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Abstract

ALO3-AbLTiOs layered composites were manufactured by a colloidal route from aqueous
AbO3 and TiO2 suspensions with 50vol.% solids. The mechanical behaviours of individual
monolithic composite materials were combined and taken as basis for the design of the
layered structures. Residual stresses which are likely to occur due to processing and
thermally introduced misfits were calculated and considered for the manufacture of the
laminates.

Monoliths with 10, 30 and 40 vol% of second phase showed that increasing proportions of
aluminium titanate decrease strength and increase the non-linear behaviour.

In order to obtain the desired combination of mechanical behaviours of the layers, two
lammate designs with external and central layers of one composition and the alternating
mternal layer of the other composition were chosen taking into account chemical
compatibility and development of residual stresses. In the system AA10, external and
central layers of monophase AbOs with high strength were combined with mtermediate
layers of ALO3 with 10vol.% of ALTiOs. The system A10A40 was selected to combine
low strength and energy absorbing intermediate layers of AbO3 with 40vol% of ALTiOs
and sufficient strength provided by external layers of AbO3 with 10vol.% of ALTiOs.

The stress-strain behaviour of the laminates was linear up to their failure stresses, with

apparent strain for zero load after fracture larger than that corresponding the monoliths of



the same composition as that of the external layers. Moreover, the stress drop of the
laminate samples occurred in step-like form thus suggesting the occurrence of additional

energy consuming processes during fracture.
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1. Introduction

Improved flaw tolerance and toughness with alumina (AkO3) - alummium titanate
(ALTiOs) composites have been reported previously.!*® The toughening mechanisms acting
n these composites are crack bridging and microcracking and, therefore, toughening is
often associated with rather low strength. Both mechanisms are originated by the residual
stresses that develop during cooling from the sintering temperature due to thermal
expansion mismatch between alumina and aluminium titanate.

In composite materials n which ceramic layers of different composition and, or
microstructure are combined, the properties can be tailored to be superior to those of the
constituent layers.” In particular, it is possible to achieve high flaw tolerance, without
sacrificing strength, by using a laminate design in which an R-curve material is located
between high strength layers, as demonstrated by Russo et al® in the alumina-aluminium
titanate system. These authors fabricated trilaminates with surface layers consisting of a
homogeneous mixture of alumma-20vol% aluminum titanate and a flaw tolerant mner
layer of the same composition with heterogeneous microstructure. As opposite to laminate
design in which the high strength is due to residual compressive stresses acting in the outer

layers,” 1% such a design would assure also high strength for increasing temperature. The



limit of this approach is the difficulty to obtain co-sintered layers of the same composition
with large microstructural differences and, therefore, with significant differences in the
mechanical behaviour.

In a previous work!!, the processing conditions to achieve crack free and completely
reacted alumina-aluminium titanate monolithic composites were established.  Uniform
distribution of the second phase was obtained by a strict control of the colloid chemistry of
the mixture and gramn growth was controlled by using a thermal treatment at relatively low
temperature. Increased sintering temperature and aluminium titanate content led to
microstructures with larger grains that presented non-linear stress-strain response,!? in
agreement with a simplified model®'?® proposed for biphasic materials. Therefore, a
combmation of layers with different aluminium titanate contents might lead to
simultaneous high strength and flaw tolerance, once the residual stresses due to the thermal
expansion mismatch of layers with different composition are controlled.

In order to obtain the desired strength-flaw tolerance behaviour, the properties of the
layer materials as well as the green processing and sintering conditions of the laminates
need to be carefully adjusted. First, the composition and microstructure of the different
layer materials should be optimised to achieve the suitable mechanical behaviour. Second,
compatible processing conditions, in particular, sintering schedule, should be established to
maintain the properties of the layers in the layered structure and impede the failure of the
laminate during fabrication due to mcompatible shrinkage of the layers. Last, residual
stresses in the layers, origmated by thermal expansion mismatch, have to be controlled to
avoid fracture.

In this work, the processing parameters to obtain flaw tolerant and high strength
lammates i the alummna-aluminium titanate system are investigated. Slp casting of

aqueous alumina and titania mixtures with high solids contents allows to obtain composite



materials with homogeneous microstructures and is a simple way to fabricate laminates
constituted by relatively thick (=200-1000 pm) layers. Accurate control of the layer
thickness can be reached by the control of the wall thickness formation rate and the
sintering shrinkage of each slip formulation.

First, the mfluence of the volume fraction of aluminium titanate on the stress-strain
response of the composites was studied, and from these results, characteristic layered
structures with external layers of sufficient strength were designed. Second, the green
processing and sintering conditions to fabricate laminates with controlled thickness of the
different layers were selected on the basis of those for the monoliths, and recalculated with
experimental results of sintered samples. Last, fracture of the laminates was characterized

to check whether the desired mechanical behaviour was attained.

2. Experimental

The starting materials were commercial a-AbO3 (Condea, HPAOS, USA) and anatase-
TiO2 (Merck, 808, Germany) powders. AbO3/TiO2 mixtures with relative TiO2 contents of
0, 5, 15 and 20wt.% were prepared to obtain ALO3/ALTiOs composites with ALTiOs
concentrations of 0, 10, 30 and 40vol.% after reaction sintering.

The single oxides and the mixtures were dispersed i deionised water by adding
0.5wt.% (on a dry solids basis) of a carbonic acid based polyelectrolyte (Dolapix CE64,
Zschimmer-Schwarz, Germany). Suspensions were prepared to a solids loading of 50
vol.% and ball milled with ALO3 jar and balls during 4h. These conditions were selected

from a previous work!!.



Rheological characterisation was carried out using a rotational rheometer (Haake, RS50,
Germany) with a double cone/plate sensor system.

Solid discs with 20mm in diameter were slip cast in plaster of Paris moulds in order to
determine the casting rate of each suspension by measurement of the dry wall thickness
(Mitutoyo, JDU25, Japan) after different casting times (1-16min). For mechanical
characterisation, plates with 70x70x10 mm® dimensions were also obtained by slip casting
for every composition. The cast bodies were carefully removed from the moulds and dried
in air at room temperature for at least 24h.

The reaction sintering behaviour of the specimens was studied with a differential
dilatometer (Adamel Lhomargy, DI24, France) to 1550°C. To obtain the monolithic
materials, the dried blocks were sintered in air in an electrical box furnace (Termiber,
Spain) at heating and cooling rates of 2°Cmin’!, with 4h dwell at 1200°C and 3h dwell at
the maximum temperature, 1550°C.

The densities of the green and sintered compacts were determined by the Archimedes
method using mercury and water, respectively. The crystalline phases present were
determined by X — ray diffraction (Siemens AG, D5000, Germany) after grinding, and
results were processed using the ASTM — Files for corundum (42-1468), anatase (21-
1272), rutile (21-1276) and B-aluminium titanate (26-0040).

The sintered blocks were machined into bars of 25x2x2.5mm’ (referred to as small bars)
for bend strength tests (three point bending, 20 mm span, 0.5 mm min''; Microtest, Spain)
and dynamic Young’s modulus (Grindosonic, Belgum). Nominal stress - apparent strain
curves were calculated from the load values and the displacement of the central part of the
samples recorded during the bend tests, and apparent Young’s modulus was determined
from the linear part of the curves. Reported bend strength and Young’s modulus values are

the average of five measurements and errors are the standard deviations.



To determine the thermal expansion curves of the monoliths, pieces of 10x5x5mm’
were tested in a differential dilatometer (402 EP, Netzsch, Germany) using heating and

. From the recorded curves the average thermal expansion

cooling rates of 5°Cmin
coeflicients between 25 and 850°C were calculated. Reported values are the average of
three measurements and errors are the standard deviations.

Two layered composites of five layers were fabricated by alternately casting each
suspension. Casting times were fixed to reach the desired layer thickness considering the
casting kinetics and sintering shrinkage of each suspension. One laminate, A10A40, had
the central and outer layers (=1200um) made of A10(A+T) and the two iner layers (=
300um) of A40(A+T). In the other system, AA10, the central and outer layers were made
of alummna and the two mner layers of AI0O(A+T). Due to the geometry and dimensions of
laminated architectures, bars of 25x5.5x3.5mm’® for bend strength tests were obtained and
tested under the same conditions as those described above. Bars of monolithic materials
with the same dimensions than those of laminates were prepared for comparison. These are
referred to as large bars.

Scanning electron microscopy (SEM, Carl Zeiss, DSM-950, Germany) was performed
on the fracture surfaces and the width of the layers in the laminates was measured directly

in the microscope. Additional SEM observations were performed on polished and

chemically etched (HF 10vol% - Imin) surfaces of the A10A40 laminates.

3. Results

3.1 Monoliths



The rheological properties of the studied suspensions were reported elsewhere.!! All the
suspensions used in this study had viscosities of ~40-50mPa's at a shear rate of 500s-!
(Table 1). The optimised colloidal processing led to high green density composites
(>62.5% of theoretical density, Table 1).

In Figure 1, dynamic sintering curves for alummna and the three studied composites are
plotted. For the composites, the shrinkage levels are comcident at 1240°C (Fig. 1.a) and the
sintering rates are coincident at 1150°C (Fig. 1.b). These three curves exhibit a change of
slope at temperatures of approximately 1380°C.

In Figure 2, characteristic fracture surfaces of the composite monoliths sintered at
1550°C are observed. Aluminium titanate is homogeneously distributed and mainly located
at alumina triple points and grain boundaries, and no titania is detected, according to XRD.
In the samples with 10 vol% of alummnmum titanate (Fig. 2.a) the grain size of alumina
(=5um) is much larger than in the samples containing 30 and 40vol% of aluminuum
titanate (Fig. 2.b and 2.c),

Characteristic nominal stress—apparent strain relations for the small (25x2x2.5mm’)
monolithic samples are shown in Figure 3.a and the thermal expansion coeflicient and
mechanical properties are summarised in table 2. The curves corresponding to the monolith
with the lowest aluminum titanate content, A10(A+T), were practically linear up to
fracture and this material presented the highest strength, Young’s modulus and thermal
expansion values and the lowest strains to fracture. Increasing proportions of aluminium
titanate decrease strength, Young's modulus and thermal expansion and increase the non-
linear behaviour, with high strains to fracture.

Figure 4 shows characteristic fracture surfaces of the three monoliths. Those of
AI10(A+T) samples were flat whereas those of the A30(A+T) and A40(A+T) samples were

highly tortuous.



3.2 Laminates

Two laminates with five layers were fabricated. The system A10A40 combine
mtermediate layers of A40(A+T) composition with central and external layers of
A10(A+T) composition. In the system AA10, external and central layers of monophase
alummna were combined with intermediate layers of A10(A+T) composition. As discussed
below, thin intermediate layers (*300um) and thick external and central layers (=1200pm)
were selected.

Figure 5 shows the casting kinetics for the alumina and the three composite slips. In all
cases, the wel-known proportionality between wall thickness (I) and the square root of
time (t) is found.'# Casting time shortens with titania content for the same wall thickness.

Figure 6 shows characteristic fracture surfaces of the layered materials where the
different layers are easily differentiated because the crack path changes at the mterlayers.
Nevertheless, the size of the layers indicated ain table 3, which was measured directly in
the SEM on fracture surfaces, has to be taken as approximate.

In Figure 7, the nominal stress-apparent strain relationships of the laminates are
compared to those for large monolithic samples (25x5.5x3.5mm’) with the same
compositions as those of the corresponding external layers. In all cases, the behaviour was
practically linear up to fracture. The slope of the linear portion was lower for the layered
materials. The stress drop from the failure pomnt occurred steeply for the monoliths, in
which apparent deformation at the maximum load was coincident with that for zero load
after fracture. In the laminates, a step-like way was followed and apparent strain for zero

load was larger than that corresponding to failure load.



Strength values for the laminates were 272+32MPa and 147+20MPa, for AA10 and

A10A40, respectively.

4. Discussion

4.1 Monoliths

The objective of this work was the development of lamnates on the basis of the
properties of the monolithic composite materials that would constitute the different layers.
Therefore, the selection of the sintering schedule for the monoliths was performed to
ensure the possibility of laminate fabrication. Moreover, complete reaction between AbO3
and TiO2 to form AbLTiOs and sufficient grain growth as to originate microcracking and,
consequently, non-linear stress-strain behaviour in the compositions with high ALTiOs
contents were also to be achieved. To satisfy these two latter requirements rather high final
sintering temperature and times (>1450°C!!-12) whereas, in order to allow co-sintering of
the different compositions in the laminates, similar shrinkage levels as well as shrinkage
rates through the temperature range are preferred.

In Figure 1, the change of slope in the dynamic sintering curves for the composites at
approximately 1380°C is in agreement with the reported temperature for the expansive
reaction between AbO3 and TiO:2 to form aluminium titanate.'> From these curves, a two-
step sintering treatment, with a rather low heating rate 2°Cmin’!, was designed. An initial
dwell of 4h at 1200°C was chosen for homogeneous shrinkage before reaction, this
temperature being a compromise between those for coincident levels of shrinkage, 1240°C,

and of shrinkage rate, 1150°C. In this temperature range, the alumina compacts have



similar levels of shrinkage and shrinkage rate as those of the composites with lower titania
contents. A 3 h dwell at 1550 °C was selected for final reaction and grain growth, as this
was the temperature at which shrinkage was arrested in the three composites.

Using this sintering schedule, dense (Table 1) and reacted, at least at the XRD level,
materials were obtained. The second phase, ALTiOs, was homogeneously distributed as
small particles located mostly at triple points of the alumina matrix (Figure 2).

As shown in figure 2, extreme differences are found between grain sizes of alumina in
the A10(A+T) composite and in those containing larger quantities of aluminium titanate,
which are much smaller. This is due to the inhibiting effect of the second phase in matrix
grain growth, and indicate that most alumina grain growth occurs after the formation of
aluminium titanate.

Compositional differences origmate highly different thermal expansion values and
deformation and fracture behaviours of the composites due to the occurrence of
microcracking at different levels, as discussed below.

Thermal expansion and dynamic Young's modulus are the highest for alumina and the
composite containing the lowest amount of alummnium titanate (table 2). For alumina, these
values are i the range of those of dense and fine grained uncracked materials, and they are
slightly lower in the 10(A+T) composite which, in principle, might be attributed to the
presence of AbTiOs. In this way, the material A10(A+T) presented linear behaviour up to
fracture, similar to monophase alumina, steeply stress drop and the lowest strains at
fracture in agreement with the smooth fracture surfaces of these samples (Fig. 4.a) and the
low strains at fracture as compared with the composites with higher ALTiOs contents (Fig.
3.a). This fracture behaviour is characteristic of non-microcracked materials. There are
differences between alumina and 10(A+T) when static Young's modulus is considered, as

it is much lower for the composite and significantly different from dynamic Young's



modulus (Table 2). This latter parameter is more sensible to microcracks because of the
larger deformations imposed during the tests as compared to those imposed in dynamic
measurements. Accordingly, the fact that the static Young's modulus for A10(A+T) is
significantly lower than the dynamic modulus would indicate that deformation imposed
during loading originates incipient microcracking in the material, undetectable by a
changing of the curvature of the nommal stress-apparent strain curve (Fig. 3.a).

In the materials A30(A+T) and A40(A+T) the lower strength values (Table 2), large
strains at fracture and non-linear behaviour are due to the presence of microcracks, which
originate highly tortuous fracture (Fig. 4.b and 4.c) revealing additional energy absorption
during the fracture process. These microcracks lead to low values of the dynamic and static
Young's modulus and thermal expansion (Table 2).

In order to select the most adequate material to constitute the internal flaw tolerant
layers in the laminates, the brittleness parameter proposed by Gogotsil® can be used to
quantify the apparent ductility of the two composites containing the largest aluminium
titanate amounts. This parameter is defined by the ratio of the specific elastic energy which
has been accumulated in the sample at fracture, calculated from the apparent Young's
modulus and the elastic deformation at fracture, to the whole specific energy expended
during the test, determined as the whole area under the stress-strain curve (Fig. 3.b). As
shown i Table 2, the brittleness parameter is the lowest, indicating larger apparent
ductility, for the composite containing 40vol% of aluminum titanate. This apparent
ductility leads to increased energy absorption during fracture in the expense of strength, as
demonstrated by the fact that only one fourth of the strength of the A10(A+T) monolith is

achieved by these samples.



4.2 Laminates

From the above mentioned results, two laminates with five layers were designed. The
system A10A40 was selected to combine low strength and energy absorbing intermediate
layers of A40(A+T) composition with sufficient strength provided by external layers of
A10(A+T) composition, which was preferred over monophase alumina because of
chemical compatibility between the layers. In the system AAI10, external and central layers
of monophase alumina with high strength were combined with mntermediate layers of
A10(A+T) composition, n which microcracks might be developed at most during loading,
as discussed above. For symmetry, both lammates were designed with internal central
layers of the same composition as that of the corresponding external layer.

Considering Young's modulus and thermal expansion coefficients values, given in
Table 2, tensile residual stresses are expected in the external and central A10(A+T) and
alummna layers in the lammates A10A40 and AAI1O, respectively. Since residual stresses
reduce the strength, thin (~300um) intermediate layers and relatively thick (~1200pm)
external and central layers were selected to mimimise them. With such structure, negligible
residual stresses would be developed in the system AA10 in which high strength values are

expected.

For the preparation of laminates, suspensions with low viscosity and high solids content
resut in a better control of wall thickness formation. Casting rates of 0.53 and
1.31mn?/min (corresponding to the slopes of the kinetics curves in Fig. 5) are found for
alumina and A40(A+T) respectively, which allow a good control of the casting process.
The layered green bodies were fabricated by sequential slip casting. The thickness of each
layer in the laminates was controlled by recalculating the casting time taking into account

the sintering shrinkage experienced by the monoliths with the same compositions as those



of the layers. Table 3 summarizes casting times and the comparison between the obtained
thickness of the layers, measured directly in the SEM, and the calculated ones. There are
significant differences (=25-35%) between the calculated and the obtained widths for the
layers made from the A40(A+T) slips, whereas those corresponding to the A10(A+T) slips
are inside the uncertanty range associated with the measurement method and the
variability between samples. This fact is explained in terms of slip quality, as the one made
of A40(A+T) mixture presented the poorest rheological behaviour, thus making the control
of casting rate difficult. For the alumma layers, very high casting times (=1000s for the
central layer, Table 3) are necessary and therefore a possible change in the slp properties

could modify the casting kinetics and the obtained thickness.

A comparison between the stress-strain behaviour of the sintered laminates and that of
monolith samples of the same size is established in figure 7. The stress-strain behaviour of
the laminate A10A40 was linear up to fracture, such as that of the monoliths that
constituted its external and central layers, made of 10(A+T). This fact indicates that the
external and central uncracked layers dominate this deformation range. The monolith
AA10 behaves also linearly, as both constituents. Nevertheless, the slope of this linear
portion was lower for the layered materials than for the large monolithic samples with the
same composition as those of the corresponding external layers, due to the effect of the low
Young's modulus internal layers.

The stress drop from the failure point of the large monolith samples occurred steeply,
and apparent deformation at the maximum load was coincident with that for zero load after
fracture (Figure 7). In the laminates, a step-like way was followed and apparent strain for
zero load was larger than that corresponding to failure load. This fracture behaviour is
related to the changes in the crack path at the interlayers, as suggested by the fracture

surfaces (Fig. 6). The effect is more significant for A10A40 (Fig. 7.b) in which, in



addition to the crack deflection due to differences between the fracture behaviour of the
different layers, as focused by the material design, crack bifurcation due to compression in
the internal A40(A+T) layers may also occur. The presence of these compressive stresses
is demonstrated by the occurrence of edge cracks!” as those shown in Figure 8. Both, crack
deflection and crack bifurcation imply the occurrence of additional energy consuming
processes during fracture in the laminates.

The fact that strength values for the system A10A40 (147£20MPa) were lower (~25%)
than those of the monolith with the same composition as that of the external layer,
A10(A+T), can be attributed to the residual stresses developed in the external layer during
cooling from the sintering temperature. Calculations'® show that, in the laminate A10A40,
compressive stresses of *500MPa and tensile stresses of *90MPa would develop i the
A40(A+T) and A10(A+T) layers respectively and, therefore, a strength decrease of up to
40% could be expected for the A10(A+T) layer in the lamimnate. As discussed above,
residual stresses are not significant in AA10 and, consequently, strength values in this
system are of the same order as those for alumina monoliths.

From the above discussion it is clear that different behaviours can be achieved by
combination of composite layers in the system AbLO3-AbLTiOs. Further studies will be
dedicated to establish the effect of different stacking orders and layer thickness on the
mechanical behaviour of the laminates. Moreover, detailed fracture studies in terms of

crack propagation will help to understand the fracture behaviour of the laminates.

5. Conclusions



The fracture behaviour of monolithic ALO3-AbLTiOs materials with 0, 10, 30, and
40vol% second phase was studied, showing that increasing proportions of aluminium
titanate decrease strength and increase the non-linear behaviour.

The studied system is adequate to obtain layered composites with very different
mechanical behaviours, selected as a function of the behaviour of the constituent AbLOs3-
AbLTiOs layers and their thermal expansion mismatch.

In particular, two laminate designs were fabricated to combine the desired properties of
external layers with linear stress-stram behaviour up to fracture and relatively high
strength, with larger strains to fracture provided by the mternal layers. One of them
presented fracture strength values lower than those of alumina and significant step-like
fracture. The second presented strength values close to those of alumina and step-like

fracture m a lesser extent.
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