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Abstract

X-ray measurements of lattice spacings are used to
determine residual microstresses present in sintered
alumina and in tetragonal zirconia polycrystals due
to thermal expansion anisotropy (TEA). In ALO;
with grain sizes larger than 1 wm the microstresses
are 30-100 MPa, in submicrometer samples the
grain size influence becomes small and residual
stresses range between 20 and 30 MPa. For the
grain sizes between 0-3 and 9 um there is no indica-
tion of a change in the high-temperature relaxation
mechanism. In ZrO, with grain sizes of 0-5-1 pm the
residual stresses are similar as observed in Al,O;
(20-60 MPa), they decrease further at grain sizes
0-2-0-4 wm. The results are independent of techno-
logical approaches like powder processing or sol/gel
used to produce the sintered bodies.

1 Introduction

The need for residual stress measurements results
from their complex influences on the mechanisms
of the microstructural development during sinter-
ing, on crack propagation and energy dissipation,
and on the macroscopic technical performance
(e.g. strength, toughness, wear). Whereas the
present work was focused on microstresses, other
components have to be considered as well because
X-ray measurements on ground surfaces comprise
contributions from different (microscopic and
macroscopic) stress components. A threefold
classification of residual stresses in polycrystals
adopted here was given e.g. by Kloos.'

First kind residual stresses are macroscopic along
at least one dimension (¢.g. within a surface, pos-
sibly with a steep gradient along the perpendicular
z-direction). A frequent origin is microplastic defor-
mation (dislocations, twins)—important for all
measurements on ground or polished ceramic sur-
faces.>* The size of subsurface grinding damage
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decreases with smaller grain sizes.* Extended sub-
surface damage is present in the upper layer of
grains only, and even in 40 um coarse grained alu-
mina it occurs only within a 20 or 2 um thin surface
region after grinding or polishing, respectively.? In
sintered alumina with 2 um grain size the result-
ing macroscopic residual compressive stresses are
about -35 MPa in a depth of 25 um, higher
stresses of —150 MPa are present within a 10 um
thin surface layer,’ and only the upper 1-3 layers
of grains exhibit a stress level of -450 MPa.®

Second kind residual stresses develop on cooling
of sintered polycrystals due to thermal contraction
differences between the crystallites. In polyphase
ceramics there is a thermal misfit between grains
of different phases, in single-phase non-cubic poly-
crystals thermal expansion anisotropy (TEA) pro-
duces residual stresses due to the different thermal
contraction of randomly oriented neighbouring
grains. Sintered alumina was studied first by Evans.’
In a first approximation these stresses do not
depend on grain sizes, but their relaxation intro-
duces an important grain size effect discussed
below. Second kind residual stresses are of out-
standing importance for the ratio of trans- and
intergranular fracture, for crack branching or
bridging,® microcracking,”® stress-induced phase
transformation,'®"" and subcritical crack growth.!?
In this way, microstresses govern crack-propagation-
induced energy dissipation'*'* and affect the macro-
scopic toughness and strength. Their investigations
contribute to an improved understanding of the
technologically important correlation of grain size
and macroscopic mechanical behaviour. These
microstresses were the central subject of our
study.

Third kind residual stresses on the scale of lattice
defects within the grains influence the hardness
and the tribological behaviour, but their effect on
the macroscopic toughness and strength is usually
small. These stresses are not a subject of the pre-
sent investigation.
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In sintered alumina with a random orientation of
grains and at a temperature difference on cooling of
AT = —1500 K, a first approach gives an average
tensile component o, = 250 MPa in the direction
of the c-axis.” A more realistic evaluation has to
consider the statistical character of the orientation
relationship of neighbouring grains and needs
statistical calculations as proposed by Kreher.' In his
paper, simple analytical expressions for the average
TEA microstresses in the grains were derived under
the assumption that the elastic anisotropy of the
single crystals can be neglected, i.e. one has to
approximate the elastic stiffness tensor by isotropic
constants. Kreher and Molinari demonstrated
different approaches which can be used for this
purpose,'® but for a first qualitative estimation it is
sufficient to use known macroscopic effective elastic
constants of the polycrystalline materials (actually,
no unambiguous anisotropic data are available for
tetragonal zirconia doped with different amounts
of Y,0O;). Hence, with the exact statistical solutions
derived by Kreher!® an average tensile microstress
along the c-axis is calculated for Al,O; as o, = 148
MPa with a corresponding compressive stress o, =
—-0/2 = 74 MPa in the plane perpendicular to the
c-axis (AlLLO;: E = 400 GPa, Poisson’s ratio
v= 023 Aa = a—a, = 009 X 10° K", AT =
—1500 K). This result is considerably lower than
Evans’ approach. For zirconia the use of E = 217
GPa, v = 0-32, Aa = 1:55 X 10° K™!, AT = -1400
K yields o, = 126 MPa. Figure 1 shows these
stresses after an appropriate tensor transformation
in the sample-fixed coordinate system as a func-
tion of the orientation of the considered grain.
Note the very similar results in spite of the high
thermal anisotropy in ZrO, (caused by its low
Young’s modulus).

Second kind TEA stresses are subject to high-
temperature visco-elastic relaxation during a cool-
ing interval when the grain boundary viscosity is
yet low, and all measurements are expected to give
results lower than indicated by Fig. 1. Two similar
approaches describe visco-clastic relaxation in a
form!”!® that is equivalent with

<g>F

<g> =0, + J dTr (1
Tneﬁ

Ner ~ G2 / Deﬁ" (2)

where <o> is the statistical average of the residual
stress, o, is the stress before relaxation, T is the
cooling rate (<0!), n4 1s the effective grain bound-
ary viscosity which is proportional with the square
of the grain size G and with the inverse effective

diffusion coefficient D.4; E and AT have the mean-

ing as introduced above. Due to the strong grain
size effect in eqn (2), the relaxation term in eqn (1)
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Fig. 1. Theoretical evaluation of residual stresses orgs in Al,O,
and ZrO,. The shape of the curve with the given relationship
of o;; and o, and with zero stresses at 55° is a consequence of
the tensor transformation and the required balance of forces.

reduces the residual stress <g> the smaller the
grain size. With only grain boundary diffusion
considered, an approximation gives D.; ~1/G, and
the grain size effect can be described by <o> = o
—(1/G%) _[ AdT where a term with an inverse grain
size appears which is not affected by the inte-
gration.'® However, the limitations of the validity
of such approximations are not obvious, and none
of the models claims a simple stress—grain size
relationship. On the contrary, Blendell and Coble
emphasize the requirement of a numerical integration
(in their work this procedure gives a rather weak
grain size effect: 6 MPa difference for grain sizes
between 50 and 150 MPa).

With relaxation stimulated by progressively
smaller grain sizes, the driving force <o> of the
relaxation term in egn (1) decreases. Therefore,
whereas <o> decreases continuously with reduced
grain sizes, the degree of the grain size influence
will decrease significantly at very small grain sizes.

Elaborated X-ray diffraction methods measure
macroscopic first and second kind surface stresses
when the average of the stress over the examined
phase is not zero (sin? ¢ approach; i is the angle
between the normals of the specimen surface and
of diffracting {hkl}-planes);'®? it is also possible
to incorporate the effect of elastic anisotropy into
the analysis.?! In single phase materials, however,
the sin’y approach cannot be used to investigate
thermal anisotropy microstresses in the bulk (with-
out influences of macroscopic surface stresses)
because the associated strains are fixed at each of
the randomly oriented crystallites (in their isotropic
surroundings). Without any relationship of these
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microstrains to the macroscopic surface, a variation
of the macroscopic direction ¢ for one reflex (hkl)
would find the same lattice spacing d for all y~—an
incorrect pretence of a zero strain due to the cir-
cumstance that the reflecting crystallites exhibit a
constant strain independent of different . Hence,
second kind microstresses in single phase materials
have to be derived by other techniques. Three
methods were described:

(i) Precision X-ray measurements of lattice
parameters comparing the sintered body with
a powder standard resulted in o, = 40-70 MPa
for an alumina with 3 wm grain size; there
were indications of increasing relaxation with
increasing impurity and doping concentra-
tions (MgO, Si0O,, PbO).?* This result is in
fair qualitative agreement with Fig. 1 if one
assumes a high degree of relaxation.

(i1) The same agreement holds for a measurement
which analysed the broadening of spectro-
scopic R lines (due to Cr’* impurities).!” For
50-130 pm coarse alumina with probably low
relaxation activity o, was 100-130 MPa.

(i11) Inconsistent results were derived from a new
method which analyses the frequency shift
of the optical fluorescence from Cr** impur-
ities. Measurements in Al,Oy/ZrQ, composites
with alumina grain sizes of 2-8 um resulted
in o, = 56 MPa for the alumina phase which
agrees well with other published data.?* In
single phase alumina, however, surprisingly
high values ranging from 100-160 MPa (grain
size 2 um) to 200-300 MPa (16 um) were
reported.**

At present, attention has focused on microstruc-
tures with grain sizes smaller than 1 um, but mea-
surements of TEA microstresses were published
for coarser grained ceramics only (in alumina for the

50-150 um'7 and for the 2-20 um range’*). The
present study was, therefore, concentrated on the
grain size influence in og, microstresses down to
about 0-2 um. The comparison of residual stresses
in alumina and in zirconia was intended to give an
insight into the role of different grain boundary
structures in both materials.

2 Materials and Methods

2.1 Materials and measurements

Table 1 gives a survey of the investigated materials.
All but one sample were fabricated by usual powder
processing, sintering in air and diamond grinding
(40-50 pm grit size). An additional alumina batch
was prepared from boehmite with a sol/gel tech-
nology (+ a-Al,O; seeds <0-2 um) to test whether
TEA stresses depend on special technological
approaches or on surface conditions. Therefore, this
sample was broken down to a grit size of about
0-2 mm before X-ray investigations and measured in
this fractured state (with a crystallite size of about
0-5 pwm the broken grit size of 200 um is large
enough to represent real polycrystals with a level of
residual microstresses as typical in this microstruc-
ture).

The monoclinic phase content was zero in most
of the ground ZrO, surfaces. Only the coarsest of
the zirconia microstructures (0-77 wm) exhibited a
slight increase of the monoclinic content from zero
to 3% on grinding.

The orientation dependent lattice strain was
derived from very precise X-ray measurements of lat-
tice parameters in the sintered bodies and in powder
standards. For this procedure it is essential to
have specimens and standards with the same state of
possible solid solutions of impurities and dopants.
Therefore, the powder standards were taken off from

Table 1. Investigated sintered ceramics. The raw materials are given as footnotes

Material Impurities, Grain sizes Grain boundary microstructure
additives { sintered ( Results of high resolution TEM studies)
(%) microstructure)
()
ALO;* 0-001 Si, 0-4-2-5 Grain boundary facets free of amorphous
0-001 Fe phases, very few amorphous triple junctions
Al,O, from boehmite 016 Tj, 05 Not investigated
0-018 Si
ALO,™ 0-095 Si, 2:5-9 Coexistence of interfaces with an amorphous
0-085 Mg, phase and of facets free of any glass
0-065 Pb
ZrOy(3 mol% Y,0,)* 0-015 Na, 0-25-1 Continuous very thin amorphous interface in
0-015 Fe, all grain facets (<1 nm)
0-010 Al

*Taimicron DAR, Taimei Chemicals, Japan; 99.99% purity, specific surface (BET) 14 m%/g, median particle size 0-2 wm.
‘Disperal, Condea Chemie, Hamburg, Germany, specific surface (BET) 170 m%g, median particle size 5-10 nm.

"Alcoa A16SG, Aluminum Corp. of America, Bauxite, AR, 99.9% purity, specific surface (BET) 9 m%g, median particle size 0-6 um.
*TZ-3Y, Tosoh, Japan; 99.95% purity, specific surface (BET) 17 m%g, median particle size 60 nm. '
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the batches used to fabricate the sintered speci-
mens after processing with all additives just before
compaction and sintering, and they were annealed
with the same temperature regime as applied to
sinter the polycrystalline samples.

The X-ray measurements for alumina microstruc-
tures with grain sizes <3 um and for all zirconia
specimens were performed with Co-Ke radiation
at 40 kV/40 mA; for coarser alumina microstruc-
tures (=3 um) Cu-Ka« was used. The goniometers
had a symmetric Bragg-Brentano arrangement
(pw1820 with an analysing software APD1700* for
alumina specimens with grain sizes <l um, HZG4'
for all other samples). A secondary monochromator
was used to improve the peak—background ratio.
The software calculates the exact peak positions by
a Marquardt non-linear least-squares fit. The algo-
rithm continues the iterations until either a maximum
number of 25 iterations has been performed or
convergence has been reached. The default converg-
ence criterion is <0-0001 or less fractional change per
iteration in each of the twelve intrinsic parameters.
After each iteration, the weighted sum of the squares
indicates profile fitting’s progress. The accuracy of
the determined peak positions was +0.005-0.010°
due to a long measuring time of 20 s per step and a
narrow step width A(20) = 0.02° which is less than
1/30 of the typical half-width of investigated reflexes.

The measuring range was 110° < 260 < 145° with
cobalt radiation. It contains sufficiently strong reflexes
with different orientations of lattice planes with
respect to the c-axis (Table 2). Due to the special
preparation of the standards, only the residual
stresses give rise to the measured difference in the
X-ray peak positions

AByy = Oy P — (3(a))
and the related orientation dependent strain®
(3(b))

where 0,,, is the Bragg angle. The accuracy of
the determined peak positions as stated above means
errors of 0-:3 X 107%-0-5 X 10 in the strain and of
10-20 MPa in the tension component of the residual
microstress.

The use of eqn (3(b)) to derive an information
about second kind residual microstresses requires
that (i) the sample is free of macroscopic residual
stresses or can be corrected for such effects, (i)
the microstresses are hydrostatic, (iii) surface effects
resulting from small penetration depths and large
grain sizes can be neglected. The first condition we
shall discuss in Section 2.2. As to the other condi-
tions, Fig. 2 demonstrates that the penetration depth

@hklstandard

Eg = — AOycotByy

*Philips Ind. Electr. BV, Almelo, Netherlands.
+Richard Seifert & Co. Freiberger Prizisionsmechanik GmbH,
Freiberg, Germany.

Table 2. Characterization of investigated reflexes (AlLO;:

hexagonal indices for structural cell with ¢/a = 2:73). ¢ is the

inclination of the lattice-plane normal to c-axis, @ is the angular

direction around the c-axis in Al,O; as defined by Wachtman

et al.®® The Bragg angle O refers to Co-Ke radiation. The

asterisk marks reflexes measured for coarser alumina micro-
structures (>3 pm) only

Material Reflexes Orientation Bragg reflection
o) () 20
Al,O, (000-12) 0-0° — 111-3
(112-15*  20-0° 0-0° 142-3
(213-10) 40-0° -10-5° 127-3
(044-10)*  51-6° -30-0° 145-2
(2246) 61:2° 0-0° 1181
4156)*  67-4° -19-0° 136-1
(1344) 71.0° +16-0° 1121
(4044) 72-4° -30-0° 131.2
(0442) 81-0° +30-0° 123-0
Zr0O, (105) 16:0° — 127-8
(204) 36-0° — 116:6
(303) 55-0° — 130-1
(312) 66-0° — 118-0
(321) 79-0° — 131-3
1.0 T T T T
0.8 4
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@ 06 [ .
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Fig. 2. X-ray intensity of Co—Ka radiation at 2@ = 120° as a
function of the penetration depth in alumina and in zirconia.

of the X-rays is much larger than the grain sizes of
the examined ceramics. Calculations show that the
penetration depth (perpendicular to the surface)
is almost independent of (hkl): the width of the range
for the reflexes in Table 2 is 10-5% for Al,O; and
6-5% for ZrO,. Hence, most of the reflecting
grains are in a depth below the surface that avoids
surface effects.

2.2 Analysis of measured data

In Figs 3(a) and (b) the full curves exemplify the
orientation dependence of the thermal anisotropy
strains &,, in ALO; and ZrO, calculated with an
isotropic approximation by the same procedure as
used for Fig. 1 (orientation averages of the elastic
parameters E and v as given in the introduction. As
an example, strain states are selected which finally
would give a corresponding maximum tension in c-
axis direction of o3; = +100 MPa in both materials.
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Fig. 3. Influence of elastic anisotropy and of superpositioned
first kind residual surface stresses in AlLO; (Fig. 3(a)) and
in ZrO, (Fig. 3(b)) on deviations of TEA strain &, from
an isotropic (cosine-like) approximation. Full symbols give
results for selected reflexes calculated by eqns (5) and (6).
Full lines—pure TEA stresses; broken lines—effect of super-
positioned plain surface compression; dotted lines—superposition
with hydrostatic compression.

With the exception of the broken sol/gel derived
reference sample, all X-ray investigations were per-
formed on ground surfaces where first kind residual
stresses should be present. In comparison with the
macrostress-free material (full curves in Fig. 3),
the probable compressive character of these plane
macrostresses (component normal to the surface
o, = 0) produces an additional positive strain
perpendicular to the surface because all reflecting
lattice planes are oriented here with their normals

parallel to the surface normal (Fig. 3 also demon-
strates that hydrostatic compression would be
required to reduce the TEA strain). Of course,
these macrostresses would violate the condition (1)
given above for the application of eqn (3(b)), and
an appropriate correction is required.

It has been shown that under the assumption of
elastic isotropy macrostresses simply shift the orien-
tation dependent strain curves which characterize
the pure type II microstresses in Fig. 3; the amount
of this shift equals the level of the superpositioned
macrostress.?” This behaviour provides a way to
calculate both the TEA microstress and the macro-
stress by re-shifting the measured strain curves to
a zero position at an inclination angle = 54-7° or,
in other words, to a position where &; = -2 g,
(the characteristics of the macrostress-free state in
Fig. 3). Unfortunately, the situation becomes more
complicated if elastic anisotropy causes systematic
deviations from the cosine-like curve derived under
the assumption of elastic isotropy and alters the
character of the curve-shift produced by macro-
stresses. In ALL,Q,, these effects are probably small:
no systematic and significant deviation was observed
for 6 investigated reflexes in 7 specimens. Investi-
gations of 5 reflexes in 7 ZrO, samples sometimes
showed (105) data below and (321) strains above
the cosine-like fit, but generally the deviations
were of random character either in ZrQ,. It was,
nevertheless, decided to separate the actually interest-
ing TEA stresses and possible macrostresses with
consideration of elastic anisotropy. The reason was
to be sure that deviations of the measured &,,, (¢)
curve from the form expected for pure type II
TEA-stresses are really associated with the super-
position of macrostresses and not generated by
elastic anisotropy alone.

Grigoryev described a way to take into consider-
ation the elastic anisotropy for the analysis of these
first kind surface stresses.”® Generally, the strain
component perpendicular to the specimen surface in
the laboratory-coordinate system of the measure-
ment (where the z-axis is perpendicular to the
surface) is calculated with the compliances s;;;
according to

3

&3 = ‘21 (8331 01 + S350 O + 83335 03) . (D)
=

The tensor components s33; and the stresses o;; have
to be derived from the data in the crystallographic-
coordinate system by corresponding transformations.
Grigoryev gives solutions for the cubic system?'-?
which are used here as a sufficient approximation for
ZrO, (3 mol% Y,0;) with its very small tetragonality.
Tensorial calculations for the trigonal system were
performed for Al,O,. Since hydrostatic stress fields
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cannot exist in single phase polycrystals by physical
reasons, only results for plane surface compression
o = 0, = 0, (0. = 0) are given here. With the orien-
tation angles ¢ (inclination of the lattice-plane normal
to c-axis) and @ (the angular direction around the
c-axis) as defined by Wachtman et a/.?* the resulting
equations are:

ALO,
E35/05F = (511 + 833 — S44) sin’@ cos’¢ (5)
+ 5,5 sin’g
+ 5,5 (sin’@ + 2cos*o)
+ 25, sin'g cosg sin® (1 — 4cos’ D)

For the quantitative evaluation, the s,,, matrix
components published by Wachtman et al.®® were
used here.

Zr0O,
€33/0sp = 2815+ 2sy; — s13— 055,91 6
orientation factor I'= (h’k? + K’I> + h?1)/(h? + k> + IP)

The elastic compliances were derived for ZrO,
(3 mol% Y,0,) from data published by Ingel et al.?’:
s = 2735 X 103 GPa™, 5, = -5-763 X 10 GPa'',
s = 1-842 X 10?2 GPa™'.

The individual points in Fig. 3 represent these
calculations for some of the reflexes (Table 2); the
broken and dotted lines are results of a least squares
fit. Contrary to hydrostatic first kind residual
stresses, with a plane surface stress {o. = 0) elastic
anisotropy causes considerable deviations from the
(isotropic approximation) TEA fit, and in zirconia
the whole character of the g, (¢) dependence can
change.

The analysis of the measured &, data was per-
formed as illustrated in Fig. 4 for the example of an
alumina microstructure with a grain size of 1-9 um:

(1) The measured 6, of sintered specimen and
powder standard give &, by eqn (3).

(2) The measured &, (¢) are influenced by super-
positioned first kind surface stress as dem-
onstrated by Fig. 3: compared with the
macrostress-free curve, a result of higher
measured &, (¢) requires a correction for
plane compression ogp (lower g, (¢) would
indicate hydrostatic compression oyy). A
cosine-like least squares fit of measured (1)
and corrected (2) g,, was achieved with a
stepwise variation of the macrostresses ogp
by a computer program that finally stopped at
€3 = & (¢ = 0°) = -2 &, = -2¢, (¢ = 90°).
The use of a cosine-like function minimizes
the fitting error in the final result &;. Note
that the significance of this &; is high
because it represents the full information of
all measured g,,;. The relevant equations for
AlL,O; and ZrO, are (5) or (6) for plane

surface compression oy = 0, = 0, (0. = 0),
the macrostress levels are given by the end
point of the variation procedure.

Most of the specimens exhibited measured g, as
in the example of Fig. 4 and enabled a ready analysis
assuming plane surface compression (oge is —50...
—100 MPa for the coarsest and —100...-200 MPa
for the fine grained alumina microstructures; similar
values are observed for most ZrQ, samples with one
exception of —370 MPa in the 0-3 wm microstruc-
ture).

However, a measurement of two submicron
alumina specimens with extremely low resulting
microstresses of 20-30 MPa (i.e. close to the limit
given by the measuring accuracy of 10-20 MPa)
showed all negative g, the interpretation of which
would require the assumption of a small Aydro-
static compression or of a plane tension stress in
the surface. Both explanations must be discarded,
the first by physical reasons and the second due to
the known compressive character of macrostresses
in ground ceramics. More probably, such (small)
apparently negative g, are associated with occasional
slight stresses in the annealed powder standards:
sintering of submicron samples requires raw mat-
erials with grain sizes of 150 nm and less, and due
to this fine grain size the annealing procedure
of the powder standards may well happen to cause
some slight degree of sintering even in the loose
powder. The consequence is an additional error
in @9 in eqn (3(a)) which is insignificant
when A®,,, is large but may become important
if this difference is close to zero. The contribution
to the possible error in o35 is about 5 MPa.

3
o
2 —
y (1) o]
On=+41MPa o] o
—- b (for AL,O, With E = 8 o
5 Q
z
5
“Q 0 v i v
@ 2
v
g
[ 2 » B o] (1) measured X-ray results
__J vyvy (2) corrected and fitted for
-2 macroscopic residual surface stress
0.=0,=-140 MPa 0,=0
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Fig. 4. Illustration of the subsequent steps of the analysis

(example: measured strain data g,, in a 19 gum alumina

microstructure). Step (2) also considers elastic anisotropy
(eqns (5) and (6)).
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The final &; resulting from the variation procedure
gives the average TEA tensile stress component
for c-axis orientation with the elastic isotropic
approach discussed in the introduction by

e B )
A+

J33
with the given orientation averages for E.; and
vy The total amount of all contributions to a
possible maximum error is about £25 MPa in o3;.

3 Results

Figure 5 displays the grain size influence on the TEA
residual stress measured for alumina microstruc-
tures with grain sizes between 0-3 and 9 wm. Here
as in the following figure the tensile component in
the c-axis direction resulting from the cosine-like
fit of all measured g, is used as a representative
parameter that contains all information about the
whole orientation dependence of TEA stresses in a
microstructure. Note that this double-logarithmic
plot must not be used for extrapolations into the
range of coarser grain sizes because it neglects the
existence of an upper (relaxation-free) stress limit
(calculated in Fig. 1).

In Fig. 5, the data point at a grain size of 0-5 um
represents the sol/gel derived broken reference
sample. This microstress is in no way distinguished
from the results obtained on ground surfaces and
gives convincing evidence for the sound basis of the
procedure adopted here to separate type I and
type I residual stresses in the analysis.

Figure 6 compares TEA residual stresses for ZrO,
and AlL,O; in analogy with Fig 5. The measured
TEA stresses are similar in Al,O, and in ZrO, for

90
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Fig. S Double-logarithmic presentation of the grain size
influence on TEA residual stress in alumina.
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Fig. 6. Comparison of TEA residual stresses in submicron
zirconia and alumina.

grain sizes in the range 0-5 — 1um, but considering
the results of the finer grained microstructures,
Fig. 6 suggests different grain size effects. How-
ever, the error of 25 MPa as discussed above
indicates a limited reliability of all stress results <30
MPa. Since most of the zirconia data are within
or close to this range, no final conclusion about the
grain size effect in tetragonal zirconia should be
derived here. As a consequence, it is also impossible
to advance reliable suggestions about the residual
stresses in coarser zirconia ceramics, and the
experimental comparison with alumina in analogy
with the calculated data in Fig. 1 remains an open
issue.

4 Discussion

Due to relaxation, the thermal expansion anisotropy
stresses y; in alumina given in Fig. 5 are lower than
the relaxation-free solution in Fig. 1. Figure 5 cor-
responds well with the result of +56 MPa obtained
by optical fluorescence?® for 2-8 um grain size
alumina in Al,Oy/ZrO, composites, but there is
poorer agreement with the published 100-160 MPa
reported for single phase alumina of the same grain
size.¥ Two comments are possible. On the one hand,
the consistency of our results for the whole grain
size range 0-3 um < G < 9 um in Fig. 5 indicates a
fairly high degree of significance of the present results
on a qualitative level. On the other hand, the lim-
its of accuracy indicate that also the present re-
sults do not exclude a TEA tensional component
033 close to + 100 MPa with grain sizes of about
10 wm, and present and previous results will come
close to each other. This idea becomes further
substantiated if we remember that just the coarser
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alumina specimens in the present investigations
contain dopants and impurities which favour
relaxation.?? Hence, slightly higher TEA stresses than
the upper limit observed in the present investiga-
tions are probable with an improved purity at
grain sizes of about 10 pm.

Contrary to the comparison with previously
published experimental data, it is difficult to com-
pare the present results for alumina with a theoret-
ically predicted grain size effect. As outlined in the
introduction, the existing models do not provide a
ready functional dependence of residual stresses
on the grain size, and approximations that give an
inverse grain size effect 1/G> are ruled out by our
results. Replotting the data of Fig. 5 as a function
of 1/G® gives a linear relationship but with o, =
60-70 MPa which is an unlikely result compared
with the calculated relaxation-free stress level of
150 MPa suggested by Fig. 1.

The double-logarithmic plot of all alumina o3;
data between 0-3 and 9 um in Fig. 5 indicates
one grain size dependent relaxation mechanism
of the TEA microstresses orga in fine and in
medium grained alumina according to oqg, ~ G™
with m = 0-39. This value is close to m = 0-37
which may be derived by a logarithmic plot of the
data obtained by Ma and Clarke** for alumina
microstructures with grain sizes ranging from 2 to
16 pum. If we compare with the much smaller
grain size effect calculated by Blendell and Coble'’
(6 MPa difference for grain sizes between 50 and
150 MPa) we have to consider that the influence
of the grain size must decrease when approaching
the relaxation-free conditions at very large grain
sizes.

A similar decrease of the grain size influence
occurs at extremely fine grain sizes. A closer inspec-
tion of Fig. 5 considering the logarithmic character
reveals a behaviour which actually is similar to a
lower limit of the relaxation. To reduce the grain
sizes from about 5-10 um to approximately 1-2 um
causes a drop of the residual stress component o33
by about 50% (about —35 MPa). In the investigated
submicrometer range, however, the absolute changes
in o3; become very small. This behaviour compares
well with general expectations and is, of course,
consistent with the theoretical models as discussed
in the introduction.

The TEA residual stresses of the 0-5 um sol/gel-
derived alumina microstructure are consistent with
all other data in Fig. 5. Obviously, the TEA micro-
stresses as obtained here are independent of special
technological approaches and surface conditions.

The evaluation of the results at very small grain
sizes and low microstresses is considerably influenced
by the accuracy of the measurements. The extremely
thin amorphous grain boundary interface in ZrO,

(0-5 nm) that is know to promote superplastic
deformation (at very slow rates) and may cause a
stronger grain size effect with extremely small
residual microstresses in tetragonal zirconia at grain
sizes <0-5 um. However, at present no sufficiently
precise measuring approach is available to draw
valid conclusions about microstress components
<15 MPa in single phase ceramics. Most of the
investigated zirconia microstructures exhibit results
close to or lower than the accuracy of the measure-
ment. With the present data it is, therefore, impos-
sible to draw final conclusions about the relaxation
behaviour of microstresses in zirconia. Experiments
with coarser microstructures would be required to
compare the relaxation-free state of zirconia with
the calculated result in Fig. 1, but the known phase
instability of tetragonal zirconia at larger grain
sizes will make such investigations very difficult if
not impossible.

5 Conclusions

In sintered alumina, the average tensional component
in x-axis direction is about 30-100 MPa with grain
sizes of 1-9 um. With smaller grain sizes 0-3-1
um, this stress component is reduced further due
to known relaxation processes, but the absolute
changes are small in the submicrometer range: the
investigations suggest a level of about 20-30 MPa.
However, at present no sufficiently precise measuring
approach is available to draw valid conclusions
about microstress components <30 MPa in single
phase ceramics.

A double-logarithmic plot gives a consistent grain
size dependence close to oqps ~G'* for the whole
range of investigated grain sizes 0-3 um < G < 9
um. It is, therefore, suggested that there is no
change in the fundamental relaxation processes
within the investigated range of grain sizes. At
present, there is no basis for a ready comparison
of the observed grain size influence with existing
theoretical models.

With grain sizes between about 0-5 and 1 um,
the residual stresses measured in tetragonal zirconia
polycrystals are similar as observed in alumina
(2060 MPa). However, the stresses in microstruc-
tures with grain sizes 0-2-0-4 um are actually smaller
than the limit of accuracy (probably <10 MPa).
Therefore, no final conclusions can be derived
here for the grain size effects in this material.

The comparison of residual TEA stresses in
compact, ground alumina samples produced by a
powder technological approach and in equally dense
grit samples of sol/gel origin reveals that the present
results are independent of special processing routes
and surfaces states.
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