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bstract

easurements of the residual stresses in zirconia toughened alumina (ZTA) composites, containing 1.7, 14 and 22 vol% yttria-stabilized zirconia
3Y–TZP) were obtained by neutron diffraction. Over the range of volume fraction investigated, the hydrostatic stress in alumina and zirconia
hases varies roughly linearly with the zirconia content. It is shown that these features can be qualitatively understood by taking into consideration
he thermal expansion mismatch between the ZrO2 and Al2O3 grains. In addition, a decrease of the Al2O3 line broadening is observed, which

mplies a decreasing micro-residual strain due to the ZrO2 particles in the alumina. It is inferred that the residual strain field is highly hydrostatic,
nd that a decrease of the grain boundary shear stress occurs as a function of the reinforcement volume fraction. This phenomenon is more important
n the case of 1.7 vol% zirconia composite because the zirconia particles are in the nanometre size range, with a narrow distribution.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Internal stresses in discontinuously reinforced ceramic–
eramic composites mainly arise on cooling from fabrication
emperature, owing to the thermo-elastic mismatch between
heir constituents.1 Substantial strains may be generated in
lumina matrix ceramics by including zirconia second-phase
articles, the material being known as zirconia toughened alu-
ina (ZTA). The linear thermal expansion coefficient (CTE) of

he alumina matrix is αAl2O3 = 8 × 10−6 ◦C while that of the
irconia particles is αZrO2 = 12 × 10−6 ◦C. When this compos-
te is cooled from the sintering temperature, the reinforcement
ontracts more than the matrix. This results in tensile stress

n the particles and compressive stress in the matrix. Since
he reinforcement particles have a nearly spherical form, the
ean field stress is generally hydrostatic. However, simula-
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ion works2,3 have shown that the residual stress field can be
ighly anisotropic, and compressive tangential stress can co-
xist with tensile radial stress at the interface between matrix
nd reinforcement.

Chevalier et al.4 investigated the residual internal thermal
tress in an Al2O3–ZrO2 nanocomposite by X-rays and deter-
ined the compressive stress resulting in the Al2O3 matrix at

50 ± 50 MPa. The use of the Selsing equation yielded hydro-
tatic tension of 1.4 GPa in the ZrO2 nanoparticles. In such
anocomposites, the ZrO2 particles are well below the criti-
al size for spontaneous phase transformation,5 but also for
ransformation toughening.6 Hence the only possible mecha-
ism contributing to the toughness increase is the generation
f residual stress. The intergranular nanoparticles situated at
he grain boundaries, markedly strengthened the nanocomposite
ompared to the monolithic material. The high internal compres-
ive stress acting on the alumina/alumina interfaces enhances

he formation of a strong boundary structure decreasing the
otal probability of intergranular fracture. Therefore, the ten-
ile residual micro-stresses that are expected at some grain
oundaries of polycrystalline alumina because of thermo-elastic
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nisotropy was reduced, These Al2O3/ZrO2 nanocomposites
howed a higher strength, fracture toughness (KIC), threshold
n the stress intensity factor under which no crack propagation
ccurs (KI0) and lower wear rate than the monolithic alumina
aterials.7 On the other hand, in “traditional” ZTA composites,
hen tetragonal ZrO2 was incorporated into Al2O3 ceramics,
ue to the transformation toughening mechanisms, a significant
ncrease in fracture toughness was observed.8 The martensitic
→ m (tetragonal to monoclinic) transformation in ZTA ceram-
cs can be induced by applying a tensile stress. The applied stress
equired for the transformation is assisted by the internal residual
tress in t-ZrO2 particles. Micromechanics analyses predict that
hese residual stress vary as a function of the t-ZrO2 content9,10

nd that the local stress field scales with the grain size.11,12

t is therefore necessary to experimentally quantify the resid-
al stresses in ZTA composites with various ZrO2 content and
ifferent grain size.

Neutron diffraction is a well-established technique to tackle
he problem of non-destructive determination of residual stress
n bulk materials and components. Thanks to the high pene-
ration of neutrons into matter, samples of several centimetres
ize can be probed. Moreover, multi-phase materials can be eas-
ly investigated, and the phase-specific stresses determined in
arallel. Diffraction stress measurements basically consist of
easuring the cell parameters of a material, or its interplanar

pacing, and using the changes from unstressed values to obtain
train, then stress values. When a material is subject to a homo-
eneous strain field, the angular position of a diffraction peak
ill shift to lower or higher 2θ values, depending on whether the

train is tensile or compressive. Residual stress in each phase can
e deduced from the lattice strain by using basic linear elasticity.
n the other hand, if the material is subjected to an inhomoge-
eous strain field, in addition to a possible shift in the peak
osition, the diffraction peak profile will also be broadened.
hus, while the shift of a peak measures the average lattice strain
long a particular crystallographic direction, the peak width
rovides useful information about the distribution or fluctua-
ion of the inhomogeneous (micro)-strain field. The technique is
ecoming a standard13 for industrial quality assessment, espe-
ially for aerospace or nuclear applications. For some reason,
owever, its use on ceramic composites materials has been rela-
ively limited. Majumdar et al.14 reported some good examples
f neutron diffraction on ceramic–ceramic composites. There
re few detailed papers in the literature on neutron diffraction
easurements of the residual stress in alumina–zirconia ceramic

omposites. Akiniwa et al.15 measured the variation of residual
tresses in ZTA composites with zirconia content from 15 to
5 vol%. Van Riessen et al.16 observed the presence of both
onuniform and uniform strain effects in the ZTA composites
y line-broadening estimations and cell parameters shifts, deter-
ined by Rietveld analysis. Sergo et al.17 measured the residual

tress in Al2O3/Ce–TZP (12 mol% CeO2) sintered composites,
ontaining 10, 20 and 40 vol% zirconia, and observed that the

ydrostatic stress in the alumina phase varied linearly with zir-
onia content. In two companion papers, Wang et al.18 and
lexander et al.19 studied the internal stresses and the marten-

itic transformation in various Al2O3/Ce–TZP (also 12 mol%

a
T
w
o
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eO2) as a function of zirconia volume fraction. They used a
owder diffractometer and consequently measured an average
train, therefore assumed to be hydrostatic. The obtained a lin-
ar dependence of the internal strains as a function of ZrO2
olume fraction and stress values as high as 1 GPa for ZrO2 and
00 MPa for Al2O3 (with 10 vol% ZrO2). For ceramic nanocom-
osites, Todd et al.20 measured the strain normal to the {0 0 6}
nd {3 0 0} planes by neutron diffraction and calculated that
he addition of 5 wt.% SiC nanoparticles to alumina reduced the
ntergranular stresses by about 7%.

In this work the neutron diffraction determination of the resid-
al stress in composites with alumina matrix containing different
mount and nano- to micro-sized zirconia particles is reported.
he influence of the microstructure on the residual stress is
hown by comparing the present results to the literature quoted
bove.

. Experimental

.1. Sample preparation and microstructure

A high purity alumina powder �-Al2O3 >99.9 wt.% (Con-
ea HPA 0.5, Ceralox division, Arizona, USA), with an average
article size of 0.45 �m, was mixed with 1.7 (A1.7Z), 14
A14Z) and 22 (A22Z) vol% of yttria-stabilized zirconia pow-
er (3Y-TZP, TZ-3YS, Tosoh Corp., Tokyo, Japan), with mean
article size of 0.26 �m. Different stable aqueous suspensions
f 65 wt.% solids content using 0.5 wt.% addition of an alkali-
ree organic polyelectrolite (Dolapix C64) were obtained. Ball
illing was then performed using high purity alumina balls in an

lumina jar for 24 h. Plates (100 mm × 100 mm × 5 mm) were
ast from each suspension in plaster of Paris mould and dried
n air at room temperature for 48 h. Samples were then sintered
t 1600 ◦C for 2 h in air. Sintered plates were then machined to
mall bars of 4 mm × 3 mm × 40 mm.

The microstructure of the sample was analyzed by SEM
scanning electron microscope) micrographs on polished sam-
les, preliminarily thermally etched in air at 1450 ◦C for 30 min.
he grain size of the alumina matrix was determined using the

inear intercept method. For the measured of the ZrO2 grain size
istribution, micrographs were taken of representative regions
nd the equivalent spherical diameters of 100 grains were mea-
ured.

.2. Neutron diffraction

Neutron diffraction residual stress analysis was carried out
n the above-mentioned composite bars. Additionally, bars of
onolithic alumina and zirconia processed in the same way as

he composites and some corundum (�-alumina) powder (held
n vanadium cans) with similar average grain size as the final
omposites were measured as a reference sample.

Measurements were done on the strain scanner (SALSA)

t the Institute Laue-Langevin (ILL, Grenoble, France).21,22

he 3 1 1 reflection of the double-focussing Si-monochromator
as used at a take-off angle of 85◦ to obtain a wavelength
f λ= 1.77 Å. A 2D position sensitive detector with an angu-
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ig. 1. (a) Photo of the SALSA set-up. The most important elements of the
iffractometer are indicated and (b) sketch of the diffraction geometry with
efinition of the symbols quoted in the text.

ar opening of approximately 5◦ is typically mounted on
ALSA. Primary and secondary slits defined a gauge volume
f 1.5 mm × 1.5 mm × 10 mm. A photo of the sample mount on
ALSA is shown in Fig. 1a. The lattice strains were measured
or different orientationsψ of the scattering vector q with respect
o the sample main axes, in each sample (see sketch in Fig. 1b).
his is called the sin2 ψ technique23 and allows determining the

ull strain tensor. In our case its use gave us information about the
eviatoric character of the strains. Typical counting times with
his set-up varied from 5 to 30 min to account for the little ZrO2
ontent (obviously, the smaller the reinforcement content, the
eaker the diffraction signal). For Al2O3 the 1 1 9 reflection was

elected that produces a Bragg peak at 2θ ∼89◦. For the ZrO2,
he (2 2 0) peak was chosen for strain scanning, at a diffraction
ngle 2θ ∼86◦. These peaks were chosen because they had a
elatively high intensity and no overlap with other peaks. More-
ver, as mentioned in,24 the diffraction angle 2θ ∼90◦ satisfies
homogenous coverage of the gauge volume while rotating the

ample. The LAMP software25 was used to analyze the exper-
mental results and obtain the peak parameters at each sample
rientation.

The analysis flow can be schematised as:

. The lattice elastic strain, as averaged within the gauge volume
and in the direction of the scattering vector (sample tilt ψ),
was obtained by:
ε
ψ
hkl =

d
ψ
hkl − d0

hkl

d0
hkl

= −�θ cot θ (1)

(
t
h
a
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where dhkl and d0
hkl are, respectively, the h k l interplanar spac-

ing of the sample and of the unstressed (reference). In our
case monolithic Al2O3 bar was used as a reference, since this
would allow discarding any macro-stress, although none is
expected. For a monochromatic beam any change in lattice
spacing will cause a corresponding shift �θ in the angular
position of the Bragg reflection, with respect to the reference
θ.

. The strain was multiplied by the peak-specific appropriate
elastic constant (Hooke’s law) to obtain stresses. The samples
were rotated in the scattering plane and measured around
two perpendicular orientations (at three to four angular tilts).
However, the average between each group of measurements
was carried out: as it will be seen later, the strains in the
normal and in-plane direction proved to be essentially equal
and therefore could be considered hydrostatic.

Therefore, bulk elastic constants could be used, and
Hooke’s law reads:

σi = Ei,hkl

(1 − 2νi,hkl)
εi,hkl (2)

In Eq. (2) the strain and the elastic constants depend from
the phase i and the lattice plane (h k l) while the stress should
not. In the present work, the elastic constants used were:

forAl2O3: E= 398 GPa, ν= 0.23

forZrO2: E= 226 GPa, ν= 0.25

. The macro-stress could be calculated by the rule-of-mixtures

σM =
∑

i

fiσi (3)

where fi are the volume fractions of the component phases.

As it was mentioned before, in our case macro-stresses are
upposed to be very small or vanishing, because of the produc-
ion route. Therefore, the phase-specific stresses must satisfy the
elation

ZrO2σZrO2 = (fZrO2 − 1)σAl2O3 (4)

Eq. (4) has been used as a cross check that the hypothesis of
anishing macro-stresses holds effectively. We will see below
hat the choice of the monolithic alumina as a reference was
orrect.

. Results and discussion

.1. Microstructure

The A1.7Z composite shows nano-sized ZrO2 particles

300–600 nm) homogeneously distributed (Fig. 2a). In contrast,
he A14Z and A22Z composites show larger ZrO2 particles, less
omogeneously distributed in the Al2O3 matrix. A significant
mount of aggregates (up to ≈5 �m) are present (Fig. 2b and c).
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Fig. 2. Microstructure of the composites under investigation (SEM micrographs
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a linear function of the zirconia volume fraction.
The phase-specific (hydrostatic) stresses, as calculated by the

method outlined in the previous section, are shown in Fig. 5. In
agreement with the behaviour of the lattice strains, the calcu-
fter thermal etching): (a) 1.7 vol% 3Y–TZP (A1.7Z); (b) 14 vol% 3Y–TZP (A14
); (c) 22 vol% 3Y–TZP (A22Z). White grains are zirconia particles, dark grains
re alumina.

he mean grain size of the alumina matrix for A1.7Z, A14Z and
22Z composites are 3.8, 2.5 and 2 �m respectively.

.2. Neutron diffraction analysis
The sin2 ψ plots for the ZrO2 phase of the various composites
re shown in Fig. 3. It is clear that the strains are the same in the
lane normal to the long sample axis. This is in good agreement

F
t

Fig. 3. Sin2 ψ plots for the ZrO2 phase at different volume fractions.

ith the findings of Ruiz-Hervias et al.26 Hydrostatic stresses
ere found in even in a plane geometry.
For the A1.7Z composite, the ZrO2 diffraction signal was

lways sufficient to reliably determine peak positions, even if
he grain size was only about 300 nm (practically a nanocom-
osite). This nanocomposite displays a relatively large error bar,
ue to the poorer counting statistics. All ZrO2-specific strains
re tensile with respect to the reference and increase as the ZrO2
ontent gets lower. The results of the strain calculations are given
n Fig. 4. As expected, the Al2O3 matrix strain values increase

onotonically with ZrO2 concentration, which implies that the
esidual stress has indeed its origin in the thermal mismatch.
his statement holds since no t → m transformation occurs in

hese materials, as documented in.27 Moreover, if any transfor-
ation would occur, a discontinuity in the strain vs. ZrO2 volume

raction behaviour would appear.
As shown in Fig. 4, the specific strain in both phases is roughly
ig. 4. Phase-specific strain for the alumina and the zirconia, as a function of
he zirconia volume fraction.
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Fig. 5. Measured and calculated (via the macro-stress balance) phase-specific
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tress for the alumina and the zirconia, as a function of the zirconia volume
raction.

ated hydrostatic stress in ZrO2 particles is tensile and increases
ontinuously as the ZrO2 volume fraction decreases. For the
l2O3 matrix, the calculated hydrostatic stress is compressive

nd increases progressively with an increase in ZrO2 volume
raction. This also conveys the message that the measured stress
oes satisfy the balance Eq. (4) -light symbols-, as the calculated
nd the experimental values are in very good agreement.

The last result is not as clear for the nanocomposite with
.7 vol% ZrO2, as it is for the others. It is to be noticed, how-
ver, that the alumina stress is very small for the 1.7 vol% ZrO2
omposites; therefore, a small error on the alumina stress value
ields a very large error bar on the zirconia stress while applying
q. (4), because of the small zirconia volume fraction. We can

hen state that the calculated value does agree with the measured
ata within the (large) error bar (which represents one standard
eviation).

Moreover, these results are in qualitative agreement with
reviously reported data4: the measured value is a factor of 2
maller, while the calculated value is about 40% bigger than
he values determined in.4 Those discrepancies can have two
ossible explanations:

(a) The reinforcement is located mainly at grain boundary (or
even at triple points) in the present, while it is intragranu-
lar in Ref.4. This means that in the present materials stress
relaxation can indeed take place, contrary to what happens
in.4 This would explain the reduction of stress in the present
work.

b) The literature data4 were obtained by X-Ray, and therefore
may suffer from surface effects (e.g. finishing), which would
explain the even higher stresses determined by Chevalier et
al.4
In addition, good qualitative agreement between the present
ork and the work of Wang et al.18 holds, with again a reduc-

ion factor of about 2. In Ref.18 stresses calculated by means of
he balance Eq. (4) were lower than the measured values, while

c
b
A
t

ig. 6. Integral peak width for the alumina and the zirconia, as a function of the
irconia volume fraction.

n the present they are in excess. Possibly, the different chem-
stry and microstructure causes the quantitative experimental
iscrepancies.

The substantial equivalence of the mean field stress of the
ifferent materials can be read from Fig. 6. This shows the peak
ntegral width for the alumina 1 1 9 and the zirconia 2 2 0 reflec-
ions. For the alumina phase, the peak width varies little as a
unction of the ZrO2 content and shows a similar value to the
lumina powder. The monolithic alumina has a slightly higher
eak width. As mentioned before, if a material is subjected
o an inhomogeneous strain field the diffraction peak profile
ill also be broadened. In our measurements, a decrease of the
l2O3 peak width from the monolithic matrix shows that the

tress state in the alumina matrix of these composites is pos-
ibly more homogeneous. This idea is coherent with the stress
edistribution mechanism proposed above although the integral
idth difference is of the order of the error bar. This reduction

n the intergranular stresses may influence the crack initiation
nd therefore, the mechanical properties of these materials. This
esult is more important in the A1.7Z nanocomposite, where
he effect of the ZrO2 nanoparticles should simply superpose to
he intergranular tensile stresses of the alumina matrix. On the
ther hand, the alumina powder sample has slightly smaller peak
idth than the bulk monolithic polycrystalline sample that devel-
ps high intergranular stresses as a result of thermal anisotropy.
inally, the monolithic zirconia has a definitely larger peak width

han the dispersed particles in the various composites, for the
ame reasons mentioned above.

. Summary and conclusions

In summary, we have used neutron diffraction for the deter-
ination of the residual stress in ZTA ceramic composite

ontaining different amount and grain size of ZrO2 reinforced
hase. Evidence was presented that the residual stress in these

omposites were primarily due to thermal expansion mismatch
etween Al2O3 and ZrO2. As a result of this mismatch, the
l2O3 matrix is in compression and the ZrO2 particles are in

ension. From the experimental strain data, the residual stresses
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n both phases were evaluated. It was found that the compressive
esidual stress in the Al2O3 matrix is ∼150 MPa for a sample
ontaining 22 vol% ZrO2. The phase-specific strain decrease
pproximately linearly with an increase in the volume fraction
f that phase. The width of the microstrain distribution (i.e. the
eak width) decreases from the monolithic alumina to the ZTA
omposites, indicating that the strain state in the matrix more
ydrostatic.

Finally, the measurements showed that the presence of a nar-
ow size distribution of nanoparticles in the ZTA composites
ith low (1.7 vol%) ZrO2 content reduces more effectively the

hermal expansion anisotropy of the matrix grains than the large
irconia agglomerated grains present in composites with higher
mount of zirconia phase. This is a striking result, because
he thermal stresses have a dramatic effect on the mechanical
ehaviour of alumina materials.
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