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Determination of residual stresses in three-layer
alumina composites using an indentation
technique
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The distribution of residual stresses in three-layer reaction bonded alumina (RBAO)
composites with 17.5 vol % zirconia in the inner layer and 40 vol % mullite in the outer
layers was determined by an indentation technique. It could be shown that the outer layers
are subject to a residual compressive stress while the inner layer is under a tensile stress.
With increasing outer layer thickness, the residual compressive stress decreases, and the
residual tensile stress increases. Compressive stresses up to 550 MPa were measured in
this study. It was found that the residual stresses are not uniform throughout the layers.
The magnitude of the stresses decreases with increasing distance from the interfaces. This
is attributed to creep during cooling from the sintering temperature. C© 1999 Kluwer
Academic Publishers

1. Introduction
The mechanical properties of alumina ceramics can be
improved by introducing mullite into the surface region.
It has been shown that mullite can be formed on the
surface of alumina by heating alumina in a bed of SiC
powder [1] or by annealing a Si-deposited alumina in air
[2]. In both cases, strength increases of>25% were re-
ported. These increases were attributed to the presence
of residual surface compressive stresses which were
generated during cool-down after heat treatment due to
the thermal expansion mismatch between alumina and
mullite. However, these techniques yield only relatively
low thicknesses of the compressive stress zones. Be-
cause strength-limiting flaws are typically in the order
of 50 to 200µm [3], the flaws cannot be completely
contained in the compression zone, which limits the
strength improvement to moderate levels.

Recently, we have successfully fabricated three-layer
RBAO-based composites with 40 vol % mullite in the
outer layers [4]. Because the outer layers (that is, the
compression zone) can be tailored to any desired thick-
ness, such composites exhibit an excellent resistance
to contact-induced damage. It was found that the ini-
tial strength of three-layered specimens with an outer
layer thickness of 400µm can be retained even after
indenting under a load of 300 N due to the existence of
a residual compressive stress in the outer layers.

The magnitude of residual stresses can be determined
by several techniques. In the present work, an inden-
tation technique was chosen. The effects of the outer
layer thickness on the distribution of residual stresses

in the layers of three-layer alumina composites were
examined and are discussed in the present paper.

2. Experimental procedure
To obtain 40 vol % mullite in the outer layers and 17.5
vol % zirconia in the inner layer after reaction bonding,
an initial powder consisting of 48.9 vol % Al (AS 081,
<50µm, Eckart-Werke, Germany), 41.7 vol % Al2O3
(Ceralox HPA-0.5, 0.5µm, Condea Chemie GmbH,
Brunsbüttel, Germany), and 9.4 vol % SiC (F1000,
4.5µm, Norton AS, Lillesand, Norway) was selected
for the outer layers, while a powder mixture of 50 vol %
Al, 30 vol % Al2O3 and 20 vol % ZrO2 (TZ-2Y, 24 nm,
Tosoh Co., Tokyo, Japan) was used for the inner layer.
The calculated final compositions are: 60 vol % Al2O3,
40 vol % mullite for the outer layers, and 82.5 vol %
Al2O3, 17.5 vol % ZrO2 for the inner layer. Three-
layer reaction bonded alumina composites with a to-
tal thickness of 5.2 mm and four different outer layer
thicknesses (0.2, 0.4, 0.8 and 1.2 mm) were formed
by first filling the outer layer powder into a rectangu-
lar die, then adding the inner layer powder followed
by a second addition of the outer layer powder. The
powders were then uniaxially pressed at 50 MPa and
subsequently isostatically pressed at 300 MPa. Reac-
tion bonding and sintering were performed in air with
a sintering hold at 1550◦C for 1.5 h. Details of the
fabrication process were described in a previous work
[4]. In order to determine the residual stress distribu-
tion by the chosen indentation technique, the side-faces
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of three-layer specimens were machined and polished
to a 1µm finish. Indentations were made in air using
a Vickers diamond indenter at a load of 25 N with a
holding time of about 25 s. Care was taken to orientate
the indents so that one set of the radial cracks be par-
allel to the interfaces between layers. After unloading,
the length of cracks perpendicular to the interfaces was
immediately measured in order to minimize subcritical
crack growth caused by atmospheric moisture.

3. Results and discussion
Fig. 1 shows a schematic of a three-layer specimen. An
optical micrograph of such a material is given in Fig. 2.
The sample is straight, bending does not occur because
the layers are positioned symmetrically on two opposite
sides. The outer layers of this sample are 0.4 mm thick
on each side. Figs 3 and 4 show SEM micrographs of
the layers and of the interface between them. There

Figure 1 Schematic of an ideal three-layer specimen.

Figure 2 Optical micrograph of three-layer specimen.

is an approximately 50µm thick porous zone at the
interface.

The thermal expansion coefficients (TECs) of the in-
ner layer (αi ) and the outer layers (αo) were estimated to
be 8.52 and 6.9×10−6/◦C by using the simple mixture
rule and taking the TECs of alumina, zirconia and mul-
lite as 8.1, 10.5 and 5.1×10−6/◦C [5]. During cooling
down from sintering temperature, the inner layer would
contract more than the outer layers if the layers were
separated. However, in the case of a well-bonded inter-
face between layers, the contraction of the inner layer
is constrained by the outer layers. This leads to a tensile
stress,σi , in the inner layer, and a compressive stress,
σo, in the outer layers.

Based on the equilibrium of forces in the longitudi-
nal direction, the residual stressesσi andσo are related
by [6]

σi = −2 · to
ti
· σo (1)
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Figure 3 Scanning electron micrograph of three-layer specimen.

Figure 4 Scanning electron micrograph of three-layer specimen.
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TABLE I Calculated residual stresses in the inner and outer layers for
three-layer alumina composites with different outer-layer thicknesses

Residual stress (MPa)

Outer-layer thicknessa (mm) σo σi

0.2 −583 48
0.4 −542 98
0.8 −456 203
1.2 −366 314

aThe total thickness of all three-layer specimens is 5.2 mm.

whereti andto are the thicknesses of the inner and outer
layers, respectively. The magnitude of the residual com-
pressive stress,σo, in the outer layers can be calculated
from [7]

σo = (αo−αi )·1T · Eo

1− νo
·
[
1+2· to

ti
· Eo/(1− νo)

Ei/(1− νi )

]−1

(2)
where1T is the effective temperature difference during
cooling,Eo is the Young’s modulus of the outer layers,
Ei is Young’s modulus of the inner layer,νo is Poisson’s
ratio of the outer layers, andνi is Poisson’s ratio of the
inner layer.

Table I gives the calculated values of the residual
tensile and compressive stresses in the inner and outer
layers for three-layer RBAO-composites with different
outer layer thicknesses. In calculations,1T was as-
sumed to be 1000◦C, and the Young’s moduli (Ei , Eo)
and the Poisson’s ratios (νi , νo) of the inner and outer
layers were estimated by using theE and ν data of
alumina, zirconia and mullite [8]. Cooling down from
sintering temperature was done relatively slowly at
10 ◦C/min, therefore no significant temperature gra-
dient should exist between outer and inner layer. It can
be seen in Table I that the residual compressive stress in
the outer layers decreases, but the corresponding ten-
sile stress in the inner layer increases with increasing
outer layer thickness. At an outer layer thickness of
1.2 mm, a residual tensile stress of about 300 MPa is
created in the inner layer. This can result in the exten-
sion of preexisting cracks and thereby cause a degra-
dation of the mechanical properties. At an outer layer
thickness of 0.4 mm, the residual tensile stress in the
inner layer only amounts to≈100 MPa, but the residual
compressive stress in the outer layers reaches values up
to≈550 MPa. Judging from this, an excellent surface-
flaw tolerance can be expected for such a composite.
Measurements of the mechanical properties of layered
specimens after indentation have shown strength val-
ues of 450 MPa in pressureless sintered samples and of
800 MPa in hot isostatically pressed samples even after
indentation at a load of 300 N [4].

The magnitude of the residual stresses in the inner
and outer layers can be determined by an indentation
technique. When a stress-free ceramic is indented on
the surface with a Vickers indenter, the radius,c0, of the
half-penny cracks is determined by the stress intensity
factor,KI , at the indentation crack tip [9]

KI = χ · P

c3/2
0

(3)

where P is the indentation load, andχ is a dimen-
sionless constant which depends on the modulus-to-
hardness ratio. If the ceramic is in a residual tensile or
compressive state, the crack-tip stress intensity factor,
KI , can be expressed as [10]

KI = χ · P

c3/2
+ 2√

π
· σr ·
√

c (4)

wherec is the radius of the indentation cracks in the
presence of a residual stress,σr.

For the case of very thin layers (layer thicknessd ¿
c), the stress intensity factor can be expressed as [11]

K = χ P

c3/2
+ 2ψσsd

1/2 (5)

whereψ is a crack geometry term. However, in our
case, the layer thickness is greater than the crack length,
therefore this term is only given for completeness here.

From Equations 3 and 4, it is easily derived that

σr = 1

2
· KI ·

√
π

c
·
[

1−
(

c0

c

)3/2
]

(6)

Note that under a stable crack growth condition, the
indentation stress intensityKI amounts to the critical
stress intensity, that is, the fracture toughness,KIC, of
the ceramic. Then, the residual stress,σr, can be ob-
tained from Equation 6 based on accurate measure-
ments of indentation crack lengths.

In the present work, monolithic reaction bonded
alumina ceramics containing 17.5 vol % zirconia or
40 vol % mullite, respectively, were used as the ‘un-
stressed’ reference to determine the residual stresses
in the three-layer composites. The monolithic ma-
terials have fracture toughness values of 4.65 and
3.0 MPa· m1/2, respectively. Figs 5–8 show the mea-
sured stress distribution over the total thickness of spec-
imens with different layer thicknesses.

As can be seen, the outer layers are under a resi-
dual compression and the average stress values decrease
with increasing outer layer thickness, while the residual
stresses in the inner layer are tensile and the mean values

Figure 5 Residual stress distribution in the inner and outer layers of
three-layer alumina composite with an outer-layer thicknesses of 0.2 mm.
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Figure 6 Residual stress distribution in the inner and outer layers of
three-layer alumina composite with an outer-layer thicknesses of 0.4 mm.

Figure 7 Residual stress distribution in the inner and outer layers of
three-layer alumina composite with an outer-layer thicknesses of 0.8 mm.

Figure 8 Residual stress distribution in the inner and outer layers of
three-layer alumina composite with an outer-layer thicknesses of 1.2 mm.

of these stresses increase with increasing outer layer
thickness. This is in good agreement with the theoreti-
cal calculations. However, the magnitude of the calcu-
lated residual stresses is only approximately achieved.
The average measured values of the residual stresses
in the inner and outer layers are lower than the calcu-
lated values in Table I. Furthermore, it is interesting to

TABLE I I Comparison of calculated and measured residual stresses
in the inner layer of three-layer alumina composites with different outer-
layer thicknesses

Outer-layer thicknessa
Residual stress (MPa)

(mm) Calculated Measured Deviation (%)

0.2 48 47 −2.1
0.4 98 93 −5.1
0.8 203 128 −36.9
1.2 314 174 −44.6

aThe total thickness of all three-layer specimens is 5.2 mm.

note that the residual stress distribution is not uniform
throughout each layer, but shows a considerable devi-
ation in the vicinity of the interfaces. For specimens
with outer layer thicknesses of 0.2 and 0.4 mm, the
maximum residual compressive stress in the outer lay-
ers occurs near the interfaces, whereas the maximum
tensile stress in the inner layer is found at a distance
of approximately the outer layer thickness from the in-
terfaces. This latter phenomenon is not yet understood,
but it is consistent with the fact that the failure of three-
layer specimens with an outer layer thickness of 0.4 mm
originates from interior voids in the inner layer [4].
For specimens with outer layer thicknesses of 0.8 and
1.2 mm, the residual tensile and compressive stresses
in the inner and outer layers reach a maximum near the
interfaces, and decrease substantially with increasing
distance from the interfaces. This indicates that there
is a partial relaxation of residual stresses in the layers
with increasing distance from the interfaces. This could
occur through creep at high temperatures. On a macro-
scopic scale, three-layer specimens fabricated in this
work were found to have concave side faces.

The data given in Table II show that the deviation be-
tween the calculated and the measured residual stresses
in the inner layer increases with increasing outer layer
thickness. At an outer layer thickness of 1.2 mm, the
measured stress is 44.6% below the calculated value.
Since the residual tensile stress in the inner layer in-
creases with increasing outer layer thickness, a notable
plastic deformation is expected for the inner layer at
higher thicknesses of the outer layers. In this case, the
residual stress will relax partially, thereby accounting
for the difference between measured and calculated
stress values.

4. Conclusions
A simple indentation technique was used to determine
the residual stresses in three-layer reaction bonded alu-
mina composites containing 17.5 vol % zirconia in the
inner layer and 40 vol % mullite in the outer layers. The
results show that the outer layers are under a residual
compressive stress while the inner layer is in a ten-
sile stress state. The magnitudes of the residual stresses
depend on the thickness of the outer layers. As the
outer layer thickness increases, the residual compres-
sive stress in the outer layers decreases, and the residual
tensile stress in the inner layer increases. Compressive
stresses of up to 550 MPa were measured in this study.
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The measured residual stresses in the inner and outer
layers are not uniform, but decrease with increasing dis-
tance from the interfaces. This is assumed to originate
from creep during cooling down from the fabrication
temperature.
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