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Abstract

Reaction sintering of aluminium titanate was stud-
ied starting from different commercial alumina pow-
ders and rutile. The formation of titanate, the suc-
cessive sintering process and the corresponding
microstructure evolution have been investigated
using differential dilatometry, X-ray powder diffrac-
tion and scanning electron microscopy. Reaction
sintering of pure Al,TiOs results in a coarse-grained
material with low density; the dependence of the av-
erage grain size of the resulting material from the
level of impurities of the starting alumina is qualita-
tively discussed, the purest aluminas result in the
largest grains. Addition of 2 wt% of MgO changes
the mechanism of titanate formation, resulting in a
strong reduction of the average grain size and re-
markable influence on densification of the final ma-
terial. Since final microstructure is mainly deter-
mined by the amount of MgO added, the influence
of the nature of alumina powder is less pronounced
in comparison with pure ALTiOs.

Das reaktive Sintern von Aluminiumtitanat wurde,
ausgehend von verschiedenen kommerziellen Alu-
miniumoxyd- und Rutilpulvern, untersucht. Die Bil-
dung von Titanat, der fortschreitende Sinterprozef
und das sich ergebende Mikrogefiige wurde mit
Hilfe von Differentialdilatometrie, Rontgenpulver-
beugung und Rasterelektronenmikroskopie unter-
sucht. Das reaktive Sintern von reinem ALTiOs
ergibt ein grobkdrniges Material mit geringer
Dichte. Die Abhdngigkeit der mittleren Korngrofie
des Endmaterials von den Verunreinigungen des
Aluminiumoxyds wird qualitativ diskutiert; die
reinsten Aluminiumoxyde ergeben die grofiten
Kdorner. Die Zugabe von 2 Gew.% MgO verdndert
den Mechanismus der Titanatbildung und fiihrt zu
einer starken Abnahme der mittleren Korngrifie und

einer betrdchtlichen Zunahme der Dichte des End-
materials. Da das Mikrogefiige des Endmaterials
hauptsdchlich von der Menge des zugegebenen
MgO bestimmt wird, ist der Einfluf$ des Aluminium-
oxydpulvers weniger stark als bei reinem Al TiO:.

On a étudié le frittage réactionnel du titanate d’alu-
minium a partir de rutile et de différentes poudres
d’alumine, de qualité commerciale. La formation du
titanate et l'évolution de la microstructure lors du
frittage qui lui est consécutif ont été suivies par
dilatométrie différentielle, diffraction X de poudres
et microscopie a balayage. Le frittage réactionnel
d’ALTiOs pur produit un matériau a gros grains et
de faible densité; on discute qualitativement l'infl-
uence des concentrations en impuretés de 'alumine
de départ sur la taille de grains du produit final; les
poudres les plus pures conduisent a la plus grande
taille de grains. L'ajout de 2% pond. de MgO
modifie le mécanisme de formation du titanate, ré-
duisant fortement la taille moyenne des grains et
améliorant notablement la densité du produit final.
La microstructure est alors determinée essentielle-
ment par la quantité de MgO ajoutée, et la nature
de la poudre d’alumine utilisée est moins cruciale
que pour ALTiOs pur.

1 Introduction

Reaction sintering of aluminium titanate has been
the subject of several studies, due to its very low
expansion coeflicient, low thermal conductivity
and good thermal shock resistance.'® This combi-
nation of properties makes it a candidate material,
for many high-temperature structural applications,
in particular as insulating material in internal
combustion engines.” The mechanism of Al TiO;
formation from the starting oxides Al,O; and
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TiO, has been carefully investigated by Freuden-
berg'® & Mocellin,'"'> who have underlined the
importance of the nucleation and growth process
of the new phase in the development of the final
microstructure in the temperature range 1280-
1400°C. Aluminium titanate, nevertheless, is
unstable below 1280°C'* and decomposes to a-
alumina and titania. It is known that some addi-
tives (MgO,° Fe,0,,7 Si0,,>¢ ZrO,*®) are able to
influence both the thermal stability and the
microstructure of aluminium titanate, but the origin
of such effects is not yet well understood. In Part I
of this work,'* the effect of MgO addition on the
reactive sintering of aluminium titanate from a-
AL, O, and TiO, (rutile) was investigated. The pres-
ence of MgO changes the mechanism of titanate
formation, making easy the nucleation of the new
phase through the intermediate formation of
MgALO, followed by the growth of Mg-rich
titanate solid-solution particles. The main result is
the dramatic reduction of the average grain size
and a remarkable influence on the density of the
final material. In the present study, ALTiOs, and
AL TiOs with 2 wt% MgO addition, were reaction
sintered starting from different commercial aluminas
and rutile. The aim of this work is to clarify
possible effects of the properties of the starting
alumina powders (purity, y-phase contents, particle
size...) on the formation reaction and sintering
behaviour of the titanate and on the micro-
structure of the final material.

2 Experimental Procedure

The Al,O, and TiO, powders used in this work
are all commercially available. Nature, purity,
chemical analysis and particle size are reported in
Table 1. The Vaw alumina is a moderate-purity,
low-cost powder for industrial applications. The
Keramont alumina (100PCT/TLV/TWA) is a
high-purity, high-cost monosized powder. The
Criceram alumina (Exal Al5Z) is produced using
the Exal process. The original Aluminia alumina
consisted of a coarser powder (‘sandy’ alumina)
which has been ground in a zirconia mill to reduce

Table 1. Characteristics of the starting powders

TiO, ALO,
Origin Aldrich Vaw Keramont Criceram Aluminia
Purity (%) 999 99 99-99 99-99 99
Phase Rutile a a a y
Size (}Lm) X50:1 X50:0'8 X50:0'5 X50:0‘3 <5
Na 3000 30 40 2500
Fe 600 40 25 900
Si 500 100 40
Mg 800 20

the particles size. For the sake of brevity, the diff-
erent sets of specimens will be indicated as fol-
lows: V (Vaw), K (Keramont), E (Criceram Exal)
and S (Aluminia ‘sandy’) when prepared from
Al,0, and TiO,, whereas VM, KM, EM and SM
are the corresponding ones prepared with MgO
addition. The preparation of the greens and the
sintering conditions have been described previ-
ously." The reactive and densification behaviour
of the different materials was studied up to
1600°C with a heating rate of 1°C/min, using
differential dilatometry.'* The specimens obtained
after sintering were characterized for their physi-
cal and microstructural properties. The phases
present were determined by X-ray diffraction
(Philips PW1050/PW1729/PW1710). The density
was measured by a water-immersion method,
coating the specimens with a thin sprayed Teflon
layer to avoid water absorption. The density of
the green samples was determined by geometry
and weight. Microstructure was observed by SEM
(Philips 515), after infiltration of the specimens in
epoxy resin and metallographic preparation. The
average grain size of Al,TiO; was evaluated
through the intercept method on the basis of five
SEM images, corresponding to about 250 inter-
cepted grains, and expressed as mean intercept
length.

3 Results

3.1 Densification

The density (g/cm’) and the densification rate
(g/(cm® min)) versus temperature for pure Al,TiOs
specimens are presented in Fig. l(a)-(c) (the
theoretical density of ALTiO; is 3-7 g/cm®). The
densification curves of the K specimen have
already been reported in Fig. 1(a) of Ref. 14. The
overall process of reaction sintering consists of
three different stages:

(i) Sintering of the starting oxides mixture
(first contraction);

(i) formation of AL TiOs (intermediate expan-
sion);

(1) sintering of AL TiOs (second contraction,
lacking on V specimen).

The sintering of the AlL,O,/TiO, matrix starts
at 1000-1100°C and stops at 40-70°C above
the reported formation temperature of Al TiO;s
(1280°C"), corresponding to the maximum of the
density curve. The position of this maximum cor-
responds to the temperature at which the expan-
sion related to ALTiOs; formation offsets the
matrix densification. In all cases, with less evidence
for the V series, the densification rate curve
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Fig. 1. Density (g/cm?) and densification rate (g/(cm® min)) versus temperature. Heating rate 1°C/min. (a) V: (b) E; (¢) S; (d) VM;
(e) EM; (f) SM.

exhibits two minima, confirming the previous
result obtained for K specimens!* and indicating
the presence of two different reaction mechanisms.
Specimens with MgO addition present a different
densification behaviour. These differences can be
observed on the density curves of Fig. 1(d)-(f).
The principal features of VM and EM specimens
are similar to those observed for densification of
the KM specimens which has been already reported
in Fig. 1(b) of Ref. 14. In particular:

—The titanate formation temperature is low-
ered by the formation of the solid solution; as
a consequence the densification of the matrix
is reduced;

—the stage of expansion is reduced or elimi-
nated (KM), due to the less sharp formation
rate of the titanate and to the densification of
the titanate which starts at = 1300°C;

—the densification rate in the range 1450-
1600°C is much higher than that of the
corresponding specimens without MgO; in
particular for VM specimens the behaviour is
even inverted from expansion to shrinkage.

The SM specimens, in contrast, undergo a
considerable expansion, with three minima of the
densification rate and show a poor densification of
the starting oxides in comparison with the other
series. To summarize the sintering behaviour of
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Fig. 2. Densification versus specimen type: (a) position of the

maximum of the densification rate curve (°C); (b) value of the

maximum of the density curve (g/cm®); (c) density at 1550°C
(g/cm?); (d) densification rate at 1550°C (g/(cm® min)).

the different specimens, the values of four param-
eters taken from the density curves have been
plotted in Fig. 2 (a)(d): (a) the temperature of the
first maximum of the densification rate (which
can be approximated to the formation tempera-
ture of ALTiOs); (b) the value corresponding to
the maximum of the density curve (for KM speci-
mens the density corresponding to the minimum

Table 2. Relative density of green samples and specimens
sintered at 1450 and 1550°C for 6, 12 and 24 h

Sintering Vv VM K KM E EM S SM

time (h)
T=1450°C
Green 616 627 517 524 543 549 489 481
6 78-7 842 733 822 732 740 610 512
12 786 853 724 846 737 754 578 .
24 80-5 854 735 870 718 876 640
T=1550°C
Green 616 627 517 524 543 549 489 481
6 78-6 931 739 922 694 798 664 583
12 814 913 744 917 71-0 820 669 580
24 82:1 915 758 931 712 847 653 580

of the densification rate); (c) the density, and (d)
the densification rate at 1550°C. The higher densi-
fication rates result in a final larger contraction
for KM, EM and VM series in comparison with
the specimens without MgQO. In spite of a densifi-
cation rate close to that of EM, the density of SM
specimens at 1550°C is much lower, as a conse-
quence of the lowest green density and the lowest
initial densification. Other dilatometer runs, per-
formed up to 1700°C on the SM system, have
shown a maximum shrinkage rate at = 1650°C and
a shrinkage at 1700°C of about 19%, with a
strong increase in density. The final relative per-
centage density of the specimens sintered at 1450
and 1550°C for 6, 12 and 24 h, with and without
MgO addition, is presented in Table 2. For the
sake of comparison, the green density is also re-
ported: a strong dependence on the nature of the
alumina powder can be observed. In particular, V
alumina gives the densest green samples (=2-3
g/cm’) and S alumina the least dense (= 1-8 g/cm?).
The main reason of the poor initial density of S
specimens is related to the formation of quite
porous aggregates of ALO; (=5-10 um) during
the mixing process. The addition of MgO has little
influence on the green density. The data confirm
the results from dilatometry. After sintering the
densification scale is V > K > E > S, independent
of temperature and sintering time. The K green
samples, less dense than those of E specimens, re-
sult in denser sintered materials. For V, K and E
specimens there is little effect on raising the sintering
temperature from 1450 to 1550°C, whereas for S
specimens there is = 10% densification increase. MgO
has a strong influence on densification, in particular
at 1550°C. For VM, KM and EM specimens there is
a remarkable increase of the final density: from 79
to 93% for VM, from 74 to 92% for KM and from
69 to 80% for EM after 6 h sintering. The most
beneficial effect is for the KM series. For S speci-
mens, in contrast, MgO has the opposite effect,
reducing density. In particular, at 1450°C, the final
density 1s almost the same as the green density.
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Fig. 3. Microstructure (BEI image) of (a) V and (b) VM
specimen after 6 h sintering at 1550°C.

3.2 Microstructure

Since reaction sintering in the presence of MgO
has always been carried out starting from an
equimolar Al,O;-TiO, mixture, and the formation
of the solid solutions occurs by substitution of
2 AP by I Mg* and 1 Ti*',® the specimens
with MgO addition lead to the formation of
Aly;_ Mg, Ti;.,Os, with x = 0-099 (theoretical)
and contain an excess of Al,O; (9-89 wt%), which
forms a second phase in the sintered materials.
The calculation of x from the titanate cell
constant determined by X-ray diffraction gives
results in good agreement with the expected
values, confirming that Mg enters completely into
the solid solution. The values of the average grain
size and the corresponding standard deviation for

Table 3. Average grain size (mean intercept length) for
specimens sintered at 1550°C for 6, 12 and 24 h

Sintering vV VM K KM E
time (h)

EM S SM

6 100+7 202 200+28 14+2 396+20 172 8 5
12 110£7 29+4 205+21 11#2 — _ = —
24 10910 28+2 194127 131 — - - —

Fig. 4. Microstructure (BEI image) of (a) K and (b) KM
specimen after 6 h sintering at 1550°C.

specimens sintered for 6, 12 and 24 h at 1550°C
are reported in Table 3. The E, EM, S and SM
series, due to their higher porosity, are observed
with some difficulty and only the value for 6 h
treatment is reported. Considering the uncertainty
of the measurement, grain growth is noticeable
for the VM series only. After sintering, the V
specimens present grains with inclusions of un-
reacted TiO, (white) and Al,O, (dark grey), beside
pores of spherical shape (black) (Fig. 3(a)). Often
TiO, particles are present at grain boundaries and
large voids exist between the titanate grains. MgO
addition results in much smaller grains and in
a reduction of the total porosity; the specimens
appear well sintered (Fig. 3(b)). The dark particles
consist of Al,O, and are often located at three-
grain joints and are related to the excess of
alumina in the starting mixtures, as already
mentioned. The K specimens appear completely
reacted, with the formation of large grains with
extensive internal porosity (Fig. 4(a)). The large
intergranular voids, typical of V specimens, are
absent. MgO addition results in even smaller
grains in comparison with the VM specimens
(Fig. 4(b)). The residual Al,O, particles are also of
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Fig. 5. Microstructure (BEI image) of (a) E and (b) EM
specimen after 6 h sintering at 1550°C.

reduced size. The E specimens are similar to the
K series, with formation of very large grains
presenting extensive internal porosity and small
particles of unreacted TiO, and Al,O; (Fig. 5(a)).
The EM specimens present a strong reduction of
grain size, but a considerable residual porosity still
remains (Fig. 5(b)), in agreement with the measured
lower density: the EM specimens are only partially
densified. S specimens are extremely porous
and the resulting material 1s so fragile as to be
crumbled by hand. A fractograph is presented in
Fig. 6(a): no significant sintering is observed, in
spite of the relatively reduced grain size. MgO
addition reduces grain size, but increases porosity
(Fig. 6(b)). The formation of bridges between
particles can be observed, indicating the beginning
of the sintering process. In conclusion, the micro-
structure of sintered specimens depends on the
nature of the starting alumina powder and, as
already underlined, it is strongly influenced by
MgO addition. Specimens of pure Al TiO; develop
large grains with extensive intra- and intergranular
porosity; in contrast the formation of the solid
solution results in a dramatic reduction of the
grain size and a higher final density, with the
exception of SM.

$

' 3
S———— | re—
10ym250kYV 149E3 5532-01 ST

Fig. 6. Fractographs (SEI image) of (a) S and (b) SM
specimen after 6 h sintering at 1550°C.

4 Discussion

The two minima of the densification rate curves
for pure ALTiOs specimens correspond to two
different overall reaction mechanisms as first
reported by Freudenberg!® & Mocellin'!"'? on the
basis of isothermal reaction kinetics at different
temperatures. The first minimum is located be-
tween 1335 and 1355°C and can be ascribed to the
nucleation—growth process of titanate cells at a
limited number of ‘easy to nucleate’ sites. The
second minimum occurs around = 1400°C (= 1385
for K, =1395 for V, =1400 for S and =1430°C
for E) and can be ascribed to the conversion of
residual Al,O; and TiO, particles by solid-state
diffusion through ALTiOs;. The relative impor-
tance of the two stages depends on the nature of
the starting alumina. K and S specimens are char-
acterized by a rapid initial formation of Al,TiOs
and, as a consequence, a lower amount of unre-
acted oxide remains when the second, slower, for-
mation stage starts. For this reason, the expansion
process stops at relatively low temperature
(=1410°C for K and =1440°C for S). From
isothermal experiments carried out on the S series,
the converted fractions are =60% at =1300°C,
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90% at 1350°C and = 100% at 1450°C after 30 min
and the residual alumina is present in the «
form."”” The transformation from cubic y- to
hexagonal a-Al,O; phase occurs between 1000 and
1200°C.'"® Hence, if the alumina is heated slowly,
as in the present case, the phase change will be
completed before the titanate formation tempera-
ture is reached and only a little influence on the
reaction rate (the so-called Hedvall effect) is ex-
pected. V and E specimens, in contrast, have a
much lower initial reaction rate and therefore a
higher fraction of unreacted oxides still remains
when the second stage starts. The expansion pro-
cess stops at =1540°C for E and at temperatures
>1600°C for V. For the latter, about 100 h at
1450°C are required for the complete conversion.
The presence of Al,O; and TiO, particles after 6 h
sintering at 1550°C in E and, in particular, in V
specimens confirms a slower conversion of the
unreacted particles. The rate of the two Kkinetic
stages 1s probably influenced by the micro-
structure developed in the oxide matrix during the
heating stage before titanate formation. Observa-
tions carried out on V and S specimens after 3 h
of isothermal treatment at 1250°C show coarsening
of both TiO, and Al,O,, but a different micro-
structure. The initial accelerated densification has
been explained in terms of both TiO, and Al,O,
transport through the rutile, due to the greater
diffusion coefficient of Al ions in TiO, in com-
parison with Al ions in Al,O,.!° The shrinkage
values obtained from dilatometry, close to that
of pure rutile, confirm this interpretation. The
growth of the alumina grains is another important
process which takes place in the matrix and can be
described as Ostwald ripening of Al,O; particles
in a TiO, matrix."” Since the growth rate, for
the same particle-matrix system, depends on the
average radius of the particles,'” alumina powders
with initial different particle size and size distri-
bution will result in different microstructure
evolution, as effectively observed. Moreover, other
factors like the formation of aggregates (mixing
process), the surface structure of the powder
(surface diffusion) and the level of impurities (doping
effects) can influence the coarsening and sintering
of TiO, and AlLO, particles. The high growth
rate of the titanate cells during the first reaction
stage can be explained either by mass transport
through bulk TiO, or along interfaces;'! however,
a pronounced influence of the microstructure is
expected only for transport along interfaces. The
conversion rate of the unreacted oxides particles
trapped in the titanate cells (second kinetic stage)
will be determined by their density and their size
and, as a consequence, by the microstructure
developed before reaction. For a fixed conversion

value, the average Al,O,-TiO, distance will increase
as the average particles radius increases and there-
fore the concentration gradient, responsible for
mass transport, will decrease and the overall
kinetics will slow down. This effect is particularly
evident from the microstructure of V specimens;
the continuous observed expansion is correlated to
the slow conversion of the relatively big particles
of TiO,. Since densification and grain growth
processes after titanate formation appear to be of
limited importance, the average grain size of the
final material 1s mainly determined by the density
of ‘easy to nucleate’ available sites, which, in turn,
is controlled by the level and the nature of the
impurities. V-and S specimens, prepared from less
pure aluminas, present in fact a reduced grain size
(in particular S) in comparison with K and E
specimens. The initial rapid growth of the titanate
grains can be inhibited by operating with higher
heating rates, obtaining sintered material with
smaller grains.'® The final density is mainly deter-
mined by that achieved during the densification
of the matrix; there is in fact a good correlation
between the values of Fig. 2(b) and the values
reported in Table 2. An isothermal treatment just
before the temperature of titanate formation could
be used successfully to improve the final density.
The different microstructure observed after MgO
addition is due to the different mechanism of
titanate formation. MgO at first reacts with
alumina to form MgAl,O,; afterwards, at = 1200°C,
the spinel is converted into a Mg-rich titanate
solid solution Aly,_ Mg Tiy,,Os. The new phase
particles act, therefore, as preferential sites for
further titanate nucleation and growth, producing
a fine-grained microstructure.'*. The densification
curves also indicate that titanate formation occurs
at a reduced rate in comparison with pure Al,TiO;
and the probable mechanism is then solid-state
diffusion through the product layer. The reduced
size of the titanate particles explains the higher
sintering rates in comparison with pure AL TiOs
and, except SM specimens, the improved final
density. The reason for the particular behaviour
of SM is not completely understood. The limited
densification (=2-1 g/cm?) of the matrix (probably
due to the presence of aggregates of Al,O, parti-
cles) achieved when the formation of titanate
starts (=1225°C) in comparison to the other series
(2:5-2:8 g/cm?) is likely to play an important role.
The shape of the densification rate curve indicates
a more complex behaviour of this system. The
preferential product growth at the points of
contact between reacting particles has been
demonstrated to produce a porosity increase
during reaction sintering of ZnAl,O, by increasing
the particle-particle distance.'” The lower density



426 V. Buscaglia et al.

of SM, reducing the number of contact points
between Al,O; and TiO,, could induce a process of
that type, but further substantiations are required
for a definitive conclusion.

5 Conclusions

Reactive sintering of Al TiOs and of a Al TiOs
M¢gTi,O5 solid solution has been studied starting
from different alumina powders but from the same
TiO, powder. The application of dilatometric
techniques allows the observation of different
stages during titanate formation. Formation of
pure AL, TiO; initially occurs by a nucleation and
rapid growth process and, afterwards, by the slow
conversion of unreacted oxides controlled by solid-
state diffusion. The level and nature of impurities
present in the starting alumina determines the final
microstructure controlling the number of ‘easy to
nucleate’ sites, the purest aluminas resulting in the
largest grains. The nature of alumina powder,
determining a different microstructure evolution
of the oxides matrix during heating, also affects
the formation kinetics of AL, TiOs and in particu-
lar the residual amount of unreacted oxides. The
final density after sintering is mainly determined
by the densification level of the Al,O;-TiO, matrix
before titanate formation. The presence of MgO
promotes a different final microstructure with a
strong reduction of the average grain size, which
can be more than one order of magnitude. The
reaction leads to finer titanate particles which
sinter at higher rates in comparison with pure
ALTiO;, but temperatures in the range 1500-
1600°C are required for good densification. Since
the initial number of titanate nuclei is mainly de-
termined by the amount of added MgO, the final
microstructure is less influenced by the nature of
the alumina powder. Nevertheless, the densifica-
tion of the matrix before titanate formation
remain important; a high porosity has to be
avoided, due to the detrimental effect on the final
density.
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