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a  b s  t r a  c t

Residual stress measurements were conducted by time-of-flight neutron diffraction and

Rietveld analysis method in Al2O3/Y-TZP ceramic composites fabricated by  different green

processing techniques (a novel tape casting and conventional slip  casting) and with dif-

ferent Y-TZP content (5 and 40 vol.% Y-TZP). The results show that the residual stresses in

Y-TZP particulates are tensile and the  ones in Al2O3 matrix are compressive, with almost flat

through-thickness residual stress profiles in all bulk  samples. As  Y-TZP content increased,

tension in Y-TZP phase was decreased but compression in Al2O3 matrix was increased (in

absolute value). The values of residual stresses for both phases were mainly dependent on

the  Y-TZP content in the studied Al2O3/Y-TZP composites, irrespective of sample orientation

and fabrication processes (a novel tape casting and conventional slip  casting).

©  2015 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Análisis  de tensiones  residuales  por  difracción  de neutrones  en
materiales  compuestos  cerámicos  de Al2O3/Y-TZP
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Colaje en cinta

r  e  s u  m e  n

Se han hecho medidas de tensiones residuales por difracción de neutrones mediante la

técnica  de tiempo de vuelo en muestras de compuestos cerámicos de  Al2O3/Y-TZP (alumina-

circonia) fabricados por dos técnicas diferentes de  procesado en verde (colaje en cinta y

colaje convencional) y  con distinto contenido de Y-TZP (5% y  40% en volumen, respectiva-

mente). Los resultados se han analizado usando el método de  Rietveld y  muestran que las

tensiones residuales en las partículas de Y-TZP son de tracción mientras que en la matriz

de  alúmina son de compresión, con perfiles de  tensiones residuales casi planos a  lo largo

del espesor de  las muestras. A  medida que aumenta el contenido de Y-TZP, las tensiones

residuales de  tracción en esa fase disminuyen, mientras que las tensiones de  compresión
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en la matriz de alumina aumentan (en valor absoluto). Se ha demostrado que los valores

de las tensiones residuales en ambas fases dependen fundamentalmente del contenido de

zirconia en los compuestos estudiados, independiente de la dirección de medida y  el  proceso

de  fabricación (colaje en cinta frente a  colaje convencional).

© 2015 SECV. Publicado por Elsevier España, S.L.U. Este es un artículo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Alumina–zirconia composites are extensively used in different
applications, such as  insulators, refractory uses, cutting tools,
high temperature filtering and biomedical application [1,2],
due to the improved mechanical behavior when compared
with that of  monophase alumina [3–6].  Many  research papers
have been devoted to  study the toughening mechanisms of
alumina–zirconia composites [7–10]. Besides the well-known
stress-induced transformation toughening and microcracking
toughening [7,10–13],  it  has been proposed that the residual
stresses due to  thermal and elastic mismatches between alu-
mina and zirconia could also contribute to toughening and
enhance the structural performance of these ceramic com-
posites [14–16].  It was  anticipated that the maximum levels
of beneficial residual stress could be raised by approximately
one order of magnitude, leading to a  wide variety of possible
toughening mechanisms: crack deflection, crack branching,
crack bridging and microcracking [13,17,18].  Furthermore, the
development of internal residual stresses, in  addition to exter-
nally applied ones, may  induce a  martensitic transformation
(tetragonal to monoclinic) in zirconia [14], which would signif-
icantly affect mechanical performance.

The recent development of laminated ceramic structures
requires understanding of the nature of the  residual stresses
in order to obtain defect-free structures with operative
reinforcing layers. Besides the  effect of laminate designs
(layer structure and thickness) on macroscopic stress field
between adjacent layers [19–22], the  detailed micro-residual
stresses information in each layer is very important to clar-
ify the reinforcing mechanisms as well as  to optimize the
resulting residual stress field, with the aim of improving
the mechanical properties of ceramics. Micromechanical
analyses predicted that internal residual stresses of ceramics
could be varied by an appropriate selection of the fabrication
process and materials design [2,23]. The effects associated
to composition should be separated to those related to  the
laminate stacking design, in order to have a better control
over the manufacturing process.

Several research works have been done on the  residual
stress (RS) analysis of Al2O3-ZrO2 composites (see for instance
references [16,19,24–27]). In those works, different measure-
ment techniques were used, namely Raman spectroscopy,
X-ray and neutron diffraction, in materials with different fab-
rication routes and composition.

Previous studies [27,28] have successfully assessed the
presence of residual stresses in  alumina–zirconia composite
ceramics by constant-wavelength neutron diffraction mea-
surement. The obtained information was  limited from single
diffraction peak measurements in  each phase. Due to the

thermal and elastic crystal anisotropy and the complexity
of microstructure, residual strains from single peak diffrac-
tion measurements might not represent the bulk  material
behavior [29].  In order to  access more  detailed information
on residual stresses, both in the micro-scale and in  the  bulk,
as well as to  monitor the phase composition in sintered
ceramics, time-of-flight (TOF) neutron diffraction (ND) tech-
nique is particularly useful. It is a  superior way of internal
strain measurement with high resolution, high penetration of
neutrons into matter and high-efficiency for collecting large
quantities of data over numerous diffraction peaks simul-
taneously from the whole diffraction pattern [30]. This way
through-thickness stress profiles can be obtained in  the bulk,
which are not affected by surface effects. By combining TOF
measurements with the well-known whole profile structure
refinement method—Rietveld refinement [31],  a wealth of
information ranging from the crystal structure and phase
analysis, to the residual stresses can be obtained.

The conventional slip casting technique [32] has  been
accepted as  a simple, reliable and economical process tech-
nology for many  years. New tape casting routes were used to
produce alumina–zirconia composites [33,34], which involved
the stacking of green ceramics tapes at room temperature and
using low pressures. The use of low content of organic addi-
tions was better both from the  economic and environmental
point of view. In addition, this process resulted in  the opti-
mum properties, by minimizing interface defects, anisotropy,
high porosity and even cracking that existed in traditional
tape casting, for producing laminated materials. In order to
take full advantage of the novel tape casting method into
the production of alumina–zirconia laminated materials, it  is
meaningful to investigate the residual stresses by compari-
son to  the materials produced by slip casting. Moreover, the
addition of zirconia was reported to significantly influence
on the microstructure and mechanical properties of mate-
rials [35].  In order to meet the  requirement of co-sintering
of layers with different composition in laminated materials,
effect of addition of zirconia on residual stress development
of alumina–zirconia ceramics were taken into investigations.
The phase compositions in sintered ceramics especially the
ones of zirconia should be accurately examined, due to the
complex polymorph of ZrO2 [40] and the possible phase trans-
formation during fabrication process.

In this paper, time-of-flight neutron diffraction and
Rietveld analysis was applied to precisely determine the
residual stress profiles in alumina reinforced with 3 mol.%
yttria-stabilized zirconia composites (Al2O3/Y-TZP). Different
zirconia contents and green processing routes were investi-
gated (the novel tape casting and conventional slip casting).
Through-thickness residual stress profiles of the alumina
matrix and the  zirconia particulates were obtained for all

http://creativecommons.org/licenses/by-nc-nd/4.0/
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studied Al2O3/Y-TZP composites, and compared to available
data in the literature and to estimations by theoretical mod-
els. The effects of the addition of second phase zirconia and
green processing were related to the residual stress field and
the observed microstructure.

Experimental

Sample  preparation

The materials to be studied were prepared using high-purity
�-Al2O3 (Condea HPA 0.5, USA, d50 = 0.35 �m and Ss = 9.5 m2/g)
and polycrystalline tetragonal zirconia stabilized with 3 mol.
% Y2O3 (TZ3YS, TOSOH, Japan, d50 = 0.4 �m and Ss = 6.7 m2/g),
named as Y-TZP, as the  starting powders. Two compositions,
95 vol.% of �-Al2O3 with 5 vol.% of Y-TZP (named A-5YTZP) and
60 vol.% of �-Al2O3 with 40  vol.% of Y-TZP (named A-40YTZP),
were selected. Two  kinds of green processing methods were
used in fabrication for each composition: the novel tape cast-
ing [33,34], and conventional slip casting, as  a  reference route.
The studied specimens were named as A-5YTZP(slip), A-
5YTZP(tape), A-40YTZP(slip) and A-40YTZP(tape), in  order to
describe compositions and fabrication techniques.

Stable slurries were prepared by mixing the starting pow-
ders with 47 vol.% of solid content in deionized water, using a
polyelectrolyte (Dolapix CE 64, Zschimmer and Schwarz, Ger-
many)  as dispersant. Slurries were ball milled for 4 h using
alumina jar and balls. One series was fabricated by slip casting
of the deflocculated suspensions in plaster mold and leaving
them to dry for 24  h. The other series was fabricated by tape
casting on a  polypropylene film using a moving tape-casting
device with two doctor blades using a 10 mm/s  casting velocity
and a 500 �m gap height between the  blades and the carrier
film. After tape casting, the green ceramic tapes were dried at
room temperature for 24 h and subsequently at 60 ◦C degrees
for 48 h. A water-based polymeric emulsion Mowilith DM 765 E
(Celanese, Tarragona, Spain), with solid content 50 vol.%, par-
ticle size 0.05–0.15 mm,  was used as the binder emulsion. The
final thickness of the  green tapes varied between ∼480 �m and
520 �m.  Monolithic piece was prepared by stacking 11 layers of
the same compositions tapes together and applying a  gluing
agent (5 wt.% dilution in  distilled water of the binder) under
uniaxial pressure of 18 MPa at room temperature. A  detailed
description of the green processing and pressing procedure
are given elsewhere [33,34].

All the green samples were machined into bars (approx-
imately 40 mm × 40  mm × 5 mm)  and the surfaces were

smoothed with sandpaper. For binder burnout, green bodies
were pre-sintered at 600 ◦C for 30 min, with a heating rate of
1 ◦C/min. Subsequent sintering was  carried out at maximum
temperature of 1500 ◦C, with a  dwell of 2  h (heating and cooling
rates of 5 ◦C/min).

Characterization

The density of the sintered samples, measured by
Archimedes’s method (European Standard EN 1389:2003),
is reported in Table 1  (average values of five measurements,
and standard deviation as error). Relative densities were
calculated as a  percentage of the calculated theoretical
density for each composition, using 3.99 g/cm3 for �-Al2O3

(ASTM 42-1468) and 6.10 g/cm3 for Y-TZP (ASTM 83-113).
Microstructural characterization was performed by scanning
electron microscopy (SEM, Zeiss DSM 950, Germany) on
diamond polished (down to 1 �m)  and chemically etched
(85% H3PO4, 7 min  at 200 ◦C)  surfaces. The average grain sizes
of Al2O3 and Y-TZP particles were determined by the linear
intercept method considering at least 200 grains for each
phase. The A/Y-TZP samples information with density and
average grain size were reported in  Table 1. High densities
(relative density > 98%) were found in all the studied A/Y-TZP
composites. As the zirconia content increased, the density
was also increased and the grain size of Al2O3 matrix was
decreased, due to the constriction imposed by the second
phase zirconia particles on matrix grain growth. The results
seem not to depend on the particular casting technique,
which indicates that the microstructure quality was assured
in ceramics fabricated by the novel tape casting method, with
defect-free interfaces between individual tapes.

Residual  stresses  measurement

For neutron diffraction strain scanning, samples in the shape
of parallelepipeds with dimensions 20 mm ×  20  mm × 5 mm
were employed. In the  pieces fabricated from tape casting, the
larger surfaces (20 × 20 mm2) were parallel to the surface of the
stacked tapes.

Residual strain measurements were performed by neu-
tron diffraction on ENGIN-X time-of-flight (TOF) instrument, a
third-generation neutron strain scanner, operating at the ISIS
spallation neutron source in the Rutherford Laboratory, UK.
Details of this instrument are given in [35]. The experimental
setup consists of two detector banks which are centered on
Bragg angles of 2�B = ± 90 degrees, as  shown in Fig. 1.  It allows

Table 1 – Values of measured density (�),  relative density (�relative)  and average grain size (G) in  A/Y-TZP composites
investigated.

Y-TZP (vol.%) Casting techniques � (g/cm3) �relative (T.D. %) G (�m)

GA GY-TZP

A-5YTZP(slip) 5 Slip casting  4.03 ± 0.06 98.4 ± 0.1
1.9 ± 0.3 0.3 ± 0.1

A-5YTZP(tape) 5 Tape casting 4.02 ± 0.06 98.2 ± 0.2
A-40YTZP(slip) 40  Slip casting  4.77 ± 0.07 98.7 ± 0.2

1.0 ± 0.2 0.5 ± 0.2
A-40YTZP(tape) 40  Tape casting 4.76 ± 0.02 98.5 ± 0.1
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Fig. 1  – Experimental set-up on the time-of-flight neutron strain scanner ENGIN-X at  ISIS. (a) Residual strains were  collected

both in the in-plane and normal direction. (b) Strain scanning was carried out along the sample thickness with the interior

gauge volume.

simultaneous measurements of strain in  two directions: the
in-plane direction, parallel to  the larger plane of the samples
(20 mm × 20 mm),  and the normal direction, perpendicular to
it, which are assumed to be the principal stress component
directions. The fabrication process is assumed to produce a
transversely isotropic stress state, where the  stresses in the
larger plane of the sample are equal. Consequently, only the
in-plane and the normal directions are needed for residual
stress determination.

The measurement gauge volume was  set to 15 × 1 × 1  mm3,
defined by incident horizontal and vertical cadmium slits and
a radial collimator slit in front of each detector bank. The
centroid of this gauge volume defines the location of the
measurement. Strain scanning was carried out along sam-
ple thickness (thickness of 5 mm),  with measurement point
interval of 0.4 mm.

The stress-free reference lattice parameters of �-Al2O3 and
Y-TZP were obtained by measuring both of the �-Al2O3 and Y-
TZP original powders. In this case, the gauge volume was set
to 16 × 3 × 1  mm3 in order to improve the counting statistics.
This way the stress-free reference lattice parameters could
be accurately determined. In addition, CeO2 powder, used on
the ENGIN-X instrument as  an experimental standard, was
measured to calibrate the peak profile parameters. All mea-
surements were carried out at room temperature.

Data  analysis

In TOF diffraction measurements, the whole diffraction pat-
terns were obtained from each measurement point in bulk
samples. The program TOPAS-Academic V5 [36] was employed
to analyze the diffraction patterns by Rietveld refinement.

Rietveld  refinement

As a well-known whole profile structure refinement method,
Rietveld refinement is  powerful for determining complete
crystal structures (e.g. lattice parameters, atomic coordinates,
occupancy, etc.), microstructure information and the  residual
stresses in a  multiphase material. Quantitative phase analysis
can be done by Rietveld analysis in TOPAS software.

The ENGIN-X instrument diffraction profile was modeled
using a  convolution of a pseudo-Voigt function pV(t) (a
linear combination of a  Lorentzian function and Gauss-
ian function) with two back-to-back exponentials E(t) [37].
Data of CeO2 standard powder (cubic phase, space group
Fm3m, a = 5.4114 Å) was  refined to calibrate instrument-
dependent diffractometer constants and profile parameters.
The obtained parameters were then fixed and used for refine-
ments of bulk samples and stress-free references powders,
according to their corresponding gauge volume setting.

In consideration of the  complex polymorph of ZrO2 [38],
especially the possible tetragonal to monoclinic transforma-
tion during fabrication process, Rietveld refinement trials have
been done for zirconia starting powder and A/Y-TZP bulk sam-
ples, with crystal structures of tetragonal (t)  Y2O3-doped ZrO2

(Y-TZP) [39],  monoclinic (m) ZrO2 [38] and cubic (c) Y2O3-doped
ZrO2 [38] being introduced simultaneously. The fitting results
confirmed no existence of cubic zirconia phase in both Y-
TZP starting powder and A/Y-TZP composites. Around 70 vol.%
tetragonal Y-TZP and 30 vol.% monoclinic phase were detected
in  zirconia starting powder, as shown in the diffraction pro-
file of Fig. 2.  However, in A/Y-TZP composites, only phases
of �-Al2O3 matrix and tetragonal Y-TZP were detected, with-
out monoclinic zirconia. Therefore, in this work, the Rietveld
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Fig. 2 – Time-of-flight neutron diffraction patterns analyzed with Rietveld refinement for Y-TZP starting powders.

Tetragonal Y-TZP (t) and monoclinic ZrO2 (m)  were  detected in  zirconia starting powder, with the corresponding diffraction

peaks being identified at  the bottom of profiles with blue tick marks and black ones, respectively.

refinements of zirconia starting powder were done with both
m-ZrO2 and tetragonal Y-TZP crystal structures. All A/Y-TZP
composites were analyzed by using a two-phase model con-
sisting of the  hexagonal �-Al2O3 phase [40] and tetragonal
Y-TZP phase [39].

Variable parameters like lattice parameters, atomic coor-
dinates, isotropic thermal parameters, scale factors and
polynomial background parameters, etc. were refined during
the analysis. All the refinements were conducted step-by-
step to avoid correlation effects between parameters [41].  The
space groups and initial atomic structure information used in
refinements are listed in Table 2. The overall quality of fitting
was assessed in terms of R values [41],  as  obtained from the
refinements.

Stress  determination

With  Rietveld refinement of the entire diffraction spectrum,
lattice parameters of each phase in composites can be
obtained. The mean phase strain, given by a  weighted aver-
age of several single-peak strains, was determined from the
change of average lattice parameters in Rietveld refinements
of the entire diffraction spectrum [42].  Taking all diffraction
peaks into account allows us to represent the bulk behavior

more  effectively, and to determine residual strain more  reli-
ably in ceramic composites.

In this study, for hexagonal �-Al2O3 phase, strain can be
calculated along lattice axis:

εa =
a − a0

a0
(1)

εc =
c − c0

c0
(2)

where a (a =  b)  and c are the  lattice parameters of �-Al2O3

phase, and a0 and c0 are the stress-free lattice parameters
measured from Al2O3 starting powder. For the tetragonal Y-
TZP, strain in a (a =  b) and c axis can be determined in the
same way.

Ignoring the local variations that occur around the parti-
cles, integration is  performed over randomly oriented grains
in composites. Without accounting for granular anisotropy,
mean phase strains in  the gauge volume were calculated by
averaging the  strain over the unit cell, for Al2O3 and Y-TZP
phase [43]:

εA =
1
3

(2εa + εc)A (3)

Table 2 – Initial crystal structure parameters used in refinement.

Phase Space group Lattice parameter/Å Ionic position and coordinate

ion x  y  z

�-Al2O3 [40]
(hexagonal) R3̄c

a  = b  = 4.7602
c  = 12.9933 Al3+ 0 0 0.35216

 ̨ =   ̌ = 90◦ 
 = 120◦ O2− 0.30624 0 0.25

Y-TZP [39]
(tetragonal)

P42/nmc

a  = b  = 3.6183 Zr4+ 0 0 0
c = 5.1634 Y3+ 0 0 0

 ̨ =   ̌ = 
  = 90◦ O2− 0 0.5  0.217

m-ZrO2 [38]
(monoclinic)

P21/c

a  = 5.1505 Zr4+ 0.2754 0.0395 0.2083
b = 5.2116 O1

2− 0.07 0.3317 0.3447
c = 5.3173  ̌ = 99.23◦ O2

2− 0.4496  0.7569 0.4792
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εY-TZP =
1
3

(2εa + εc)Y-TZP (4)

As explained above, taking into account the fabrication
process and specimen symmetry, strains in  the larger plane
of samples are considered isotropic. Thus, strain measured
in one in-plane and normal directions are enough for  stress
determination, and they are employed as the  principal strains
εii, i = 1, 2, 3, as  ε11 = ε22 = εIn-plane and ε33 = εNormal. Thus,
mean phase stresses for both alumina and zirconia phases
were determined in directions of in-plane and normal using
Hooke’s law, respectively, as:

�In-plane =
E

1 +  �
εIn-plane +

E�

(1 + �)(1 − 2�)
(2εIn-plane + εNormal)

(5)

�Normal =
E

1 + �
εNormal +

E�

(1 + �)(1 − 2�)
(2εIn-plane + εNormal) (6)

where ε̄ corresponds to the calculated mean phase strain for
both Al2O3 and Y-TZP phases, given by Eqs. (3) and (4),  E and �

are the bulk elastic constants of Al2O3 (E = 400 GPa and � = 0.22)
and Y-TZP (E = 210 GPa and �  =  0.31) [44].

Results  and  discussion

Microstructure

Characteristic microstructures of the studied Al2O3/Y-TZP
composites are shown in Fig. 3,  as a function of zirconia
content. Very similar microstructures were exhibited by slip
casting and tape casting A/Y-TZP samples with the same
composition, thus the representative scanning electron micro-
graphs of A-5YTZP and A-40YTZP composites were presented
in Fig. 3(a) and (b), respectively, on behave of both slip casting
and tape casting samples. Dense microstructure was  observed
in all the studied materials, where the  alumina matrix (in dark
gray) and zirconia particulates (in light gray) were generally
well-dispersed. The grain size of Al2O3 matrix was obviously
decreased as zirconia content increased. Narrow grain size dis-
tributions were  observed for both phases in  each composite.

In A-5YTZP composites (Fig. 3(a)), the  fine zirconia partic-
ulates were homogeneously distributed and located mainly
at the triple points and grain boundaries of alumina matrix.
In A-40YTZP composites (Fig. 3(b)), with more  addition of Y-
TZP second phase, the interconnection between Y-TZP grains
were apparently increased. Some of Y-TZP particles clustered
together as submatrix, where alumina grains were separated
and surrounded by Y-TZP particulates.

Neutron  diffraction  patterns  and  Rietveld  analysis

Fig. 4 shows a  representative diffraction pattern for A-40YTZP
(tape) composites, including raw measurements (blue line)
and associated calculated profile (red line, overlapping the
blue observed profiles). Individual peaks of �-Al2O3 and Y-
TZP phases were identified with blue and black tick marks
at the bottom of the  profiles, respectively. The difference plot
between the observed and calculated intensities was  shown in
gray line, below spectrums. As observed in Fig. 4,  an almost flat
difference line was  obtained, which indicates the quality of fit.
Good fitting was achieved for  all reference powders and bulk
samples, with the  weighed residual error Rwp ranging from 4%
to 10%.

The Rietveld refinement of the two-phase model consist-
ing of �-Al2O3 phase and tetragonal Y-TZP phase was highly
satisfactory for all A/Y-TZP composites samples, without evi-
dence of the m-ZrO2 phase as  can be seen in Fig.  4.  This shows
that almost all the monoclinic phase in the zirconia start-
ing powder was  transformed to tetragonal structure during
heating at high temperature (around 1170 ◦C) [45].  No transfor-
mation from tetragonal zirconia to  monoclinic zirconia (t → m

transformation) occurred during cooling process from the  high
sintering temperature to room temperature, in  agreement
with published [25,46]. This could be explained by the sta-
bilizing action of Y2O3 on zirconia, as well  as  the restraint
from phase-change volume expansion by Al2O3 matrix during
cooling. As  a  consequence, the existence of residual stresses
between Al2O3 matrix and Y-TZP inclusion were anticipated.

Comparing the diffraction spectrums of A-5YTZP and A-
40YTZP, peak intensities of Al2O3 matrix were reduced as the
zirconia content was increased (with an  increase of Y-TZP peak
intensities). No obvious differences were observed between

a

1µm 1µm

b

Fig. 3 – SEM micrographs of polished and chemical etched surfaces of the studied materials: (a)  A-5YTZP composites, on

behave of both slip casting and tape casting samples. (b) A-40YTZP composites, on behave of both slip casting and tape

casting samples. Al2O3 grains appear with dark gray color and Y-TZP particulates are  in (bright) light gray color.
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Fig. 4 – Representative TOF neutron diffraction patterns analyzed with Rietveld refinement for A-40YTZP(tape) samples.

Individual peaks of Al2O3 (  ) and Y-TZP (*) were  identified at  the bottom of profiles with blue tick marks and black ones,

respectively.

spectra of slip casting samples and tape casting samples with
the same Y-TZP vol.%. In addition, at the same scanning point,
differences between spectra of in-plane and normal direction
(measured at 2� = ±90◦) are not significant, which indicates
almost homogenous phase and microstructure distribution in
materials.

Phase quantities corresponding to the measured gauge
volumes were evaluated in Rietveld refinement, and the vol-
ume  fraction is shown in the upper right of the profile
fitting window (Fig. 4). Almost constant Y-TZP contents were
detected in  different scanning positions of the same sample,
with 5 ± 2 vol.% in A-5YTZP composites and 40  ± 3 vol.% in A-
40YTZP composites, which were very close to the nominal
values.

Residual  stress  determination

In TOF measurement, mean phase stresses, as the averaged
stresses for each phase over a  large number of randomly ori-
ented grains within the gauge volume area, were calculated by
using the change of average lattice parameters for Al2O3 and
Y-TZP phases, as shown by Eqs. (1)–(6). The through-thickness
mean phase stresses profiles along the  in-plane and normal
directions were depicted for both the  conventional slip casting
(Fig. 5) and the novel tape casting routes (Fig. 6). In this case the
error bars of mean phase stresses related to statistical uncer-
tainties of the determined lattice parameters are smaller than
the size of the symbols employed in the graphs.

As expected [24,25],  the residual stresses were compres-
sive in Al2O3 matrix and tensile in the Y-TZP particles, due
to the lower thermal expansion coefficient of Al2O3 matrix
as compared with Y-TZP particles. Quite homogeneous stress
profiles through sample thickness were found for both phases
in each specimen, as can be seen in Figs. 5 and 6,  especially
in the Al2O3 matrix, which agrees with a homogenous distri-
bution of residual stress inside the samples. For the sample
fabricated by tape casting, each measurement point always
encompasses at least three individual tapes (typical thick-
ness around 500 �m),  due to the  gauge volume employed

(1 × 1 × 10 mm3).  Consequently, stress gradients close to the
interface between individual tapes cannot be resolved, which
explains the flat profiles observed.

No significant differences can be observed between com-
posites with the same composition from conventional slip
casting (Fig. 5) and the novel tape casting routes (Fig. 6), accord-
ing to the stress behavior of Al2O3 matrix and Y-TZP particles
in composites. This seems to indicate that the low pressure
(18 MPa)  used for stacking tapes in  the novel tape casting green
process did not lead to additional macro-residual stresses
after sintering. Consequently, the micro-residual stresses in
both phases were mainly induced by thermal and elastic mis-
match between phases.

However, the mean phase stresses changed as  a  function
of Y-TZP content in composites. Irrespective of the  fabrica-
tion process (slip casting or tape casting), as  Y-TZP content
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Fig. 5 – Mean phase stress profiles for Al2O3 (�) and Y-TZP

(�) phase along thickness of A/Y-TZP (slip casting) bulk

samples, both in the in-plane and normal directions. The

values of fA�A +  fYTZP�YTZP were  presented without line.
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increasing from 5  vol.% to 40 vol.%, tensile stresses in Y-TZP
particles were decreased from an average value of 750 MPa in
A-5YTZP composites to approximately 400 MPa in  A-40YTZP
composites. On the contrary, the compressive stresses in Al2O3

matrix were increased (in absolute value) from an average
value of −70 MPa  in A-5YTZP composites to  approximately
−320 MPa  in  A-40YTZP composites. This behavior agrees with
the trends observed in the literature [24]. These values are dif-
ferent from those reported for single reflection scanning by
constant-wavelength neutron diffraction [27],  where tensile
stresses of around 2200 MPa  in zirconia and compressive resid-
ual stresses of around −200 MPa  in alumina were reported for
A-5YTZP composites. The difference may  be  due to the elas-
tic anisotropy associated to the Y-TZP (2 1 1) peak measured in
[27]. It is well known that in single peak measurements, the
magnitude of the  calculated residual stress is highly depend-
ent on the particular reflection used for analysis. On the  other
hand, the results obtained in this paper are similar to those
reported in  [16], where residual stresses were determined
by piezospectroscopy in the  same materials investigated in
this work. In [16],  the hydrostatic component of the resid-
ual stresses in both phases was calculated from experimental
measurements in the alumina phase and by imposing the
static equilibrium condition (Eq. (10))  in the zirconia phase.
The residual stresses reported in [16] for A-5YTZP compos-
ites are equal to −50 MPa  for the alumina phase, whereas in
our case the average value is around −70 MPa.  Taking into
account that the typical error associated to residual stress
measurements is approximately 20 MPa,  both results appear
quite close. If the static equilibrium condition is applied, in
the case of the A-5YTZP (95% alumina, 5% zirconia) this error
would translate into approximately 200 MPa  when the  resid-
ual stresses in  the zirconia phase are calculated. This would
explain the difference between our results in the  zirconia

phase (750 MPa) and the  ones reported in [16] for the  A-5YTZP
composite in the same phase (950 MPa).

In addition, residual stresses measurements along the
in-plane and normal directions were employed to  detect pos-
sible orientation effects in samples due to the fabrication
routes. No significant differences were found between direc-
tions for Al2O3 matrix, especially in A-40YTZP composites,
although slightly higher tensile stresses in in-plane direc-
tion than in normal direction were detected in the zirconia
phase.

In this case, residual stresses in a  particulate-reinforced
composite may arise during cooling from the sintering
temperature, due to the  mismatch of thermal expansion
and elastic constants between matrix and particulates [47].
In addition, as explained above, no t → m transformation
occurred in zirconia during the cooling process, and con-
sequently, residual stresses in A/Y-TZP composites were
supposed to have thermal origin.

The modified Eshelby model proposed by Taya et al. [47] was
used to  estimate the residual stresses in Al2O3/Y-TZP compos-
ites, in order to confirm the diffraction measurement results.
As  the densities were close to the theoretical values, com-
posites were assumed to  have no voids and consisting of two
phases: �-Al2O3 matrix with its volume fraction of fm and Y-
TZP reinforcement particulates with volume fraction fP.  The
thermal residual strain due to mismatch of thermal expan-
sion coefficients of matrix and particulates, called CTE misfit
strain ε∗ is given by:

ε∗
=

∫ TRoom

TP

(˛p − ˛m)ıdT (7)

where ˛m and ˛P are the  thermal expansion coefficients of
Al2O3 matrix and Y-TZP particulates, respectively, ı is the
isotropic tensor (Kronecker’s delta), TRoom are the room tem-
perature and TP are the effective freezing temperature [48],
which was estimated to  be 1200 ◦C in the present Al2O3/Y-TZP
system [49].  As  highly dense composites, the  isotropic average
stress fields in the particulate, �p, and in the matrix, �m, can
be estimated as [47]:

�p

Em
=

−2fmˇε∗

A
(8)

�m

Em
=

2fPˇε∗

A
(9)

where A  = fm(ˇ +  2)(1 +  �m) + 3ˇfp(1 −  �m),  ̌ =
(1+�m)
(1−2�p)

(

Ep

Em

)

,  ε∗

is  the CTE misfit strain, fi,  Ei and �i are the  volume fraction,
elastic modulus and Poisson’s ratio of i phase, where i  = m  and
P represent Al2O3 matrix and Y-TZP particulates, respectively.

Based on Eq. (7),  with ˛p > ˛m in  A/Y-TZP composites, CTE
misfit strain would be negative during cooling from the  freez-
ing temperature to room temperature. Consequently, tension
in Y-TZP particulates and compression in Al2O3 matrix were
expected, in good agreement with the experimental results by
neutron diffraction. Irrespective of different processing tech-
niques and grain size effect, the average thermal residual
stresses in Y-TZP phase and Al2O3 phase in A-5YTZP and



b o l e  t í  n d e  l a s  o c i  e d a d e s  p a ñ o l  a d e c e r  á m  i c a y v i  d  r  i  o 5 5  (2 0 1 6) 13–23 21

A-40YTZP composites can be  estimated according to Eqs. (8)
and (9):

In A-5YTZP composites: �Y-TZP
A-5YTZP = 741 MPa, �A

A-5YTZP =

−39 MPa;
In A-40YTZP composites: �Y-TZP

A-40YTZP = 489 MPa, �A
A-40YTZP =

−326 MPa.

A decrease of the tensile stress in Y-TZP phase and an
increase of the absolute value of compressive stress in Al2O3

matrix with the volume fraction of Y-TZP is  found, which
agrees very well with the ND experimental results.

The microstructure development should also be taken into
account. As described in Fig. 3 and Table 1, with more zirco-
nia content, the grain size of Al2O3 matrix was reduced but the
one of Y-TZP was slightly increased. For  a  single Y-TZP particle,
its connectivity with the Al2O3 matrix would be decreased but
the one between Y-TZP particulates would be enhanced. The
internal tensile stresses on Y-TZP particulates, which were
caused by the thermal and elastic mismatch with the sur-
roundings, were correspondingly weakened. In contrast, the
increase of Y-TZP particles would cause a  separation in the
Al2O3 matrix, resulting in  more  contact areas between Al2O3

matrix and Y-TZP particles; consequently, compressive stress
on Al2O3 matrix was  increased.

The calculated residual stresses in the  alumina matrix by
using the modified Eshelby model proposed by Taya [47] were
very similar to those obtained by neutron diffraction measure-
ments in this work, especially in A-40YTZP composites. Such a
good agreement was  also observed for the  residual stresses in
the zirconia phase in A-5YTZP composites. As Y-TZP content
increased to 40 vol.%, the tensile residual stress in the  zirconia
phase obtained from neutron diffraction measurements was
slightly lower than the model predictions. According to recent
work by C. Exare et al. [50], the attrition on alumina and zirco-
nia slurries by high energy milling will  influence the  stability of
the different zirconia phases and generate compressive resid-
ual stresses. Although in the present work ball milling was
used, the possibility that compressive residual stresses might
be generated in zirconia should not be completely ruled out,
especially when the volume fraction of zirconia is increased.
This in turn might help to explain the  differences observed
between the residual stresses measured in zirconia by neutron
diffraction and the  model predictions.

It was initially assumed the macro-residual stresses as  neg-
ligible in all A/Y-TZP bulk samples since no pressure was
applied during sintering process. The equilibrium of mean
phase residual stresses of Y-TZP particles and Al2O3 matrix
was checked by using the static equilibrium condition for
residual stresses [51]:

fA�A + fYTZP�YTZP = 0 (10)

where  fA, fYTZP are the volume fractions of Al2O3 matrix and
Y-TZP in composites; and �A, �YTZP are the measured mean
phase stress of Al2O3 matrix and Y-TZP particulates, respec-
tively. The values of Eq. (10) through thickness were plotted in
Figs. 5 and 6  for tape and slip casting samples. It can be seen
that in all cases the  static equilibrium condition is approxi-
mately verified.

Summary  and  conclusions

Based on the  analysis of microstructure and the internal
residual stresses in  Al2O3/Y-TZP bulk composites fabricated
by different green processing techniques (a novel tape cast-
ing and conventional slip casting) and with different Y-TZP
content, the  following main results and conclusions were pre-
sented:

(1) The tetragonal to monoclinic transformation of zirconia
was controlled in the studied A/Y-TZP composites dur-
ing sintering process, leading to almost full retention of
tetragonal zirconia phase in  composites after fabrication,
as  shown by Rietveld profile analysis.

(2) Grain size and microstructure of materials changed with
the Y-TZP volume fraction in  composites. The grain size of
Al2O3 matrix was reduced and the grain size of Y-TZP was
slightly increased when the volume fraction Y-TZP was
increased.

(3) Due to mismatch in thermal expansion between matrix
and particles, tensile residual stresses developed in  Y-
TZP particulates and compressive ones in  Al2O3 matrix.
Almost flat through-thickness residual stress profiles were
obtained in both phases. With increasing Y-TZP content
in composites, a decrease in tensile stress in Y-TZP phase
and an  increase in compressive stress (absolute values)
in Al2O3 matrix was found. No obvious orientation effects
were discovered, according to the similar results in normal
and in-plane directions. Residual stresses for both phases
were mainly dependent on the  Y-TZP content in com-
posites; irrespective of sample orientation (in-plane and
normal directions) and fabrication processes (slip cast-
ing and tape casting). The residual stress values obtained
from neutron diffraction measurements are consistent
with those reported in the literature as  well as with the
predictions of a  modified Eshelby model.

(4) No obvious effects were induced by the different fabrica-
tion processes (the novel tape casting and conventional
slip casting), in terms of residual stresses, densities and
grain sizes in  the studied A/Y-TZP ceramics.
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