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multilayered alumina-aluminium titanate composite was prepared by a colloidal route from aqueous suspensions. The structure of the
aminate was symmetric and constituted of two external Al2O3 layers (width ∼= 1750 �m), one central Al2O3 layer (width ∼= 1200 �m) and
wo intermediate thin (width ∼= 315–330 �m) Al2O3–Al2TiO5 layers.

Additional monolithic materials with the same compositions as those of the layers were fabricated as reference materials. Young’s modulus
f the monoliths was determined by three point bending. Dilatometry determinations were performed on green specimens, following the same
eating and cooling schedules as those used for sintering the laminate, in order to determine the actual dimensional changes on cooling after
intering. The dimensional changes of the sintered specimens on heating and on cooling were also determined. Microscopic distributions
f residual stresses were evaluated by fluorescence piezo-spectroscopy, and they revealed the existence of weak tensile and compressive
ydrostatic stresses in the aluminium titanate and alumina layers, respectively. The level and sign of these stresses was in good agreement
ith those predicted based on analysis of the Young’s modulus and the dimensional variations during cooling after sintering of the monoliths
ith the same compositions as those of the layers. Dimensional variations during cooling after sintering were different from those for sintered
aterials, which presented hysteresis between heating and cooling. In spite of the presence of compressive residual stresses in the external

ayers of the laminate, strength values of notched samples of the laminated specimens were lower than those for monoliths of the same
omposition as the external layers.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina (Al2O3)–aluminium titanate (Al2TiO5) com-
osites can offer improved flaw tolerance and toughness.1–7

oughening in this system is originated by the residual
tresses developed, during cooling from the sintering
emperature, due to the thermal expansion mismatch
etween alumina (αi25–1000 ◦C = average thermal expan-
ion coefficient between 25 and 1000 ◦C in the axis i,

∗ Corresponding author. Tel.: +34 91 7355840; fax: +34 91 7355843.
E-mail address: cbaudin@icv.csic.es (C. Baudin).

αa25–1000 ◦C = 8.4 × 10−6 ◦C−1, αc25–1000 ◦C = 9.2 × 10−6 ◦
C−1)8 and aluminium titanate (αa25–1000 ◦C = 10.9 ×
10−6 ◦C−1, αb25–1000 ◦C = 20.5 × 10−6 ◦C−1, αc25–1000 ◦C =
−2.7 × 10−6 ◦C−1).9 As the toughening mechanisms that
have been identified in these composites are crack bridging
and microcracking,6,7 toughening is often associated with
low strength.

Laminated materials are being investigated as means to
combine strength and toughness in ceramic materials.10 As
an example, Russo et al.11 proposed structures formed by lay-
ers of equal compositions, made of mixtures of alumina and
aluminium titanate, and dissimilar microstructures. In partic-

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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ular, these authors fabricated a laminate with small grained
(∼=1–2 �m) and dense external layers with high strength and
internal layers with pores and agglomerates. In that system,
flaw tolerance was provided by the R curve behaviour of the
heterogeneous internal layers. The limit of this approach is
the difficulty that involves the co-sintering of layers with
the same composition and sufficient microstructural differ-
ences as to provide significant differences in the mechanical
behaviour.

In a previous work,12 a laminated structure combining
external fine grained alumina layers with internal composite
layers of alumina +10 vol.% of aluminium titanate was pro-
posed as means to achieve flaw tolerance and high strength.
The obtained laminate presented large strain to fracture, as
compared to that of the monoliths of the same composition of
the constituent layers. Moreover, under the same loading con-
ditions, the load drop of the laminate samples, once fracture
was initiated, occurred in step-like form, whereas the mono-
lith failed catastrophically, thus suggesting the occurrence
of additional energy consuming processes during fracture.
Strength values for the laminate samples were slightly lower
(∼=10%) than those corresponding to monoliths of the same
composition as that of the external layers.

In this work, the residual stresses developed in this
structure are investigated both experimentally, by piezo-
spectroscopy, and by calculation, using the properties of
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70 mm × 70 mm × 10 mm dimensions were obtained by slip
casting, removed from the moulds and dried in air at room
temperature for at least 24 h. The layered plates, constituted
by two external and one central alumina layers and two
intermediate composite layers, were fabricated by alternately
casting the suspensions. Casting times were fixed to reach
the desired layer thickness considering the casting kinetics
and sintering shrinkage of each suspension. The dried blocks
were sintered in air in an electrical box furnace (Termiber,
Spain) at heating and cooling rates of 2 ◦C min−1, with 4 h
dwell at 1200 ◦C during heating and 3 h dwell at the maxi-
mum temperature, 1550 ◦C. Small (12 mm × 5 mm × 5 mm)
green samples of the monoliths were used for sintering exper-
iments in a differential dilatometer (Setaram, Setsys 16/18,
France) with alumina detector. The same sintering schedule
used to obtain the final materials was reproduced in order to
determine the dimensional variations on cooling.

The monolithic sintered blocks were machined into bars
of 25 mm × 2 mm × 2.5 mm for bending tests (three point
bending, 20 mm span, 0.5 mm min−1; Microtest, Spain). The
stress-strain curves were calculated from the load values and
the displacement of the central point of the surface of the
samples in tension during the tests, and Young’s modulus
was determined from the linear part of the curves. Reported
Young’s modulus values are the average of five measurements
and errors are the standard deviations. Additional sintered
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onolithic materials with the same compositions as those
f the layers that constitute the laminate. The effect of the
esidual stresses on the fracture of notched samples is dis-
ussed.

. Experimental

.1. Processing and thermal and mechanical
haracterisation

Monoliths of monophase alumina and alumina +10 vol.%
luminium titanate and, one laminate were manufactured
y a colloidal route from aqueous Al2O3 and TiO2 sus-
ensions using the optimum green processing conditions
reviously established12,13 and reaction sintering. The struc-
ure of the laminate was symmetric and constituted of
wo external Al2O3 layers (width ∼= 1750 �m), one central
l2O3 layer (width ∼= 1200 �m) and two intermediate thin

width ∼= 315–330 �m) Al2O3–Al2TiO5 layers.
The starting powders were commercial �-Al2O3 (Condea,

PA05, USA) and anatase-TiO2 (Merck, 808, Germany). A
ixture of Al2O3/TiO2 with 5 wt.% TiO2 content was used to

btain the Al2O3/Al2TiO5 composite materials with 10 vol.%
l2TiO5 after reaction sintering. The Al2O3 as well as the
l2O3/TiO2 powders were dispersed in deionised water by

dding 0.5 wt.% (on a dry solids basis) of a carbonic acid
ased polyelectrolyte (Dolapix CE64, Zschimmer-Schwarz,
ermany). The suspensions (50 vol.% solid loading) were
all milled with Al2O3 jar and balls during 4h. Plates with
amples were machined (10 mm × 5 mm × 5 mm) to test in
differential dilatometer (Netzsch, 402 EP, Germany) with

uartz detector, up to 850 ◦C and using heating and cooling
ates of 5 ◦C min−1. The obtained curves were corrected for
he system deformation using a standard of quartz.

Samples of 50 mm × 6 mm × 4 mm of the laminates as
ell as the monoliths were machined for the mechanical

nd piezo-spectroscopic measurements. For these latter, one
f the lateral faces (50 mm × 6 mm) was diamond polished
own to 1 �m and finished with colloidal alumina. Mechan-
cal tests were performed using the SENVB method (three
oint bending, 40 mm span, 0.005 mm min−1; Microtest,
pain). The notches were introduced with a depth at about
70 �m (a/w ∼= 0.4 of the thickness of the external alumina
ayer in the laminate).

.2. Basis of piezo-spectroscopic measurements

The stress field distribution along the cross section of
he laminated samples was determined by using piezo-
pectroscopy (PS) technique related to the characteristic R1,
2 doublet produced by chromophoric fluorescence of Cr3+

mpurities in Al2O3. The principle of relating an observed line
hift in a fluorescence spectrum to the state of stress has been
escribed previously by Grabner.14 When Al2O3 is subjected
o a stress σ, the change in frequency �ν in luminescence line
s given by the tensorial relationship:

ν = 1
3Πiiσjj (1)



G. de Portu et al. / Journal of the European Ceramic Society 26 (2006) 2699–2705 2701

where Π ii is referred to as the PS coefficient (i.e., relating
frequency to stress) and σjj is the first invariant of the stress
tensor (σjj/3 being normally referred to as the mean normal
stress).

In principle, the overall residual stress field is due to differ-
ent thermal expansion and elastic mismatch between the con-
stituent ceramic phases of the Al2O3/Al2TiO5 laminate and
consists of two separate components: (i) a microscopic stress
field deriving from the microstructural scale from grain-to-
grain thermal and elastic mismatches between Al2O3 and
Al2TiO5 phases; and (ii) a macroscopic stress field, which
is established to fulfil equilibrium conditions between adja-
cent layers. To measure merely the second contribution of
the stress, data were analyzed following the approach sug-
gested by De Portu et al.15 for monolithic composites with
no laminated structure. These authors established the influ-
ence of the ratio matrix/secondary-phase in the determined
zero-stress position of the R1 peak as well as of the piezo-
spectroscopic coefficient. Moreover, they demonstrated that
the average uniaxial PS coefficient, ΠUNI, characterizing
the linear dependence of the peak shift on stress, strongly
depends on many factors specific of the material, especially
in processing derived parameters such as grain size, presence
of other phases, porosity, etc. Hence, in order to obtain a flu-
orescence spectra and piezo-spectroscopic coefficient, which
takes into account the effect of the microstructure on the stress
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tra were analysed with a commercial software (LabSpec 4.02,
Horiba/Jobin-Ivon). The frequency shifts were obtained by
subtracting from the centre of the peak recorded under stress,
the centre frequency of the peak obtained in the unstressed
state.

Microscopic stress distributions were measured by col-
lecting linear profiles of spectra on the specimen cross-
sections. The automatically collected profiles of spectra were
10 �m-spaced. Specimens were placed on a mapping device
(lateral resolution of 0.1 �m), which was connected to a per-
sonal computer to drive highly precise displacements (along
both X and Y axes) on the specimen surface.

Under the assumption that composites prepared accord-
ing to the above mentioned process are polycrystalline and
without any significant texture, the average component of
the hydrostatic stress, 〈σ〉=(σ11 + σ22 + σ33)/3, is calculated
by rearranging Eq. (1) as follows:16

〈σ〉 = ∆ν

3〈Π〉UNI
(2)

where 〈Π〉UNI represents the PS coefficient that is determined
from a calibration where the stress is uniaxial. It is important
to emphasize that Eq. (2) provides the average hydrostatic
stress that is experienced by the phase that generates the spec-
troscopic signal for which the shift �ν is monitored. In fact,
in laminated structures, far away from external edges,17 the
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eld before lamination, a preliminary calibration procedure
s required case by case for determining the ΠUNI value perti-
ent to each material. For this reason, the frequencies used as
standard value for the stress-free material were collected

n monolithic Al2O3 and composite Al2O3/Al2TiO5 bars
repared following the same processing as that of the multi-
ayered specimens. In this way the R1 peak of each stress free

aterial can be precisely obtained and compared with that
f the same composition in the laminated structure. More-
ver, calibration of spectral shift as a function of externally
pplied load for each composition was done, according to
he procedures described in Section 3.1. Using Eq. (1) the PS
oefficient Π ii for both pure alumina and, for the first time,
or alumina-aluminium titanate composites were obtained.

.3. Determination of the residual stresses

To collect fluorescence spectra, the spectrometer appa-
atus (ISA, T 64000 Jovin-Yvon) employed in the present
xperiments used, as excitation source, an argon-ion laser
perating at a wavelength of 488 nm with a power of 400 mW.
or obtaining micron-scale magnification, an optical micro-
cope lens was used both to focus the laser on the sample and
o collect the scattered signal. Scattered frequencies were ana-
yzed with a triple monochromator equipped with a charge
oupled device (CCD) camera. When focussed by an optical
icroscope, the dimension of the laser spot on the samples
as 5 �m (i.e., using a ×20 optical lens). Thermal and instru-
ental fluctuations were compensated by monitoring the

pectrum using a Hg/Ne discharge lamp. The recorded spec-
esidual stress field can be considered to be of a biaxial nature;
ccordingly, it should be computed as 2/3 σij. On the other
and, nearby the edges the residual stress field is typically
hree-dimensional, thus requiring the use of a mean normal
tress σjj in Eq.(1). For stress measurement, R1 band was
sed in order to avoid errors in fitting due to the superpo-
ition of a line of reference Hg/Ne lamp spectrum with R2
and. In relation to the weak deviation from linearity of R1
alibration line evidenced by Ma et al.,16 considered the high
orrelation coefficient obtained by lines referred to laminated
aterial and the low stress measured, it was supposed to be

egligible.

. Results and discussion

.1. Determination of the residual stresses

Unstressed peak position was obtained acquiring an array
f 100 spectra on the surface of unstressed reference bars
nd averaging all the values of the peak centre. For the eval-
ation of PS coefficient, bending bars of both composites
ere mounted on a four-point bending jig and loaded with a
nown load below fracture stress; after the load was applied,
he whole jig was moved under the microscope and spectra
ecorded every 40 �m from the compressive towards the ten-
ile side of the specimen. To reduce the scattering of data,
nd consequently improve PS coefficient determination, the
alibration was repeated three times and the values obtained
ere averaged. The load was then converted to stress, σ, using
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Fig. 1. Stress dependence of the position of R1 band in the materials analyzed
in this work: Al2O3 (top) and Al2O3/Al2TiO5 composite (bottom).

the standard four-point-bending elastic equation and the peak
shift, �ν, plotted as a function of the applied stress (Fig. 1).
The average ΠUNI was obtained from the slope of the straight
line σ versus �ν. Table 1 summarizes the values of salient
piezo-spectroscopic characteristics of the materials studied in
the present investigation. Significant diversity was evidenced
in data scattering between the pure alumina and the alumina-
aluminum titanate composite: in the latter, data were more
spread and, consequently, the correlation between peak shift
and induced stress was lower. The higher scattering in the
composite can be attributed to the effect of residual stresses
at the microscopic level on the stress state of the specimen
(Section 2.2). In fact, as Al2TiO5 is an extremely anisotropic
phase in terms of thermal expansion,9 microscopic residual
stresses are expected in the Al2O3/Al2TiO5 composites, as
discussed in the introduction. The level and, moreover, the
sign of such stresses would depend on the particular grain to
grain orientation, leading to the high scatter observed (Fig. 1,
Table 1).

Fig. 2. Structure of the laminate: two thick (1750 �m) external Al2O3 layers,
observed partially in the figure, one central Al2O3 layer (1200 �m) and two
intermediate thin (315–330 �m) Al2O3–Al2TiO5 layers. Scanning electron
micrograph of a polished surface (thermally etched, 1500 ◦C −2 min): Al2O3

(dark grey) Al2O3-Al2TiO5 (clear grey).

Fig. 3. Profiles of macroscopic residual stress along the cross section. Pure
Al2O3 layers were in compression, whereas Al2O3/Al2TiO5 composite lay-
ers underwent tensile stresses. The error for residual stress value was ±2 MPa
for the alumina layers and ±4 MPa for the composite layers.

Fig. 2 shows the structure of the obtained symmetric lam-
inate. It was constituted of two thick (1750 �m) external
Al2O3 layers and one central Al2O3 layer (1200 �m) and
two intermediate thin (315–330 �m) Al2O3–Al2TiO5 layers.

The macroscopic residual stress profile along the cross
section determined using Eq. (2) is plotted in Fig. 3. Results
are the average of five profiles collected along the cross
section to reduce the scattering of data and to verify the uni-
formity of residual stress field. In this way, the errors relative
to stress calculation were ±2 and ±4 MPa for the Al2O3 and
Al2O3/Al2TiO5 layers, respectively. According this profile,

Table 1
Salient piezo-spectroscopic characteristics of R1 band of the investigated materials

Material Πuni (cm−1/GPa) Πhydro (cm−1/GPa) R2 Unstressed peak position (cm−1)

Al2O3 2.73 ± 0.03 8.19 ± 0.09 0.993 14407.31 ± 0.01
Al2O3/Al2TiO5 2.2 ± 0.1 6.6 ± 0.3 0.90 14407.00 ± 0.01

C Origin 6.0, with a probability of 95%.
onfidence intervals of the PS coefficient were calculated with the software
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the Al2O3 layers underwent a constant compressive stress
of about 20 MPa, whereas the residual stress distribution in
the Al2O3/Al2TiO5 layers, tensile on the whole, varied con-
siderably through the layer thickness: it was approximately
5 MPa in the centre of the layers and rose up to 20 MPa at the
interfaces.

3.2. Properties of the monolith and residual stresses

In a previous work,18 we determined the thermal expan-
sion of the pure Al2O3 and the Al2O3/Al2TiO5 sin-
tered monoliths during heating, which were coincident
with those determined here (Fig. 4). From Fig. 4, aver-
age thermal expansion values on heating of 8.2 ± 0.1 and
7.8 ± 0.1 × 10−6 ◦C−1 are derived for pure Al2O3 and the
composite, respectively. If these data are used to evaluate the
residual stress state in the laminate, the expected sign of the
residual stresses would be the opposite of that experimentally
determined here, as the layers of pure Al2O3, with larger ther-
mal expansion coefficient, would contract more on cooling
than the composite layers and thus, the former layers would
be in tension in the laminate.19,20 This apparent contradic-
tion is clarified looking at the cooling part of the dilatometry
curves in Fig. 4. They are coincident for Al2O3 (Fig. 4a)

F
i

whereas they present an hystheresis from about 700 ◦C for
the composite (Fig. 4b), similar to that reported elsewhere
for aluminium titanate based materials.21 The presence of
the hysteresis in the curve corresponding to the composite,
does not allow the evaluation of the residual stresses from the
standard thermal expansion analysis on heating.

In order to evaluate the actual differences between the
dimensional variations of the different layers during cool-
ing, the corresponding part of the sintering curves shown in
Fig. 5a were analysed. In alumina based materials, defor-
mation mismatch at temperatures higher than 1200 ◦C can
be accomodated by diffusion,22 whereas, from 1200 ◦C to
room temperature, this mismatch originates stresses. There-
fore, in order to evaluate the stress level and sign in the
laminate, the differences between the dimensional variations
of specimens during cooling from the “stress free” tempera-
ture, 1200 ◦C, were analysed. In Fig. 5b, these variations are
plotted toghether for the two monoliths, after correction for
coincident dimensions at 1200 ◦C. In the considered interval
of temperatures (1200–50 ◦C) the shrinkage for the compos-
ite (∼=10.1 × 10−6 ◦C−1) is slightly larger than that of Al2O3
(∼=9.8 × 10−6 ◦C−1), which would imply compressive and
tensile residual stresses in the alumina and in the compos-
ig. 4. Dilatometric curves (�L/L0 = length variation) on heating and cool-
ng of the sintered monoliths: (a) Al2O3; (b) Al2O3 + 10 vol.% Al2TiO5.

F
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ig. 5. Dilatometric curves (�L/L0 = length variation) for green compacts
f the two studied monoliths heat treated following the sintering schedule.
: Al2O3; A10: Al2O3 + 10 vol.% Al2TiO5. (a) Complete thermal cycle. (b)
ooling from 1200 ◦C, after correction for coincident dimensions at 1200 ◦C
nd apparatus deformation.
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ite layers, respectively, as determined by piezo-spectroscopy
(Fig. 3).

Appart from differences in the dimensional variations of
the different layers during cooling from the sintering temper-
ature, the residual stresses in a laminate are determined by the
elastic properties of the constituent layers. Young’s modulus
of composite materials are usually dependent on the method
used for the determination. In general, the stiffer phase domi-
nates over the obtained value when dynamic methods are used
whereas static methods are more sensitive to grain bound-
ary characteristics and microscopic residual stresses. These
differences are due to the characteristics of the deforma-
tions involved in each case, small and instantaneous in the
dynamic case and larger and distributed in time in the static
case. From Fig. 5b and the discussion above, the expected
difference between the dimensional variations of the layers
on cooling is 2 × 10−4 in the studied laminate, which is of
the same order as strains involved in bending tests (∼10−4).
Consequently, the values of static Young’s modulus deter-
mined in bending were chosen in this work. Young’s modulus
for the pure Al2O3 monolith, 376 ± 6 GPa, was larger than
that for the Al2O3–Al2TiO5, 272 ± 10 GPa. The fact that
residual stresses decreased at the centre of the composite
layers, which has also been observed in Al2O3–ZrO2 lam-
inated composites15,23 can be attributed to the lower elastic
modulus of Al O –Al TiO compared to pure Al O .
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reduces the overall residual stress in the superficial region
investigated by piezo-spectroscopy.

The notch entered 870 �m in both, the laminate and the
monolith, which corresponded to ∼=0.4 the thickness of the
first layer in the laminate. Strength values of the notched sam-
ples calculated using the approach by Timoshenko for stress
through a laminated structure24 were 91±3 MPa for the lam-
inate and 104±5 MPa for the monolith, thus, following the
same trend (∼=10% lower for the laminate) as that previously
observed in un-notched samples.12 This strength decrease in
the laminate, in spite of the compressive residual stresses
existing in the external alumina layer of the laminate, where
the whole notch was located, might be related with the lower
stiffness of the laminate as compared to the pure Al2O3 mono-
lith, due to the lower modulus of the composite layers and
the microstructural characteristics of the interfaces between
chemically incompatible layers.18

4. Conclusions

It has been possible to determine the microscopic distri-
butions of residual stresses developed in a laminate, consti-
tuted by thick external (∼=1750 �m) and central (∼=1200 �m)
alumina layers and thin (∼=320 �m) intermediate alumina
+10 vol.% aluminium titanate layers, by fluorescence piezo-
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The level and sign of the expected residual stresses

ithin symmetrical laminate can be evaluated using simpli-
ed model of symmetric plate constituted by alternate layers
f the same thickness having a uniform biaxial distribution of
tresses across each layer.19 Using this approach, the arising
esidual stresses at the centre of the pure Al2O3, A, and the
omposite layers, A10, are given by:

A = − ∆εE′
A

1 + (E′
AnAhA/E′

A10nA10hA10)
(3)

A10 = −σA

nA

nA10

hA

hA10
(4)

here �ε is the thermal expansion mismatch between the
ayers, nA,A10 and hA,A10 are the number and thickness of the
ayers, respectively, and E′

A,A10 is equal to EA,A10/(1 − ν)
here EA,A10 is the Young’s modulus and ν is the Poisson’s

atio. Assuming the same width for the three Al2O3 layers
s that of the central one in the laminate studied here and
sing for �ε the value derived from the cooling part of the
intering curves (2 × 10−4, Fig. 5b) compressive stress at the
entre of the central alumina layer of about 9 MPa and ten-
ile stresses of about 48 MPa at the centres of the composite
ayers, which are in reasonable agreement with the experi-

ental values (Fig. 3), are obtained. Differences would be in
art due to the “edge effect” discussed elsewhere:17 briefly,
ear edges the residual stress state is not biaxial, because the
dges themselves must be traction free. For that reason, the
ctual stress state is the superimposition of the bulk residual
tress and another component opposite to the first one, which
pectroscopy. Weak tensile and compressive hydrostatic
tresses in the aluminium titanate and alumina layers, respec-
ively, have been detected. The level and sign of these stresses
s in good agreement with those expected from the Young’s

odulus and the actual dimensional variations experienced
y the constituent layers on cooling after sintering.
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