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Residual stresses in ceramic nanocomposites and their determination by Raman
spectroscopy
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Residual stresses in ceramics, as for example arising from thermal expansion anisotropy, exert an important influence on the
mechanical behaviour of polycrystalline materials. They can lead to crack initiation in the sense of microcracking but can also
influence crack propagation by determining the evolution of the crack path and contribute to the effectiveness of crack
bridging or by microcrack shielding. Various methods have been utilised to measure residual stresses. In this paper, a method
based on the piezospectroscopic (PS) effect is discussed by application to Ce-ZrO2/Al2O3 nanocomposites having 0-90 vol. %
of alumina. The compressive stress in Al2O3 was determined from the frequency shift of the R2 luminescence band using the
well-known piezospectroscopic coefficient. The tensile stress in t-ZrO2 has been found in two ways. In the first one, it has been
derived from the equilibrium of forces in a free-standing piece of two-phase material. The frequency shifts of each Raman band
of t-ZrO2 have been plotted against the calculated stress and the slopes provided the PS coefficients. In the second method,
external compressive stress introduced into composite samples by Vickers indentation was used for a new PS calibration due
to a linear dependence observed between the t-ZrO2 Raman line shift for all Raman lines of zirconia and those of the Al2O3

R2-line luminescence. This way, having new PS coefficients a new value of stress in t-ZrO2 was calculated. Good
correspondence of PS and stress in t-ZrO2 obtained from these two methods was found. As a result new indirect methods for
determining PS coefficients of t-ZrO2 are suggested.

Key words: ceramic nanocomposites, residual stresses, Raman spectroscopy, piezospectroscopic coefficients.

Introduction

Residual stresses in ceramics, as for example arising
from thermal expansion anisotropy, exert an important
influence on the mechanical behaviour of polycrystal-
line materials. They can lead to crack initiation in the
sense of microcracking [1] but can also influence crack
propagation by determining the evolution of the crack
path [2, 3] and contribute to the effectiveness of crack
bridging [4, 5], or by microcrack shielding [6].

Various methods have been utilised to measure
residual stresses. In this study, the residual stresses in
composites of Ce-ZrO2/Al2O3 were determined using
the piezospectroscopic (PS) effect. This phenomenon is
based on the known relationship between the value of
some particular spectroscopic parameter and the stress
state to which the material is subjected:

(1) 

where ∆ν represents the frequency shift calculated with
respect to an assumed stress-free reference state, Πij is
the tensor of the derivatives of the frequency shifts with
respect to stresses, σij, applied along the axis of the

crystallographic system; Πij is called the tensor of the
piezospectroscopic coefficients.

Stress information from the experimentally observed
frequency shift ∆ν is based upon the knowledge of the
piezospectroscopic coefficients. Usually these are deter-
mined by a calibration procedure whereby the sample
is stressed to a known extent and the corresponding
spectrum is then recorded [7]. This procedure requires
a loading device that must be stiff and able to be fitted
under the microscope objective lens. Moreover, since
the stress is derived from the applied load through the
standard elastic solutions, the samples must have
carefully controlled shape and dimensions.

In this paper two different methods for determining
PS coefficients and then stresses in two phase/material
composite are reported, which require any type of load-
ing device nor any precise machining of the ceramic
sample. Both methods are based on the mixture of two
phases/materials, when the PS coefficient and stress in
one phase/material is independently known.

Experimental procedure

Zirconia/alumina composite samples having 0-90
vol% of alumina were prepared following a standard
ceramic preparation procedure. First starting powders:
Ce-ZrO2 containing 12 mol% of CeO2 (CEZ-12, Mandoval

∆ν=Π ijσij
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Limited, UK) and alumina (AKP-53, Sumitomo, Japan)
were homogenised 24h in distilled water. Then the
mixed powder compositions were dried, uniaxially pressed,
isopressed and sintered at 1600oC for 2h. For com-
parison pure zirconia and pure alumina samples were
prepared under the same conditions.

The Cr+3 luminescence and the Raman measurements
were performed using a micro-Raman set-up contain-
ing a triple spectrometer (DILOR XY) with a liquid-
nitrogen cooled CCD (charge couple device) detector
and an optical microscope. A 50x objective with a 0.55
numerical aperture was used to focus the incident light
on a spot of about 100 µm in diameter and to collect
the light in back scattered geometry. The scattering
light was excited by the 488 and 514.5 nm lines of an
Ar+ laser. To avoid overheating of the samples the
output laser power was kept below 40 mW. The Si
Raman line at 520 cm−1 was used for wavenumber
calibration of the Raman spectra, whereas the lines of a
neon lamp were used to calibrate the Cr+3 lumine-
scence. Peak positions were obtained by fitting the
spectra to a special computer program. The frequency
shifts mentioned throughout the paper have been
obtained by subtracting from the peak frequency of the
sample under investigation the peak frequency of the
stress-free reference samples.

To calibrate the stress dependence of the Raman shift
in the second of the methods offered a Vickers
indentation (10 kg load) was prepared in the com-
posites studied. Along this external compressive stress
field both spectra: luminescence and Raman were
collected at the same place of the sample at a distance
of 0-300 µm from the indent. An example of the indent
is shown in Fig. 1. Two fringes observed on the optical
interference micrograph of the Vickers indent are a
result of the optical system in Nomarsky interferometer
of our Reichert microscope MeF2.

Results and Discussion

The coefficient of thermal expansion of t-ZrO2 is
greater than that of Al2O3 (αAl2O3=9.0×10−6 oK−1, αZrO2
=12.0×10−6 oK−1); thus alumina is expected to be in
compression but zirconia in tension independent of
Al2O3 content in composites studied when cooled from
the fabrication temperature. This expectation was
confirmed by luminescence and Raman spectras. An
example of the luminescence of the R-lines for a Ce-
ZrO2/Al2O3 composite containing 60 vol.% of alumina
(described as an unstressed spectra) is shown at Fig. 2.
For comparison the spectra of sapphire is added. The
R-lines of the composite move to a lower wavenumber,
which means the presence of compressive stress.

As is generally known there are two factors respon-
sible for residual stresses in alumina grains: a differ-
ence in thermal expansion of Al2O3 and ZrO2 and
crystallographically anisotropic thermal expansion of
the Al2O3. However, the contribution of the first reason
seems to be dominant in composite samples and
strongly increases with zirconia content (Fig. 3). Equation

Fig. 1. An example of scanning microscope (left) and optical interference (right) micrographs of Vickers indent made in zirconia ceramics.

Fig. 2. Luminescence spectra of Ce-ZrO2/Al2O3 (60 vol.%)
composite taken close to (“stressed”) and far from the indentation
(“unstressed”). For comparison spectra of unstressed sapphire is
added.
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1 was applied to derive the stress in alumina using the
experimental frequency shift of the R2 luminescence
band in the various samples and the well known PS
coefficient of this band, Π=7.6 cm−1/GPa [8, 9]. The
compressive stress in alumina in a function of zirconia
content is presented in Table 1. According to the first
method proposed the stress in t-ZrO2 was calculated on
the base of the equilibrium forces in free-standing piece
of composites given by:

(2)

where fZrO2 and fAl2O3 represent the volume fraction of
both phases (see Table 1). The position of all Raman
lines of t-ZrO2 shifts with alumina content to higher
frequencies (Fig. 4). The only exception is the line
observed at 260 cm−1, which moves toward higher
energies. Finally the Raman shift of all t-ZrO2 bands
are graphed as a function of the stress . These
graphs are presented in Fig. 5. The slope of the best
fitting lines (Fig. 6) yields the PS coefficients of the
corresponding Raman bands reported in Table 2,
together with the values for the same bands determined
by other researchers. The PS coefficients of t-ZrO2

stress in zirconia have been calculated using eq. 1 and
given in Table 1. As can be seen values of stress are
comparable, independent of the calculation method.
The same method of calculation was used for alumina.
Two alumina peaks observed at 355 and 417 cm−1 are
visible in the Raman spectrum of composites (Fig. 7).
Their intensity is small in comparison with pure alumina

but rises with alumina content. The most active Raman
mode of Al2O3 at 417 cm−1 shifts with stress (Fig. 5).
Its PS coefficient is given in Table 2.

To extend the internal stress region external compre-
ssive stress was introduced into the composite samples
by Vickers indentation. With this stress field both
spectra: luminescence and Raman were collected at the
same place on the sample at a distance of 0-300 µm
from the indent. The intensity of this stress was
expected to diminish with distance from the indent. As
can be seen from Fig. 8, the R2 luminescence shift
strongly decreases with distance from the indent to
maintain the value typical for an unidented area of the
composite at 200 µm. The R2 shift converted to stress
present in the alumina due to indent is shown in Fig. 9.
The compressive stress close to the indent (20 µm)
reaches 723.7 MPa and then decreases with distance to
achieve at 200 µm a value similar to the “natural”
residual compressive stress in alumina of the same
composite sample equal to 166 MPa.

Changes made by the indent in t-ZrO2 are more com-
plex. As a result of force equilibrium when alumina is
in compression ZrO2 should be in tension in an
unidented composite sample. A high compressive stress

fZrO2
σ〈 〉 ZrO2

+fAl2O3
σ〈 〉 Al2O3

=0

σ〈 〉 ZrO2

Fig. 3. Frequency shift of the R2 luminescence line of Al2O3 as a
function of zirconia content in Ce-ZrO2/Al2O3 composites.

Table 1. Comparison of residual stresses in alumina and zirconia
obtained from different piezospectroscopic methods

Hydrostatic stress, MPa
Zirconia content in composite, 

vol.%

0 20 40 60 80 90

Al2O3 (from luminescence) +32 -166 -340 -482 -614 -673
Al2O3 (from Raman) -140 -300 -500
ZrO2 (from balance formula) +664 +510 +321 +153 +75
ZrO2 (from Raman) +680 +493 +315 +153 +85

Fig. 4. Raman lines position of t-ZrO2 for different zirconia
content in Ce-ZrO2/Al2O3 composites. In the right bottom part of
the picture the same is shown for 417 cm−1 line of Al2O3.
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introduced by the indent increases the compressive
stress in the alumina as shown above but changes the
initial stress in the ZrO2. Close to the indent (20 µm) a
compressive stress is also observed in zirconia. This
converts to a tensile one, typical for the equilibrium
state, when the distance from the indent increases (Figs
10 and 11). Again, at a 200 µm distance the tensile
stress in zirconia is equal to the stress observed in an
unindented area of the sample. The unbalanced stress
state in the neighbourhood of the indent shows that the
composite material has been plastically deformed under
the high load introduced with the indent. Very short
microcracks at the corners of the indent and the Vickers
hardness impression of the indent shown at Fig. 1

confirm the above thesis. For both components of the
composite the measured stress is a sum of the com-
pressive stress introduced by the indentation and the
“natural” residual stress (compressive or tensile) gener-
ated by the difference in thermal expansion properties.
This way, the compressive stress from the indentation
adds to the compressive residual stress in the alumina
resulting in a higher final value of the compressive
stress. In the case of zirconia, the same compressive
stress from the indent adds to the tensile residual stress.
Close to the indent the measured compressive stress in

Fig. 5. Raman lines position of t-ZrO2 as a function of its internal
stress in Ce-ZrO2/Al2O3 composites. In the right bottom part of the
picture the same is shown for 417 cm−1 line of Al2O3.

Table 2. Piezospectroscopic coefficients for all Raman bands of t-ZrO2

Piezospectroscopic coefficients, 
cm−1/GPa

Raman band, cm−1

140 260 316 457 632 417 (Al2O3)

From balance formula -2.1 +4.5 -4.7 -5.9 -1.9 -2.5
From indentation -2.4 +3.7 -4.0 -6.5 -2.7 -1.8
Previous works -1.83 [12]

-2.4 [13]
-2.2 [11]
-2.5 [10]

Fig. 6. Frequency shift of the Raman band versus average
hydrostatic stress. The data appearing in the tensile region of the
graph belong to the Raman bands of t-ZrO2. The data appearing in
the compressive region belong to the alumina Raman band at 417
cm−1.

Fig. 7. Raman spectra of Ce-ZrO2 ceramics and Ce-ZrO2/Al2O3
composite containing 80 vol.% of alumina. In the spectrum of
composite alumina lines are observed at 379 and 417cm−1.
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the t-ZrO2 is the final result of stresses summing and
changed to a tensile one when the externally introduced
compressive stress decreases with increasing distance
from the indent. A high external stress means that some
portion of the t-ZrO2 grains in the close neighbourhood
of the indent transform to the monoclinic phase, which
results in the presence of 178 and 190 cm−1 bands of
m-ZrO2 in the Raman spectrum (see Fig. 12). However
at a distance higher than 50 µm only the tetragonal
peaks of zirconia are again observed. Luminescence
and Raman spectra taken from these areas (both at the

same point) for all composite samples showed a linear
correlation between the t-ZrO2 Raman line shift and
those of the Al2O3 R2-line luminescence (see Fig. 13).
The slope of the best fitting lines yields the ratio: 

(3)

for all corresponding Raman bands.
Eq. 2 converted to eq. 4 by introduction ai values

obtained from Fig. 13 was used for calculation new PS
coefficients for all Raman bands of t-ZrO2 and the 417
cm−1 band of alumina. PS coefficients determined by
this method are reported in Table 2.

(4)

ai=
∆νZrO2

∆νAl2O3

----------------

ΠZrO2
=

fZrO2
∆νZrO2

ΠAl2O3

fAl2O3
∆νAl2O3

---------------------------------------

Fig. 8. R2 luminescence shift as a function of distance from the
indent made in Ce-ZrO2/Al2O3 composite sample containing 80
vol.% of alumina.

Fig. 9. Changes of compressive stress in alumina with distance
from the indent for Ce-ZrO2/Al2O3 composite sample containing
80 vol.% of Al2O3.

Fig. 10. Raman shift of 457 cm−1 band as a function of distance
from the indent made in Ce-ZrO2/Al2O3 composite sample
containing 80 vol.% of alumina.

Fig. 11. Frequency shift of 457 cm−1 Raman band and average
stress in zirconia as a function of distance from the indent made in
Ce-ZrO2/Al2O3 composite sample containing 80 vol.% of alumina.

Fig. 12. Raman spectra of Ce-ZrO2/Al2O3 composite sample
containing 80 vol.% of alumina taken from 20 and 200 mm.
distance from the indent.
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The last PS data show a good agreement with those
obtained by the first method and those previously
published by other researchers on a more limited set of
compositions. It is also evident that the bands more
stress-sensitive, and hence more indicative for PS
analysis, are the ones at 316 and 457 cm−1. As was
mentioned earlier the method of PS coefficient deter-
mination presented here rely on a knowledge of the
stress in one component of the composite to retrieve
the stress (and subsequently the PS coefficient) in the
second one. The advantage for both of them is that the
spectra have been collected from very small samples
and simply sintered. Only the second one needs some
machining and polishing for preparing Vickers indents.

Conclusions

The residual stresses in Ce-ZrO2/Al2O3 composites
containing 10-90 vol.% of alumina were measured using
piezospectroscopic effects. The stress in Al2O3 was
determined through the shift of the R2 luminescence of
Cr+3 and commonly known piezospectroscopic coefficient.
The stress in t-ZrO2 was calculated by two methods. In
the first case the stress (and subsequent PS coefficients)
was found from the equation of force equilibrium. In
the second method an external stress field introduced
by Vickers indent was used for new PS coefficients
determination due to the linear dependence observed
between the t-ZrO2 Raman line shift and those of the
Al2O3 R2-line luminescence for all the Raman lines of
zirconia. As a result two new indirect methods for
determining the piezospectroscopic coefficient of t-
ZrO2 were suggested.
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