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Abstract

Dense and microcrack-free AbO3s / AbTiOs composites (10, 30 and 40 vol. % of
AbLTiOs) have been obtained by colloidal filtration and reaction sintering, using alumina
and titania as starting powders. The processing of the composites has been studied
focusing on the rheological behaviour of aqueous suspensions of each powder and of
mixtures. Colloidal filtration of optimised suspensions, with a solid loading as high as
50 vol %, and a thermal treatment at 1450°C, lead to completely reacted and
uncracked sintered materials with homogeneously distributed aluminium titanate
contents up to 40 vol. % and high density. Thermal diffusivity values from 25 to 800°C
are coincident on heating and cooling for the three studied composites, and decrease

with temperature and with aluminium titanate content.
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1. Introduction

Alumina (ALO3)-aluminium titanate (ALTiOs) composites can offer improved flaw
tolerance and toughness'-®. Aluminium titanate is highly anisotropic (cta2s-1000cc = 10.9 -
106 °C-!, ap2s-1000°c = 20.5 - 10° °C-1, oue2s-1000c = -2.7 - 106 °C-1)’, therefore, even
though the average crystallographic thermal expansion of alummnium titanate is slightly
higher than that of alumina (cLa25-1000°c = 8.7-10°¢ °C-!, aaT25-1000°C = 9.7-10°6 °C-1)7-8,
high compressive residual stresses on the aluminum titanate grains are expected to
develop during cooling from the sintering temperature, at least for some grain-matrix
crystallographic orientations. Consequently, AbTiOs grains may act as bridges during
fracture. Moreover microcracking may also occur during fracture due to the residual
stresses.

The characteristics of the toughness curve and, therefore, the flaw tolerance of
alummna-aluminium titanate composites may be strongly modified by appropriately
altering the microstructure. There is a range of volume fraction-particle size in which
stable microcrack growth occurs during loading, leading to nonlinear stress-strain
behaviour and to an enlargement of the range of crack sizes for which the material is
flaw tolerant. Limits are imposed by the possible coalescence of multiple microcracks
and, consequently, loss of strength® °.

Moreover, due to the extreme local stresses that develop in alumna-alummmum
titanate composites, spontaneous microcracking usually occurs during cooling from the
sintering temperature and coalescence of these microcracks may even nucleate the
failure of the unloaded material. In this sense, the microstructure of the materials has to

be controlled to reach sufficient stress level to obtain the desired non-linear stress-strain



behaviour without generalised failure. In this sense, increasing contents of aluminium
titanate particles of controlled size would mmprove the mechanical response of the
composites.

Dense alumma—aluminium titanate composites with controlled microstructure have
been fabricated from alumina and previously reacted aluminium titanate powders!-2 -6
10, Another way to fabricate such composites which, in principle, appears as more
attractive in terms of energy saving, is by the reaction sintering of alumina and titania
(TiO2) mixtures>* 1!, Most resultant microstructures obtained by reaction sintering
display low as-fired densities, abnormal grain growth and even unreacted titania
particles, due to the special characteristics of the alumina-titania reaction process'?-!4. A
previous work!! reported that a careful control of processing green compacts made of
alumina powders covered by a titania precursor allowed the attainment of high density
(~98 % of theoretical) in alumina with up to 20 vol% of alummmum titanate materials.
However, composites with larger second phase contents (~20 — 40 vol. %) gave lower
densities (~95 % of theoretical).

In this work, the possiility of obtaining completely reacted and dense alumina-
aluminium titanate composites with controlled microstructure by reaction sintering of
alumina and titania powders prepared by colloidal processing is investigated.

In order to achieve homogeneous microstructures with uniform distribution of the
second phase and completely reacted aluminium titanate, a strict control of the colloidal
properties of the mixture and the thermal treatment has to be accomplished. The
colloidal behaviour of titania in water has been extensively studied!>, as well as the
stability of moderately concentrated suspensions'®. However, concentrated TiO>

suspensions in water exhibit a marked adhesive character and stick to tools and



containers, thus impeding homogeneous mixing. As a consequence, concentrated TiO2
suspensions display a strong dilatancy, which might be responsible for heterogeneity of
the AbO3 + TiO2 compacts obtained previously with colloidal dispersion methods!®. In
this work, the dispersing conditions were optimised through rheological characterisation
to obtain suspensions with high solids content (ie. 50 vol. %) and low viscosity.

The sintering schedule was adjusted in order to achieve complete reaction and
densification of the compacts avoiding extensive grain growth.

Many properties of microcracked materials present strong hysteresis while heating
and cooling due to crack closure and healing at high temperatures and re-microcracking
during cooling. In particular, a significant hysteresis effect on thermal diffusivity was
reported for MgTi0Os and FexTiOs polycrystalline ceramics'7-!3. Hence, microstructural
observations and the evolution of thermal diffusivity with temperature have been used
to analyse the mfluence of the volume fraction of alummnmum titanate on microcrack

formation.

2. Experimental

Alumina based composites with 10, 30 and 40 vol. % of ALTiOs, (A10AT, A30AT,
and A40AT) were obtained by reaction sintering of green compacts prepared from
mixtures of ALO3 and TiO2 with relative TiO2 contents of 5, 15, and 20 wt. %. High
purity commercial powders of a-AbO3; (Condea, HPAOS5 without MgO, USA, dso =

0.35 um, specific surface area: 9.5 m?/g) and TiO2 (Anatase, Merck, 808, Germany, dso

= 0.35 um, specific surface area: 9 m?/g) were used.



Colloidal stabilty was determined through =zeta potential measurements by
microelectrophoresis (Zeta-Meter, 3.0+, USA) for TiO2 and ALOs3 suspensions prepared
to a sold loading of 0.01 wt. %; pH was adjusted by addition of either HCIl or
tetramethylammonium hydroxide (TMAH), and 102 M KCI was used as inert
electrolyte to control the ionic strength. A carbonic acid based polyelectrolyte (Dolapix
CE64, Zschimmer-Schwarz, Germany) was used as the dispersing aid. The influence of
the polyelectrolyte concentration on the zeta potential was also mnvestigated.

Aqueous suspensions of each powder and ther mixtures were prepared to a solid
loading of 50 vol. % (80 wt. %) by ball milling, using alumina jar and balls. Dispersing
conditions were optimised through rheological characterisation of TiO2 suspensions as a
function of dispersant concentration (0.1 — 1.0 wt. % on a dry solids basis) after 2 h ball
milling; later, the effect of milling time was studied to determine the optimum
dispersant proportion. Measurements of viscosity were performed with a rotational
rheometer (Haake RS50, Germany). Flow curves of the suspensions were determined
for a range of shear rates between 0 and 1000 s'! at a constant temperature of 25 °C.
Measurements were also performed by operating under controlled stress conditions n
order to determine the yield point from the log/log plot of shear stress versus
deformation'®.

The green compacts blocks, 70 x 70 x 12.5 mm’, were obtained by colloidal filtration
on plaster of Paris moulds and dried in air. To obtain the materials the dried blocks were
sintered i air in an electrical box furnace (Termiber, Spain) at heating and cooling rates
of 2°Cmin! and 2h dwell at the maximum temperature, 1450°C.

The densities of the green and sintered compacts were determined by the Archimedes

method, using mercury and water, respectively. Theoretical densities were calculated



taking values of 3.99 g cmr® for alumina?’, 3.89 g cm? for TiO2 (anatase)?!, 4.25 g cm?
for TiO2 (rutile)*> and 3.70 g cnr® for aluminum titanate?3. The phases present were
determined by X — ray diffraction after grinding (Siemens AG, D5000, Germany) and
results were processed using the ASTM — Files?9-23,

Microstructural characterisation was performed by scanning electron microscopy
(SEM, Zeiss DSM 950, Germany) on polished and thermally etched (1440°C - Imin)
surfaces.

From the sintered blocks, thin discs (diameter = 12.7 mm, thickness = 1 mm) were
machined and covered with graphite for thermal diffusivity measurements, which were
carried out from room temperature up to 800 °C, on heating and cooling, using the laser

flash method (Holometrix ThermalFlash, USA).

3. Results

In Figure 1 the zeta potential curves as a function of pH are shown for aqueous
suspensions of ALO3 and TiO2, the isoelectric point occurring at pH values of about 9
and 4, respectively. Kosmulski'® has made an extensive review of the points of zero
charge of TiO2, which range from 2 to 8.9, and the average value is 5.6. Lower values of
the ZPC are attributed to the presence of residual phosphate or other anionic impurities
in commercial Titania. High absolute values of the zeta potential (> 20 mV) are only

reached at very low or very high pH conditions (pH <3 or pH > 12)



Figure 2 shows the variation of zeta potential as a function of the concentration of
dispersant. The best values are found for additive contents of 0.5 and 0.8wt % for ALO3
and TiO> suspensions, respectively.

The rheological behaviour of concentrated TiO2 suspensions was initially studied as
a function of the deflocculant content. The measured flow curves are shown in figure 3,
where the lowest viscosity is found for a polyelectrolyte concentration of 0.5wt.%.

The effect of miling time on TiO2 suspensions dispersed with 0.5wt.% of
polyelectrolyte is observed in the flow curves plotted in figure 4. For given shear rates,
the shear stress diminishes with milling time, but incipient thixotropic behaviour is
observed for 6h and this effect increased for longer milling times. For suspensions ball
milled for 1h and 24h, the torque of the rheometer was exceeded as a consequence of
the strong stickiness of the suspensions, indicating an obvious lack of homogeneity.

Figure 5 plots the flow curves of AbO3; and TiO:2 slurries as well as their mixtures.
Suspensions with 5 and 15wt.% of TiO2 are coincident (22Pa at 500s™). A strong
difference between AbO3s and TiO2 aqueous suspensions is observed and the rheological
behaviour of the mixture is governed by the major phase. Therefore, deleterious
thixotropic effects of TiO2 suspensions are avoided.

The relative densities of green and sintered samples are summarised in Table 1. The
green density of samples obtained by slip casting from the optimised suspensions tends
to slightly decrease for increasing TiO2 content, although high values, above 62.5% of
theoretical, are found i all cases. Sintered density diminishes with alummnium titanate

content from = 97.5 to = 96.5% of theoretical for the A40AT samples.



The X-ray diffraction profiles in figure 6 show the position of characteristic peaks for
alumina and aluminium titanate, selected to study the presence of these phases in the three
composites. In all cases, the rutile phase was not detected.

Microstructures of the sintered materials are shown i figure 7. Only alumina and
aluminium titanate were observed by this method (SEM). In all samples, alummium
titanate is homogeneously distributed and located mainly at alumma triple points and
grain boundaries. No intragranular porosity is observed i the alumina grains even in
the samples with 10vol.% of aluminium titanate (Fig. 7.a, b) in which the grain size of
alumina (=5pum) is much larger than in the samples containing increased amounts of
aluminium titanate (Fig. 7. c-f). No microcracks are observed in any of the samples.

In figure 8 the thermal diffusivity, determined on heating and cooling cycles of the
alumina and the three composite materials, is plotted as a function of temperature. For
the four studied materials, values on heating and cooling are coincident and decrease

with temperature and with aluminium titanate content.

4. Discussion

From zeta potential vs pH curves (Fig 1), heterogeneous mixtures would be obtained
at pH values ranging from 3 to 10, since the particle surfaces of the two powders are
oppositely charged, thus leading to heterocoagulation. Hence, purely electrostatic
stabilization is only possible at very aggressive pH conditions. Consequently, the use of
a polyelectrolyte capable of providing an electrostatic stabilizing mechanism was

chosen in order to achieve a good dispersion of the mixtures.



From Fig. 2, well-dispersed mixtures of ALOs and TiO> wil be obtained for
polyelectrolyte contents larger than 0.5wt.%. Since AbO3 is the major component of all
the compositions studied, a content of 0.5wt.% of dispersant, coincident with the
maximum zeta potential of AbO3, was selected.

The flow curves of TiO> slips, balF-milled for 2h, show a lower viscosity for a
dispersant content of 0.5wt.%, in good agreement with the zeta potential measurements.
A higher dispersant content makes for an increased viscosity and leads to Bingham
plastic behaviour.

From Fig. 4 the critical influence of miling time on viscosity is obvious. The
concentrated TiO2 slips have a marked sticky character that restricts the effective
milling time to a narrow range of times from 2 to 6h. However, for 6h miling some
thixotropy develops thus impeding stability over time. In addition, the preparation of the
TiO2/water mixture previous to ball miling was also critical The powder added to
water was first mechanically stirred at different rates. Below 800 rpm the powder stuck
to the propeller leading to agglomeration. Above 1000 rpm the suspension became
strongly dilatant and no effective mixing was reached. Homogeneous shurries could only
be prepared by repeated additions of small amounts of TiO> powder mto the water
containing the dispersant stirred at 900 rpm.

The large differences between AbOs and TiO2 aqueous suspensions, with the same
solids loading, are evident in Fig. 5. The viscosity of the mixtures is controlled by the
major phase (ALO3) although the addition of TiO2 increases the viscosity and incipient
thixotropic behaviour arises for the highest TiO2 content. However, the viscosity
remains low enough to allow the slip to be cast easily. Viscosity values of 43, 44 and 51

mPa-s were obtained at a shear rate of 500 s! for mixtures with 5, 15 and 20 wt. % of



TiO2 respectively. Measurements performed under CS (control stress) conditions
confirmed the evolution toward plasticity of the mixtures with higher titania contents,
with a yield point of more than 1Pa for the TiO2 suspension (Table 2). These values are
very low considering the high solid loadings (50vol%) of the suspensions. The
optimised dispersing conditions (4h ball milling and 0.5wt.% of dispersant) led to high
green density bodies, a consequence of the good stability and homogeneity of the
mixtures (Table 1)

The optimised green processing conditions and the thermal treatment at a rather low
temperature (1450°C) led to completely reacted and homogeneous sintered materials
(Figs. 6 and 7) with no generalised cracking or microcracks at the SEM scale.

The thermal diffusivity of uncracked aluminum titanate materials is not known due
to the difficulties associated with the preparation of dense and uncracked aluminium
titanate bodies. Nevertheless, values should be in the range of those of other
pseudobrookites, such as MgT0s or Fex2TiOs, (0.009-0.010 cné/s)!7-'® which are about
one order of magnitude lower than that of alumina (0.100 cm?/s, Fig. 8). As a
consequence, the thermal diffusivity values decrease with aluminium titanate content
(Fig. 8).

The temperature dependence of the thermal diffusivity of all materials on heating is
typical of uncracked dielectric materials, in which diffusivity decreases with
temperature, the opposite to materials in which crack healing at high temperatures
(>500°C) leads to an increase of diffusivity!’-'8. This behaviour agrees with the absence
of cracking observed by SEM (Fig 7) in the composites. Moreover, no differences are

found between heating and cooling values for any of the four materials. This fact



demonstrates that no, or very little, cracking phenomena occurs in these materials

thorough the whole thermal cycle!”.

5. Conclusions

In this work, the processing parameters to obtain reaction sintered AbO3 — AbLTiOs
composites from aqueous alumina and titania mixtures have been established.

Well-dispersed mixtures of AbO3 and TiO2> can be obtained by adding a
polyelectrolyte, n amounts greater than 0.5wt.%. Mixtures with a solids loading of
50vol% and without dilatancy can be prepared by strictly controlling the mixing energy
and the milling time to get the viscosity of the mixtures controlled by the major phase
(ALO3).

Colloidal filtration of optimised suspensions and a thermal treatment at 1450°C, lead
to completely reacted, dense (96.5-98% of theoretical density) and uncracked sintered
materials with homogeneously distributed aluminium titanate contents up to 40vol.%.

Thermal diffusivity values at temperatures from 25 to 800°C are coincident on
heating and cooling, decrease with alummnium titanate content and the temperature

dependence is typical of uncracked dielectric materials.
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Table 1
Relative density of green samples and specimens sintered at 1450 °C

A Al0AT A30AT A40AT T

Green 64.1+£05 639+£03 634+x05 625+£02 592+0.1

1450°C-2h 982 +0.1 974+03 97705 96.5+0.4 -

Table 2
Viscosity at 500 s and yield stress of ALO3 — TiO2 slips with 0.5 wt. % of deflocculant

after 4 h milling (A: alumina; T: titania)

Viscosity (mPa-s) Yield Stress (Pa)
A 34 -
A+5wt.%T 43 0.16
A+15wt. %T 44 0.25
A+20wt. % T 51 0.26

T 142 1.18




Figure Captions

Fig. 1. Zeta potential of alumina (A) and titania (T) as a function of pH

Fig. 2. Zeta potential of alumina (A) and titania (T) with different deflocculant contents
Fig. 3. Flow curve of TiO2 suspensions with different deflocculant contents after 2 h
ball milling

Fig. 4. Flow curve of TiO2 suspensions after different milling times with 0.5 wt. % of
deflocculant content

Fig. 5. Flow curve of ALO3 — TiO2 aqueous suspensions after 4 h milling with 0.5 wt.
% of deflocculant (A: Alumina; Tititania)

Fig. 6. XRD patterns of composites sintered at 1450 °C — 2 h with different aluminium
titanate contents (A: a-AbO3; AT: B-ALTiOs; T: TiO2-rutile)

Fig. 7. Scanning electron micrographs of polished and thermally etched (1440 °C — 1
min) surfaces of the studied materials A10AT (a, b), A30AT (c, d) and A40AT (e, f)
AbOs grains appear with dark gray colour, AbTiOs of an intermediate gray shade,
whereas TiO2 would appear white and is not observed.

Fig. 8. Diffusivity values during heating and cooling for different aluminium titanate

contents (open symbols mean cooling)
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