the theoretical value m = 3,
typical of processes where all nucleation centres are
exhausted at an early stage of the reaction (zero nucle-
ation rate) and constant growth rate [15]. This result
is consistent with the conclusions of Freudenberg and
Mocellin [3]. Even though the curves of Fig. 4 corres-
ponding to x = 0 and 10~ 3 are very close, regression
analysis shows a little, but significant difference be-
tween the k values: 1.9x 1071?53 at x =0 and
31x 107?573 at x = 1073, This difference may be
referred to additional nucleation sites created by the
MgAl, O, particles, if the growth rate is assumed con-
stant. The kinetic constant k, when m = 3, can be
expressed as [15]

k = %nNqu® 8)
where N is the initial density of the nuclei and u is the

Tk
/,

7
% %O
N /

Ln In [1/(1-B)]

-5 I 4 I 3 | . ' {
T u 1 T T T

-3 -25-2 -15-1-05 0 05 1 15 2
Ln t(In h)

Figure 5 Avrami plot of the kinetic data corresponding to Fig. 1. x:
(O) 0, (A) 0.001, (O) 0.01, (M) 0.01 presintered.

TABLE II Parameters m and k from least squares fit of the kinetic data with the Avrami equation B(f) = 1 — exp( — kt™)

X

0 0.001 0.01 0.01 presintered 0.1
m 32+03 34403 1.7+0.1 1.9 +0.1 0.29
k 1.9 +0.6x 10712 (s7%) 3.14+08x10712(s73) 42 +1x107% (s732) 12403x1077(s72)
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isotropic growth rate. Using Equation 8, the kinetic
constant, k, can be independently calculated by
measuring some microstructural parameters related to
Ny and u. Under the hypothesis of complete nuclea-
tion at t = 0 and isotropic constant growth rate, it
follows that all the growing titanate particles will have
the same radius » at time ¢, corresponding to the
radius ry,, of the largest particle section observed on
a cross section of the sample and then

r
— _max 9
u == ©)

The number of particles, Ny, per unit cross-sectional
area is related to N, by the relationships [16]
NA. = 2N07'

2Nut (10)

where Equation 9 was used to define the radius, r, of
the monosized spheres. Equation 10 is strictly valid in
the absence of impingement, 1.e. o < 0.2. Microstruc-
tural observations corresponding to different reaction
times were carried out. Both u and N, were found
approximately constant with time, as shown in Figs 6
and 7, supporting titanate formation by growth at
constant ‘rate from N, initial nuclei. The average
values of Ny, u and the corresponding values of k cal-
culated from Equation 8 are reported in Table III. The
value of N, is the same for both samples (x = 0 and
1073%) despite the expected increase of the density of
nuclei at x = 10~ *. However, the standard deviation
of Ny is quite large and might hide a small difference.
The calculated values of k (Table III) are in good
agreement with the values coming from the Avrami fit
of the data (Table II). Different mechanisms can be

24
W 2114
i Tf
an 16—-%_-L
e & I
w7
s
c 8+
%' 1 4 Sz & s 3
s 1
0 t —+— t
0 0.5 1 1.5 2

Time {h)

Figure 6 Average growth rate of AL, TiO, nodules versus time. x:
(O) 0, (A) 0.001, (T)) 0.01, (M) 0.01 presintered.

a priori formulated to explain the formation of
Al,TiOs in a heterogeneous matrix: gas-phase trans-
port, titanium transport through Al,Oj, particles or at
the Al,O; surface/interface, aluminium transport
through TiO, particles or at TiO, surface/interface
and transport through Al,TiO5. Because at 1300°C
the partial pressure of both TiO, and Al,O,
(Prio, ® 1076 Pa [17], pao, = 10711 Pa [18]) as well
as the diffusivity of titanium in ALO, (x107'8
m?s~! [19]) and the parabolic rate constant of
ALTiOs (~ 107" m?s ™! [4]) are too low to sustain
the observed growth rate, only aluminium transport
through TiO, or at interfaces can be responsible for
Al,TiOs particle growth, in agreement with other
work [3, 20]. As the growth of Al,TiOs nodules
occurs in a Al,0;-TiO, matrix of fine particles
(0.5-3 pm), the diffusion distance remains approxim-
ately constant throughout the reaction. leading to
constant growth rate even in the presence of solid-
state diffusion-controlled grewth. An order of magni-
tude estimate of the effective aluminium diffusion
coefficient in TiO, of 1072222035 m2571 can be ob-
tained from the aluminium flux corresponding to the
observed growth rate of 5.5 4 0.6 ms™!, assuming
a mean diffusion length of 2 + 1 um (TiO, particle
diameter from polished sections) and a concentration
difference of ~ 1 4+ 0.5 cation % [21] between the
Al,O;3/TiO, metastable interface and the Al,O5/
AL, TiO; interface. This figure can be compared with
the aluminium diffusivity in niobium-doped polycrys-
talline TiO, at 1300°C: 1.2x 10~ ' m?s ™! [22].

3.2.2. Samples with composition x = 1072

At intermediate MgAl,O, content (x = 0.01) the re-
gression analysis yields m = 1.7 for standard samples
and m = 1.9 for presintered samples (Table II), with

18
s T 2 300
e T 1+ z a0l % 1
o 4 @ ~ 200 + q
e 14T | S 150 4 % 1
< 12+ L g%ggt
“? 10 + L,L“ £7 7o +
2 - 0 0.1 0.2
c 87 Time (h)
g °]
o 67T I - 4
Q
2 324 a g
£t "1 3T OB -
g 21 - &

01 : : 1

0 0.5 1 1.5 2
Time (h)

Figure 7 Al,TiO; particle density versus time. x: (O) 0, (A) 0.001,

() 0.01, (M) 0.01 presintered.

TABLE III Average values of u, N, and k calculated using Equations 8-10 and 12

X

0 1073 1072 1072 presintered
u(ms™Y) 534+06%x107° 56 +06%x107° 1.5% 1078 1.7x1078
N, (m~3) 3.6 +0.7 % 1012 3.5+ 0.7 x 102 19 +£0.6x10™ 12+ 0.3 x 103
k 224+ 1x10712 (s73) 264+ 1x10712(s7%) 542x107% (s7%2) 5+2%x1078 (572
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evidence of a different growth mechanism in compari-
son to x = 0 and 107 3. Such a variation cannot be
ascribed to a different morphology of the growing
particles (m = 2 for plate-like particles) as they remain
approximately spherical, nor to diffusion-controlled
growth with parabolic kinetics (m = 1.5), as develop-
ment of a barrier layer around Al, TiO; nodules was
not observed within the limits of SEM resolution.
However, the presence of a glassy phase film, as ob-
served in both pure and MgO-stabilized Al,TiOs
[23], cannot be excluded. Assuming again growth
from N, initial nuclei, Equations 9 and 10 can be still
used to calculate the average growth rate between
t =0 and the generic time ¢ and the corresponding
density of nuclei. The results are shown in Figs 6 and
7 and the average values are reported in Table ITI. The
growth rate is about three times higher than at x =0
and 1073. Both standard and presintered samples,
despite the large standard deviation of the measures,
exhibit a significant decrease of the average growth
rate with time. The corresponding density of nuclei is
approximately constant and increases in comparison
with the value found at x =0 and 107> by a factor
about 50 for standard samples and by a factor of
about 3.5 for presintered samples, further supporting
the creation of additional nuclei related to spinel addi-
tion. Equation 8 is no longer valid in the presence of
a time-dependent growth rate. As a consequence, the
time exponent, m, in the Avrami Equation 6 will take
values different from those corresponding to constant
growth rate. In the present case, assuming that the
radius of the growing particles can be described by

r = Ct" i<ng! (11)

the general expression of the volume fraction of the
new phase, under the hypothesis of complete nuclea-
tion at ¢t = 0, will be (see Appendix)

B=1—exp(—kt™)
= 1—exp(—3nN,C3t™); m = 3n,3<m<3 (12

The case m = 3 corresponds to the usual condition of
constant growth rate, whereas the case m = 3/2 is
formally equivalent to diffusion-controlled growth
with a parabolic rate law. Optimal values (in the least
squares sense) of C and n can be obtained by fitting the
experimental radius data versus time. However, con-
sidering the limited number of available data, the
results represent only a rough estimate. For standard
samplesitisn = 0.46 + 0.1 and C = 4 x 10~ 7, Consid-
ering the standard deviation, it can be assumed
n >~ 0.5, which corresponds to m = 1.5, close to the
value 1.7 obtained from the overall kinetics (Table II).
The value of k, calculated from Equation 12,
5%107%s732 is in good agreement with the value
4x107°s7** obtained from the overall kinetics
(Table 1I). For presintered samples it is n = 0.75 + 0.1
and C = 1x 1077, Assuming n = 2/3 results in m = 2,
close to the value m = 1.9 obtained from the overall
kinetics. The corresponding value of kis 5x 1078572,
to be compared with the value 1.2x 1077572 of
Table II. Although the present approach is completely
empirical, it nevertheless allows a general expression

to be defined of the kinetic constant k, valid even when
m < 3, which leads to values in reasonable agreement
with those obtained from the overall kinetics. The
reasons for the different behaviour of the growth rate
in comparison to samples x =0 and 10~ are not
clear. It is possible, however, to consider some differ-
ent effects to explain qualitatively the experimental
results. Small cations such as Co?™*, Fe?*, Mg?* and
APP", are known to diffuse rapidly along the c-axis
direction of TiO,-rutile [24, 25], compared to cation
self-diffusion. The dependence of the impurity self-
diffusion coefficient on the oxygen partial pressure
suggests a diffusion mechanism by a mixture of inter-
stitialcy and interstitial jumps [25] with the
cooperative motion of interstitial titanium ions, which
represent the dominant cationic defect in rutile. As
a consequence, substitutional dissolution of magne-
sium impurities in rutile can increase the diffusivity of
aluminium ions by creating additional interstitial tita-
nium ions besides those arising from intrinsic disorder
and Al,O; dissolution

TiO, + 2MgAl,O, — 2Mg¥; + 40% + Ti;*
+ 2A1,0, (13)

On the other hand, as the reaction occurs rapidly in
a porous matrix, surface transport can represent an
important contribution to the overall matter trans-
port; however, the importance of surface diffusion is
expected to decrease progressively as microstructure
develops.

3.2.3. Samples with, composition x = 10~
At the highest MgAl,0, content (x = 0.1), conversion
values below 0.7 are experimentally not accessible, as
the reaction is too fast and fit of the available data by
Equation 7 is meaningless, as it gives m = 0.3. Because
under these conditions the titanate particle density is
very high (10'7-10° m~3) and comparable with the
particle density in the matrix, the reagents are rapidly
separated by the growing product, and solid-state
diffusion through Al,TiOj is likely to play an impor-
tant role in the early stages of reaction, as the diffusion
distances are strongly reduced. An order of magnitude
estimate of the kinetic constant corresponding to
growth controlled by diffusion through Al,TiOs can
be obtained using a diffusion-controlled growth model
for spherical geometry, such as that of Ginstling and
Brounshtein [26]

5 2
1 —3o—(1—o

= 2ﬁkzt (14)
where k is the kinetic constant, R the radius of the
particle and ¢ the reaction time. Considering that the
observed diameter of the titanate particles is in the
range 0.5-3 pm and that the average diameter of the
original particles is ~ 1 um, a value of R in the range
0.25-1 um can be assumed. After 30 min the reaction
is 90% complete. and only the biggest original par-
ticles remain. As a consequence, assuming o = 1 in the
time range 10min to 1h, a k value of 1071631
is obtained. This value can be compared with

1721



k=10"172%98 a1 1302°C and k= 10716-2+95 at
1362 °C obtained by Freudenberg and Mocellin [4]
for the growth of Al,TiOs in the slow-growth regime.
The results suggest that transport across the product
layer contributes appreciably to the overall formation
kinetics even at the beginning of reaction.

3.3. Nucleation and growth mechanism of
Al TiOs

Reaction 3 effectively occurs at temperatures > 1150
( +25)°C and the isothermal kinetics o = f{(t) is re-
ported in Fig. 8 for T = 1200 and 1300 °C. The com-
position of the solid solution, calculated from the unit
cell edges, results in x = 0.5 + 0.03 and remains con-
stant as the reaction proceeds. Conversion of
MgAl, O, and TiO, into the titanate solid solution is
quite fast even at 1200°C (60% conversion after
30 min). The reaction is much faster at 1300 °C, being
80% completed after 15 min. This behaviour indicates
that nucleation of the new phase is easy and not
hindered by the strain-energy contribution to the
overall driving force, as observed for pure Al,TiOs.
When the reacted fraction reaches about 80%, the
reaction rate strongly decreases. One possible inter-
pretation can be related to the non-uniform particle
size of the spinel powder, as the reaction rate strongly
depends on the particles radius ( & R ™! for interface-
controlled reactions, =~ R~ 2 for diffusion-controlled
reactions). As a consequence, finer particles convert
faster than the coarser ones. In conclusion, when
MgAl,O, and TiO, react into the Al,O;-TiO,
matrix, Reaction 3 will be able to provide, within a few
minutes, a large number of Mg, sAlTi; 5O particles,
which act as nuclei for subsequently titanate forma-
tion and growth. The expected number of titanate
particles per unit volume, Ny, can be calculated from
the volume, V,, of spinel added per unit volume of
titanate solid solution and the average size, d;, of the
spinel particles, under the hypothesis of complete nu-
cleation at t = 0 and isotropic constant growth rate,
assuming the formation of a titanate nodule for each
spinel particle

Vs
N, = 15
v < d6 (15)
1.0
A
A
c 0.8+ - - m . - -
el - -
g 0.64 - "
S 0.41 -
(&)
=
0.2+ =
0 f
0.1 1 10
Time (h)

Figure 8 Isothermal kinetics of the reaction $MgAlL, O, + 3TiO, -
AlMg, sTi; sO5 at (M) 1200 and (A) 1300°C.
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The volume fraction of spinel is related to the com-
position of the solid solution by

yg — PautiosPMeanos L gg1x  forx <1 (16)
Mx

where pa,tio, 1S the density of the titanate solid solu-
tion (3.7 gem ™), vpgear,0, the MgAl,O4 molar volume
(39.76 cm®) and M, the molecular weight .of the solid
solution. This latter can be approximated, for small
values of x, to the molecular weight of Al,TiOs. The
expected average size of the titanate particles can be
simply obtained as d, = (6/nN,)*>. The values of N,
and d, calculated for d, = 0.5 pm are reported in
Table IV together with the experimental values cor-
responding to the N, data of Table HI. For x = 0.1,
the measured number of titanate particles is compara-
ble with that expected from the number of MgAl, O,
nuclei, whereas at smaller values of x it is about three
orders of magnitude lower. Such a reduction of seed
density can be related to coarsening of the MgAl,O,
particles, reaction of MgAl,0, with impurities present
in the matrix, formation of glassy phases and dissolu-
tion of MgAl,O, in Al,O; and TiO,. In particular,
the formation of a glassy phase induced by silicon
impurities has been shown to reduce the amount of
MgO present in the titanate solid solution [23]. The
same factors are also thought to be responsible for the
observed reduction of seed density after prolonged
annealing at 1100 °C.

The use of different nucleating agents has also been
considered; in particular MgTi,Os. This phase is
isostructual with Al; TiO5 and formation of solid solu-
tions occurs over the full composition range [6]. Di-
rect formation of Al,TiOs by heteroepitaxial growth
on the MgTi,O5 particles is, in principle, possible
without any intermediate chemical transformation,
different from the case of MgAl,O,. The available
thermochemical data [17] indicate spinel to be
the stablest compound among the different ternary
oxides in the MgO-Al,05-TiO, system (MgAl,O,,
MgTi, 04, MgTiO5, MgTi,05, Al TiOs). As a conse-
quence, when any magnesium titanate is added to an
AlL,O5-TiQ, mixture, it spontaneously transforms
into MgAl,O, as the standard free energy of reactions

MgTiO; + Al,O; — MgAl, O, + TiO, (18)

TABLE IV Comparison between experimental and calculated
density of nuclei and particle size (Equations 15 and 16)

X

1073 1072 107!
N, cale. (m™?) 1.2 x 1016 1.2x 107 1.2x10®
N, exp. (m %) 3.5 % 1012 1.9 % 1014 10171019
d, calc. (um) 53 25 1.1
d, exp. (nm) 81 22 0.5-3
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Figure 9 Standard Gibbs’ free energy versus temperature for differ-
ent reactions in the system Al,O,-TiO,-MgO. A = a-ALO,;
T = TiO,-rutile; M = MgO; AT = AL, TiO,; MA = MgAl,O,;
M2T = Mg,TiO,; MT = MgTiO,; MT2 = MgTi,O,.

is considerably negative, as shown in Fig. 9. In the case
of Mg,TiOs, 1t has been experimentally verified, that
Reaction 19 occurs rapidly above =~ 1100°C inside
the Al,O;-TiO, mixture. The presence of TiO, is of
fundamental importance in that the stoichiometric
MgTi,05-Al, 05 mixture reacts at very low rate; after
8 h at 1100°C no MgAl, 0, was detected.

Magnesium impurities are always present in com-
mercial Al,O; powders and because MgO solubility
in Al,Oj5 is very limited even at high temperature (no
more than some tenths p.p.m. at 1300°C [27, 28]),
spinel can either be present in the starting material or
formed during heating. As a consequence, some of the
“easy to nucleate” sites of unknown nature which are
responsible for the nucleation of “pure” aluminium
titanate [3, 5] have to be associated with MgAl,O,
crystallites. The active nuclei for titanate growth, con-
sisting of MgTi,05—Al, TiO5 solid solution, are later
formed through Reaction 3.

4. AL TiO; formation under
non-isothermal conditions

The fraction of Al,TiO5 and the apparent density of
samples with x = 0.01 heated to different” temper-
atures (1250, 1300, 1350, 1400, 1450 and 1550°C) at
1°C min~ ! and then rapidly cooled down are shown
in Fig. 10. The density can be correlated to titanate
formation and sintering because Al,TiOs has a lower
density (3.7 gcm ™ ?) in comparison with the equimolar
Al,O;/TiO, mixture (4.1 gcm~*). Below 1300°C, no
formation of titanate occurs and density increases
as sintering of the Al,O;/Ti0, matrix proceeds.
Between 1300 and 1350 °C, titanate formation occurs
by rapid growth of the Al,TiO; crystals and density
accordingly decreases. Above 1350°C, the titanate
formation rate slows down, as the reaction involves
conversion of the residual Al,O; and TiO, particles
via solid-state diffusion through Al,TiO5 and density
slightly increases due to limited sintering. In Fig. 11
the same kinds of data are reported for the case
x = 0.1. Reaction starts at lower temperature, as it
involves the formation of MgTi,0Os—Al,TiO5 solid
solution. The expansion of the specimen is limited,
indicating the formation of fine particles which begin
to sinter at 1300-1350°C. Above 1350°C, titanate
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Figure 10 (A) Fraction converted and (M) density versus temper-
ature of samples with final composition x = 0.01.
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Figure 11 (A) Fraction converted and (M) density versus temper-
ature of samples with final composition x = 0.1.

formation is almost complete and sintering becomes
the prevailing process. At difference with x = 0.01, the
densification rate is much greater due to the formation
of finer titanate particles.

5. Conclusions

The solid-state reaction between Al,O5 and TiO, fine
powders of moderate purity has been studied at
1300°C in the presence of different amounts of
MgAl,O, corresponding to different compositions of
the final product Aly; - Mg, Tij14+O0s:x =0, 1077,
107? and 10~ 1. The experimental results suggest the
following conclusions.

1. The conversion of parent oxides becomes increas-
ingly fast as the amount of added spinel increases.

2. Two different reaction stages were identified
when x < 0.01: the initial nucleation and rapid growth
of approximately spherical titanate nodules and the
final slow conversion of the residual Al,O5 and TiO,
particles trapped during the rapid growth by solid-
state diffusion through Al,TiOs. The initial stage can
be described in terms of the Avrami kinetic equation
with nucleation at ¢ ~ 0 of all titanate nodules and the
reaction is probably controlled by aluminium trans-
port through TiO,.

3. When x = 0.1 only one reaction stage was identi-
fied; solid-state diffusion through Al,TiOs becomes
important even at the beginning of the reaction.
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4. As the amount of added MgAl,O, increases,
a larger density of nuclei is available for titanate
formation. The initial nuclei are probably constituted
of Mg, sAlT1; sOs and formed by reaction between
spinel and TiO,.

5. Reaction sintering of Al,TiOj5 in the presence of
M¢gO, MgAl,0, or Mg,Ti,Os5 represents a method to
obtain sintered materials with controlled microstruc-
ture.

The present results provide, in addition, new in-
formation about solid-state reactivity in the ternary
system Al,O;-TiO,-MgO.

Appendix

For random nucleation throughout the volume of the
sample, the general expression of the volume fraction,
B, of transformed material at time, ¢, is [15]

t
1— exp[ - f U, ”Idr}
0]

where v, is the volume at time ¢ of transformed region
nucleated at time t and °I the nucleation rate per unit
volume. Using Equation 11, the transformed volume
will be expressed as

p = (Al)

FnC3(t—1t", m=3n (t>1 (A2

[ =

As a first approximation, it will be assumed that, at
t = 0, there are N, sites per unit volume which will be
exhausted at an early stage of reaction. As a conse-
quence, Equation Al reduces to

B = 1—exp[ —5nN,C3t"]

When n =1, m = 3 and Equation A3 is equivalent to
the Avrami equation. When n < 1, m < 3; for example
n = 2/3 corresponds to m = 2.

(A3)
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