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Abstract

The study compares different approaches to describe
quantitatively crystallite shapes in alumina micro-
structures with grain sizes 0-2-2pm. A method is
reinvestigated that characterizes the 3-dimensional
shape of equiaxed grains and distinguishes equiaxed
and non-equiaxed characters by analysing plain sec-
tions without additionally required assumptions.
Other parameters which describe the shape after
anistropic grain growth are evaluated regarding their
ability to identify non-equiaxed shapes with small
aspect ratios. The analysis is applied to a wide spec-
trum of dense microstructures produced by powder
and by sol-gel approaches. Whereas each of the
procedures can give microstructures that come close
to the parameter range associated with equiaxed
shapes it is, in fact, impossible to produce alumina
microstructures with predominantly equiaxed crys-
tallites. © 1997 Elsevier Science Limited.

1 Introduction—Grain Shape and Toughness in
Submicrometre Alumina

Dense submicrometre alumina polycrystals exhibit
an increased hardness,! wear resistance? and
strength,? but the grain size influence in the frac-
ture toughness K. is small in the range < 5Sum.
For a number of different microstructures the
measurement of Kj. by an indentation technique
revealed averages of 3.54-1 MPa,/m with only
small influences of grain size, residual porosity, and
grain shape.* Fig. 1 restores and completes some
previous results, and Fig. 2 demonstrates very dif-
ferent shapes of the crystallites in the micro-
structures. All three materials had been produced
by sol-gel approaches where eventually occurring
non-equiaxed grains develop in situ on sintering. In
other microstructures produced by approaches that
restrict the possibility to minimize neighbour dis-
tances (e.g. mixing a powder with platelets), grain

shape effects in the toughness may be small.> For
ceramics, however, that contain in situ grown pla-
telets with arbitrary orientation and an aspect ratio
of about 10 (Fig. 1(b)) theoretical considerations
predict an increase in Kj. of about 70% if the
volume fraction of the platelets is 10-15% or
more.% Two features in Figs 1 and 2 are in sharp
contrast with such expectations:

e Similar toughness results were obtained for
very different shapes: alumina (A) exhibits a
more uniform grain shape, ceramic (B) a high
concentration of well-defined platelets. These
K. for ceramic (B) agree perfectly with data
published by the producer.” Additional hot-
isostatic pressing showed that the toughness
was not affected by residual porosity.

e On the contrary, ceramic (C) obviously exhi-
bits a lower degree of shape anisotropy as
material (B), but its toughness distribution
starts at about 4 MPa,/m which is the upper
limit of Kj. distributions in known sintered
aluminas. The microstructure (C) is somewhat
coarser than the examples (A) and (B), yet it is
fine-grained enough to exclude any significant
R-curve behaviour on indentation testing:
increasing crack resistance needs stable crack
growth for at least some hundreds of micro-
meters and grain sizes D > 10 um, and no R-
curve was ever observed with grain sizes as
small as 1-3 um.%°® Both concentration and
aspect ratio of non-equiaxed (rod-like) crys-
tals appear smaller than usually expected for
larger toughening effects. Nevertheless, iden-
tical testing revealed a toughness distribution
that rises up to 6 MPa,/m in ceramic (C),
whereas common values in the range of 3-54
MPa./m were measured for all other investi-
gated aluminas.>*

Both features indicate a shape effect in K that
in these very fine-grained ceramics may be different
to known models. For example, a large aspect ratio
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Fig. 1. Fracture toughness distributions of three alumina
microstructures (A), (B), and (C) (see Fig. 2) determined by
indentation testing.*

in ceramic (B) can be insufficient to initiate strong
toughness effects if the absolute amount of the dis-
tortion of the crack path is small due to small grain
sizes. On the other hand, it is not certain whether
microstructure (A) is close enough to an equiaxed
character to exclude all shape-depending toughen-
ing. Obviously, any explanation will need first a
quantitative characterization of observed shapes—
which proves difficult for small aspect ratios. After
10 years of intense research with strongly non-
equiaxed SizN, and SiC microstructures, methods
exist to describe rod-like or disk-shaped grains
with large aspect ratios. Of course, available meth-
ods have been used to characterize oxide ceramics
as well, but little has been done to describe more
uniform shapes like those exemplified by Fig. 2(a)
and/or by the majority of grains in Fig. 2(c). For
example, Koyama and Niihara claim a mechanism
to form platelet-shaped alumina grains and prepare
microstructures they call ‘platelet-shaped’ and
‘equiaxed’, but nothing is said about a criterion to
assign a grain to the one or the other group.!®
Similarly, Horn and Messing determine the aver-
age size of anisotropic grains in TiO,-doped alu-
mina from the ratio of the number ‘of these grains’
per unit area—without defining which grains are
regarded as anisotropic and are incorporated into
this procedure.!! In fact, to answer this question
was simple for their microstructures with very
elongated grains accompanied by others that were
fairly uniform. A quantitative shape characteriza-
tion in more homogeneous microstructures as in
Figs 2(a) and (c) with their very different toughness
data in Fig. 1 needs, however, a more detailed
investigation of methods to distinguish equiaxed
and non-equiaxed microstructures.

It cannot be the aim of the present work to
derive alternative toughening models for the new

generation of non-transforming submicrometre
ceramics, nor shall we discuss in detail correla-
tions of technological approaches with resulting
microstructures. Instead, it is an objective of the

(b)

Fig. 2. Sol/gel-derived sintered Al,O; (thermally etched sur-
faces): (a) Commercial product (A), SG, Saint Gobin / Nor-
ton, Worcester (MA), USA; average grain size D=0-38 um
(equivalent circle diameter, area based mean value), (b) com-
mercial product (B), Cubitron, Minnesota Mining and Manu-
facturing Co., Saint Paul (MN), USA; average diameter and
thickness of the platelets are about 1 um and 0-05-0-1 um (c)
Ceramic (C) doped with Ce/Ca/Mg (altogether <0-5%);
D=1-56 pm.



Grain shape in sintered submicrometre alumina 3

paper to present a computer-aided procedure that
sensitively and on a quantitative basis describes
deviations from equiaxed grain shapes in micro-
structures where anisotropic grain growth resulted
in crystals with rather small aspect ratios.

2 Procedures to Analyse Shapes with Small
Aspect Ratios

Staehler er al. characterized fine-grained sintered
alumina by a shape parameter
® = 4md/P? (1)
that ‘represents the extent to which each grain
deviates from a perfect circle’.!? In the cross-sec-
tional image, P is the perimeter and A the area of
the crystallite. For more than 60 years the recipro-
cal 1/® has been called ‘roundness’, but Serral3
indicated that the ratio P?/4mA principally con-
fuses roundness and circularity. Both ® and 1/®
give one for the circle. For long crystallites &
approaches zero whereas the roundness tends to
infinity. The latter behaviour of 1/® makes the
name ‘roundness’ absurd but offers the advantage
of a large parameter of shape-anisotropy for crys-
tals with large aspect ratios. A more fundamental
problem becomes obvious if one considers a cir-
cular cog-wheel where the roundness tends to infi-
nity when the number of small cogs increases
indefinitely (making the shape increasingly similar
to a circle!). Serra has pointed out that the problem
is caused by the introduction of a semicontinuous
functional (the perimeter) in a shape parameter.!3
However, the consequences for experimental ana-
lyses remain small for microstructures where
micro-serrated grain boundaries do not occur.
And, on the other hand, in a systematic investiga-
tion of a number of parameters for defined
equiaxed shapes Underwood demonstrated the
significant advantage of just 1/® for discriminating
between different shapes.!4
In quantitative stereology it is a commonly
accepted opinion that the 3-dimensional shape
cannot be approached by measurements in a plane
(at least not without additional information about

size and shape distributions). The one known
procedure that overcomes this difficulty makes use
of properties of equiaxed bodies and goes back to a
Russian work published more than 20 years ago by
Saltykov who distinguished three groups of
shapes:!3

e Equiaxed bodies meet the necessary and suffi-
cient condition that ‘the diameter is (in the
average) uniform in all directions or, what is
the same, no diameter in anyone dimension or
in two selected dimensions predominates
compared with the other dimension(s)’.

e Platelets

® Rod-like bodies.

Saltykov described the deviation of equiaxed
convex polyhedra (and only of these!) from a
sphere by a 3-dimensional shape parameter with V'
as the volume and S as the surface:

®3 = 6/(367) - V1/3/81/2 2)
Examples are given in Table 1 and have been used
by Saltykov to derive a generally valid condition
(not restricted to any special forms) for convex
equiaxed polyhedra:
0-8<P3<1-0 (2(a))
Note that (2(a)) represents a necessary but not
sufficient condition: anisotropically grown crystals
with a shape close to a sphere (e.g. ellipsoids with
small aspect ratios) are non-equiaxed but exhibit,
nevertheless, @3 values close to one. On the other
hand, with Saltykov’s statement that ‘for both non-
equiaxed and concave bodies the value (of ®3) is
considerably less’ (than 0-8), an equiaxed shape can
be reliably excluded if the condition (2(a)) is not
met. Hence, the sufficient (not necessary) condition
is for non-equiaxed polyhedra:

$; < 0-8 (2(b))
Two implications are important. First, the data in
Table 1 and the associated conditions (2(a),(b))
result from general geometrical consideration and

Table 1. Saltykov’s parameters for examples of equiaxed shapes

®; for 3-dimensional bodies Polyheders Polygons &, for 2-dimensional shapes
1.00 Sphere — Circle 1.00
(number of facets — infinity)
0-95 Tetrakaidecahedron — Hexagon 095
0.92 Octahedron — —
0-90 Cube — Square 0-89
0-82 Tetrahedron — Triangle (equilateral) 0-78

(minimum number of facets)
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have to be modified if in special materials indivi-
dual shapes do nmot occur. Second, Saltykov’s
approach presents the unique chance to derive a
further relationship for the analysis of practically
important two-dimensional cross-sections without
the need of introducing additional information
about the (a priori unknown) shapes. To achieve
this, Saltykov defined a 2-dimensional shape para-
meter

®, = 2,/(nA)/P (3)

to characterize 2-dimensional (equiaxed) polygons;
the same symbols are used as in eqn (1) to show the
equivalence @ = ®3 (‘roundness’=1/®3). To
associate statistically @, of cross-sectional shapes
with ®; of the 3-dimensional body, the average ®,
of arbitrary sections has to be compared with the
(one) ®3-parameter of the body. Saltykov demon-
strated that in the special case of convex, equiaxed
bodies the following features apply:

e Sectioning gives an angle «; in the cross-sec-
tion that, depending on the orientation, can
be smaller or larger than the spatial angle «;
included by the adjacent facets.

e For arbitrary sections, the probability of the
plane angle o, exhibits a maximum at a value
close to @3, and the average o, equals the
average of a3. Saltykov’s conclusion was: the
statistically ‘average shape of the plain section
is a uniform polygon with an inner angle (at
one of its apexes) that equals the average
angle between the facets of the body’ («3). For
example, the ‘average shape’ of cross-sections
through a cube (a3 =90°) is a square, for the
tetrakaidecahedron (o3 =120°) it is a hexagon
(imaginary values result for bodies where the
average o3, does not coincide with the angle of
a regular polygon).

e Hence, the bodies are associated with 2-
dimensional polygons (Table 1). The similar-
ity of @, and &3 values for these pairs of 2-
and 3-dimensional shapes throughout the
whole equiaxed range gives evidence for Salt-
ykov’s conclusion: the average value of ®,,
determined for a sufficiently large number of
crystals in a plain section of a microstructure,
equals ®3; and characterizes the average 3-
dimensional shape of the crystallites.

Therefore, in analyses of sectioned micro-
structures the necessary condition for equiaxed
(three-dimensional!) particles and the sufficient
condition for non-equiaxed particles are:

(3(2))

equiaxed particles : 0-8 < ®, < 1.0

non — equiaxed particles :®; < 0-8 (3(b))
where @, is the arithmetic average of all individual
®, determined on the cross-section according to
eqn (3). It is important to emphasize that the rela-
tionships (2(b)) and (3(b)) are sufficient conditions
to identify non-equiaxed shapes, but the parameter
@, must not be used to quantify the degree of ani-
sotropy of non-equiaxed particles (due to the
restriction to equiaxed shapes at some points of the
above reasoning).

It was an objective of the present work to apply
Saltykov’s parameter ®, to a wide range of
advanced microstructures that became available
recently with average grain sizes of 0-2-2 um. The
comparison with other form factors that addition-
ally describe the degree of anisotropy in the growth
of non-equiaxed grains is intended to show which
approach is best to distinguish different shapes
with small aspect ratios. Microstructures prepared
by different technologies and with different doping
additives were included to give a first indication
whether some of these techniques may be more
or less adequate to produce selected crystal
shapes.

All form factors to assess anisotropy are intro-
duced here in a way that gives a value of one for
the circle and increasing results for rising devia-
tions from the equiaxed shape. All of the following
factors are less sensitive to image noise than &,
1/® and &, because they avoid the use of semi-
continuous functionals criticized by Serra.!*> Con-
trary to @, they describe the apparent shape of the
plain images only, and any more reliable informa-
tion about the true shape of 3-dimensional crystals
needs additional assumptions that have to be
introduced into the analysis.

For elongated shapes the average of the (appar-
ent) aspect ratio

R= Lmax/ Lmin (4)

is smaller than the value of the 3-dimensional
body. L, and L,,;, are the maximum length and
minimum width of the cross-section measured
without any orientational relationship between the
two directions. A problem in uniform micro-
structures is that even exactly equiaxed polygons
give values remarkably different of one. The max-
imum is R=1-41 for the square, and non-
equiaxed sections have to exhibit an aspect ratio of
more than 1-41 to be distinguished from the para-
meter range associated with both equiaxed and
non-equiaxed shapes which exhibit R values of
1.00-1-41. Therefore, the necessary condition for
equiaxed shapes and the sufficient condition for
non-equiaxed cross-sections are:
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equiaxed particles : 1-0 < R < 1-41

(4(2))
(4(b))

non — equiaxed particles : 1-41 < R

The problem of a rather wide range 1-00-1-41
where equiaxed and non-equiaxed shapes cannot
be distinguished is reduced if a relationship
between the two directions required for the deter-
mination of an aspect ratio is fixed, e.g. by defining

Rorth = Lmax/ Lorth (5)

with L, as the apparent width of the section
measured orthogonal to the direction of L,,,,. Here
the hexagon exhibits the largest value of all
equiaxed polygons (R, = 1-15). This value is
close to one and makes the range small where data
of both equiaxed and non-equiaxed shapes coexist.
Hence, the necessary condition for equiaxed shapes
and the sufficient condition for non-equiaxed cross-
sections are:

equiaxed particles : 1-0 < Ry, < 1-15

(5(a)
(5(b))

non — equiaxed particles : 1-15 < R,

Another shortcoming of R is the strong influence
of arbitrary (often short) deviations of the peri-
meter from a ‘rounded’ contour, deviations that
cause more extreme values of L,,, and L, than
are actually typical for the given shape as a whole.
The result is an exaggerated result for the derived
aspect ratio. To reduce this difficulty, one can
measure the whole cross-sectional area A4 instead of
L. and define another form factor as

Ry = (m/4) - (Lp g/ A) (6)

max

With its dependence on a unit like the area and
considering the discussion given by Serra,!3 R4 is a
measure less sensitive to image noise than R and
R,,;,. Unfortunately, it discriminates less between
equiaxed and non-equiaxed polygons due to
exceptionally high values for some of the equiaxed
shapes: R4 = 1-81 for the equilateral triangle, and
R, = 1-57 for the square.

The triangle, however, needs separate considera-
tion. Contrary to fundamental work like the defi-
nition of new parameters by Saltykov that should
not depend on special characteristics of a material,
the application in ceramographic analyses has to
take into account that not all generally imaginable
shapes occur. For sintered alumina it has been

well-known for a long time that crystals with very
small numbers of facets (like the tetrahedron) are
not developed. Instead, polyfaceted shapes are
typical, and Coble used the tetrakaidecahedron for
his model of sintering.!® With such polyfaceted
bodies, the probability of triangular plain sections
should be small, in fact, in micrographs of alumina
as in most other ceramics triangular shapes are
rarely observed. Hence, among practically impor-
tant equiaxed polygons it is not the triangle but the
square that exhibits the largest R4 = 1-57, and the
necessary condition for equiaxed shapes and the
sufficient condition for non-equiaxed cross-sections
become

equiaxed particles :1-0 < R4 < 1-57

(6(2))
(6(b))

non — equiaxed particles :1-57 < R4

Another consequence seems even more important:
the conditions (2(a),(b)) and (3(a),(b)) used to dis-
criminate equiaxed and non-equiaxed shapes by
Saltykov’s parameters become much more strin-
gent if in Table 1 instead of the triangle, the cube
(with ®3=0.90 and ®,=0-89) is considered that
equiaxed body (really existing in the micro-
structure) which deviates most from the sphere.
Actually, even cube-like crystals are rare, a feature
that shifts the limit excluding equiaxed characters
to values of slightly more than 0-90. For the pre-
sent analysis it was assumed, however, that with
Table 1 and the general experience of occurring
shapes in Al,O; microstructures, reliable condi-
tions to distinguish the two groups of crystal
shapes are

equiaxed particles :0-9 < @, < 1-0

(3(c))

non — equiaxed particles : ®; < 09

(3(d))

where the same conditions hold for @3 as well.
Table 2 lists the form factors used to characterize
the shape of non-equiaxed sections. The preceding
introduction of these parameters has shown that
there is a range between one and an upper limit
(1 + B.g) associated with both equiaxed and
(slightly anisotropic) non-equiaxed cross-sectional
shapes. For some form factor, (1 + B,,,) is given
by that equiaxed shape which exhibits the largest
value. For the aspect ratio R it is the square that
gives (1 4+ Bg,,)=1-41 and a width B, =0-41 of
the ambiguous parameter range. B, should be
small if equiaxed and non-equiaxed shapes are dis-
criminated more precisely, but such an advantage
may be useless if it is achieved at the expense of a
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Table 2. Parameters used to characterize microstructural shapes generated by anistropic grain growth. See text for explication of

B, and X
Parameter Range with values originating Bequ Values of parameters for elongated shapes Xais for
Jfrom both equiaxed and with an axis ratio alb=2. Ellipse/ Rectangle
(slightly antistropic) non-equiaxed shapes Ellipse Rectangle
R=L,ux/Limin 1-141 0-41 2 2-24 2.0/1-4
Roren= Lonax/Lorsn 1-1-15 0-15 2 1-25 0-7/57
R 4= (w/4)(Linax/A) 1-1.57 0-57 2 1.96 0-7/0-8

factor’s sensitivity to anisotropy. For the latter
objective, the difference D, between (1 + Begy)
and the actual (higher) parameter value of a non-
equiaxed shape should be large. For example, with
(1 + Begu) =115 close to one, R, shows a favour-
ably small B, =0-15 (Table 2)—but for a rec-
tangle with an axis ratio of 2 the value R, =1-25
is also very small. Here, the difference D, between
this value and (1 + Bgg)=1-15 is only 0-10 (8%
related to the actual value of R,,;). The objective
of large D,,, with small B,,, is described in Table 2
by high ratios Xgs = Degu/Bequ (given for one
‘round’ and one faceted example: an ellipse and a
rectangle). As a result, it turns out that it is Ry
which exhibits an exceptionally high sensitivity to
distinguish faceted slightly non-equiaxed sections
from equiaxed shapes. For shapes with a more
rounded character, however, a high Xy for the
ellipse suggests the best behaviour for the aspect
ratio R. R, may be expected the least reliable to
discriminate between equiaxed and non-equiaxed
cross-sectional shapes. However, the estimator X
used in Table 2 to evaluate the parameter proper-
ties depends on the actual shape of the analysed
sections. It was, therefore, an objective of the pre-
sent work experimentally to compare the different
behaviour of all anisotropy parameters for real
alumina microstructures.

The ranges given for Saltykov’s parameter ®, by
the relationship (3(c)) and for the anisotropy para-
meters (form factors) by 1—(1+ B,,,) in Table 2 are
representative for equiaxed shape and additionally
for non-equiaxed shapes with aspect ratios close to
unity. Therefore, a reliable identification of non-
equiaxed forms is possible only outside these para-
meter ranges—where, however, it can never com-
prise all non-equiaxed individuals. Hence, any
identification of non-equiaxed shapes outside the
ambiguous range will be conservative, be it per-
formed with Saltykov’s parameter ®, and criterion
(3(d)) or by use of the anisotropy parameters and
the criteria (4(a),(b)), (5(a),(b)), and (6(a),(b))
repeated in the second column in Table 2. The real
amount of non-equiaxed grains will always be
somewhat higher than given by the results of the
above procedures which overestimate the equiaxed
character.

3 Experimental Procedure

With the exception of the microstructures (A)—(C)
(Fig. 2) all other ceramics were prepared in our
laboratory. The preparation and mechanical char-
acterization of pressureless sintered alumina
microstructures with average grain sizes between
0-2 and 2 um by sol-gel* or by powder technologi-
cal approaches,’ respectively, have been described
previously. Typically, today’s boehmite used as
raw material for sol-gel alumina contains 0-2~
0-4% TiO, known to promote anisotropic grain
growth on sintering.!! Aside from this impurity, all
ceramics investigated here are ‘pure’ Al,Os in the
sense that they contain less than 0-5wt% of MgO
or other additives if not stated otherwise. Carefully
ground and polished cross sections were investi-
gated after thermal etching for 1h at temperatures
that usually were at least S0 K lower than the sin-
tering temperatures. Additional information about
the grain size without the superimposed effect of
etching was obtained by investigating fracture sur-
faces, and both plain microfaces in subregions with
a high percentage of intragranular fracture and
internal surfaces of pores (‘etched’ on sintering)
confirmed the data derived from thermally etched
cross-sections within limits of + 10%.

In usual scanning electron micrographs (Fig. 2),
the local brightness of the thermally etched crys-
tallites and the grain boundary contrast are rather
inhomogeneous, which makes a completely auto-
matic analysis impossible and requires an inter-
active image reconstruction. The maximum and
orthogonal Feret diameter L,,, and L., the
perimeter P and the area 4 were then determined
using the Quantimet 570 image analysis system
(Leica, Germany). About 1000 crystals were used
to determine the average grain size (equivalent circle
diameter, area-based mean value), the arithmetic
mean of Saltykov’s parameter ®, (required by the
mathematical procedure that correlates this average
with the 3-dimensional characteristics as outlined
above), and area-weighed means of other form
factors which characterize the degree of anisotropic
grain growth. Mean values characterize the average
grain size throughout this paper; median values of
the distributions are smaller by about 2-15%.
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Considering the previously-demonstrated equiva-
lence of Saltykov’s &, with @ according to eqn (1)
and with the so called ‘roundness’, neither ® nor
the roundness have been measured here.

4 Results

Fig. 3 shows digitalized micrographs of two ‘pure’
(essentially single-phase) alumina samples repre-
senting more elongated and more uniform crystals,
respectively. Table 3 gives the results of the quan-
titative analyses. Sample notations SG point to
sol-gel derived ceramics, specimens called PD had
been prepared by powder technological approa-
ches.

In agreement with the subjective optical impres-
sion represented by the micrograph (Fig. 3(a)). in
material SG1 the anisotropy parameter R, and
all other tested form factors clearly reveal a
strongly non-equiaxed character of the analysed
cross-sectional shapes (Table 3). Saltykov’s &,
indicates the same for the sections and for the 3-
dimensional microstructure. For the present case it
is, therefore, obvious that either the anisotropy
parameters R, R,,,; and R4 give a valid character-
ization of a 3-dimensional anisotropy.

Much more remarkable are the results for the
submicrometre sample PD1 in Fig. 3(b). It is not
surprising that the marked concentration of
equiaxed grains is considerably higher than
observed in SG1 (Fig. 3(a)). However, even in
this—apparently very uniform—microstructure the
average value of R, indicates a majority of ani-
sotropically grown crystals (Table 3). R, R4 and @,
exhibit averages just at the limit of the parameter
range for only non-equiaxed shapes, but remem-
bering the conservative character of these criteria
that can never identify all anisotropic particles it is
obvious that even in this uniform microstructure
all of the investigated parameters give evidence of a
non-equiaxed character of a majority of crystals.

Of course, to reject an equiaxed characterization
of sample PD1 does not mean to deny its never-
theless uniform substance. Because of this uniform
microstructure PD1 was selected for further tests
of the different sensitivity of anisotropy para-
meters. Figures 4 and 5 give the same part of the

Fig. 3. Digitalized micrographs of alumina microstructures

with more elongated shapes (Fig. 3(a): sample SG1) and with a

more uniform character (Fig. 3(b): sample PD1). Marked

crystals comprise equiaxed shapes and non-equiaxed shapes

with very small aspect ratios (form factor 1<R,,,, < 1-15). All
unmarked crystals are non-equiaxed.

microstructure as in Fig. 3(b), but now the aspect
ratio R and the form factor R, discriminate
equiaxed and non-equiaxed sections. With the dif-
ferent criteria (4(a),(b)), (5(a),(b)), and (6(a),(b))
discriminating equiaxed and non-equiaxed shapes
by means of different form factors, different widths
of classes have to be applied to mark equally
shaped crystals of the one microstructure in
Figs 3(b), 4(a), and 5(a) (one approximated criter-
jon < 1.5 was used in Figs 4(a) and 5(a)). In Figs 3,

Table 3. Results of the quantitative analyses for microstructures SG1 (Fig. 3(a)) and PD1 (Fig. 3(b)). D is the average grain size

Microstructure
code- D(um)

Criteria for non-equiaxed shapes

&, (Saltykov) R Romn Ra
(arithmetical average) (area-weighed averages)
®,< 090 R>1.41 Rorn > 115 Ra>1:57
SG1 - 1.72 0-80 240 2:09 272
PD1I - 042 0-90 1-39 1.28 1-58




(b)

Fig. 4. Digitalized micrograph of the uniform alumina micro-

structure PD1 analysed by the aspect ratio R. Figure 4(a)

marks all shapes with 1<R< 1.5 (equiaxed and non-equiaxed;

all unmarked grains are non-equiaxed with R>1.5). In

Fig. 4(b) non-equiaxed sections with small anisotropy
1-5<R <2 are marked.

4(a), and 5(a) all unmarked crystals meet the (suf-
ficient) criterion for non-equiaxed shapes. To
demonstrate graphically the (small) degree of ani-
sotropy sufficient for a reliable classification as
‘non-equiaxed’ by R and R, (just beyond the limit
of 1.5), Figs 4(b) and 5(b) mark non-equiaxed
grains with parameter values 1-5-2.0.

Comparing the result obtained in Fig. 3(b) by the
form factor R, with the performance of R and
R, in Figs 4(a) and 5(a), the latter are much less
sensitive in recognizing non-equiaxed shapes with
small aspect ratios: in Figs 4(a) and 5(a) con-
siderably more crystals are associated with the
lowest class that contains an ensemble of both
equiaxed and non-equiaxed individuals (here with
parameter values < 1.5). Contrary to the estimator
Xgis in Table 2, this disadvantage is expressed even
more in R (Fig. 4(a)) than in R4 (Fig. 5(a)).

With Figs 3(b), 4 and 5 and with Table 3, R, is
established as the anisotropy parameter that dis-
tinguishes best equiaxed shapes and anisotropic
forms with small aspect ratios. On the other hand,
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the ‘usual’ aspect ratio R gives a more direct idea
of the apparent elongation of anisotropically
grown crystals. Therefore, the comparative analy-
sis of 20 different alumina microstructures with
relative densities > 99% and average grain sizes in
the range 0-2-2 um was performed with the mean
grain size and the mean (apparent) aspect ratio R
as parameters of a general characterization,
whereas the test for the equiaxed character was
performed with Saltykov’s parameter ®,, and R,
was used to assess the degree by which micro-
structures deviate from an equiaxed character.

Table 4 classifies observed types of micro-
structures. Actually, 20 different microstructures
are insufficient to get ultimately significant data for
each group of a detailed classification, and Table 4
indicates preliminary trends only. Nevertheless,
some interesting results are obvious:

e Like PDI1 (Figs 3(b), 4, 5, Table 3), many
microstructures are quite uniform and
approach the range of ®, associated with
equiaxed microstructures; this applies for both

VA 1)

(b)

Fig. 5. Digitalized micrograph of the uniform alumina micro-

structure PD1 analysed by the form factor R, Figure 5(a)

marks all shapes with 1<R,1-5 (equiaxed and non-equiaxed;

all unmarked grains are non-equiaxed with R,>1.5). In

Fig. 5(b) non-equiaxed sections with small anisotropy
1-5<R 4 <2 are marked.
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Table 4. Shape characterization for different types of fine-grained alumina microstructures depending on grain size asd processing.
Two individual microstructures from Figs 2(a) and 2(c) are included for comparative purposes

Microstructure

aspect ratio (arithmetical average)

Average ®, (Saltykov)

Rorin

(area-weighed averages)

R Criteria for non-equiaxed shapes
62 <090 Romn > 1415

Submicrometre sintered alumina (grain sizes 0-2-0-8 um)
—Powder technological approaches

(a) more uniform microstructures ~1-4 0-89-0-90 ~13

(b) more anisotropic samples (no anisotropic microstructures could be found!)
— Sol-gel derived microstructures

(a) more uniform microstructures 1-4-1.5 0-87-0-90 1-3-14

(b) more anisotropic samples ~1.8 ~0-87 ~1.65
Sintered alumina with grain sizes 0-9-2 um
—Powder technological approaches

(a) more uniform microstructures ~14 ~0-89 ~1-3

(b) more anisotropic samples ~2.0 ~0-87 ~1-85
—8ol/gel derived microstructures

(a) more uniform microstructures ~14 0-86-0-90 1-3-14

(b) more anisotropic samples 2.1-2:4 0-80-0-83 2-0-2-1
Sol-gel-derived microstructures from Fig. 2
Uniform sample (A) grain size 0-38 um 1-51 0-89 1-40
Sample (C), grain size 1-56 um 2.03 0-84 1-83

grain size ranges and independent of the way
the samples have been produced. However, no
one of the investigated microstructures is
really equiaxed. Figure 6 illustrates this phe-
nomenon graphically. Note the large distance
between the smallest R,,,, values of even most
uniform microstructures and the parameter
range that includes equiaxed shapes.

e The investigated powder approaches included
a batch with additives suggested to promote
strongly anisotropic grain growth:!7+2%
SrO/+1.8% CryO05(+25% ZrO,) (all data are
wt%). In fact, with a submicrometre grain size
of 0-85um, this specimen showed the stron-
gest anisotropy of all powder-derived micro-
structures (aspect ratio R=2-0, ®, = 0-85,
R,y = 1-83)—but an even more developed
anisotropy was observed in the sol-gel-
derived sample SG1 with no other doping as
0-5% MgO (Fig. 3(a), Table 3). This phe-
nomenon is not unique in these two batches:
Table 4 indicates a stronger anisotropy of
grain growth as a common phenomenon in al/
sol—gel derived groups.

e With the exception of the group with the
coarsest, most anisotropic sol-gel-derived
samples, Table 4 shows that similar aspect
ratios and similar average values of ®, and
R, can be associated with submicrometre
and larger grain sizes. Within the range of
microstructures investigated here that means:

1. Independent of the applied technology, fairly
uniform microstructures can be produced also

with larger grain sizes. This applies even for
sol-gel-derived microstructures (with a TiO,-
impurity) doped with 0-1% Y,0O; which is
also assumed to promote anisotropic grain
growth (the effect is somewhat reduced when
Y,0; is added together with Mg0).!®

2. On the other hand, a proper approach can
induce a significant anisotropy wi:h limited
grain growth, i.e. at small submicrometre
grain sizes. However, with Table 4 this beha-
viour seems restricted to sol-gel samples, and
even this technology usually requires more
complex additives to obtain large aspect ratios
R > 5. Figure 2(b) shows a commercial
example (doped with MgO, Y,03, La;O3, and
possibly Nd»O3).!°

To compare grain shape parameters with pre-
vious toughness results, the average form factors
were determined for those two materials in
Fig. 1 that exhibited a toughness at the lower
bound of the conventional data range (A) and
the highest toughness ever reported for a fine-
grained alumina (C), respectively. Table 4 com-
pares these individual results with the typical
shape characteristics obtained for the different
types of sintered Al,O; microstructures. Sample
(A) belongs to the group of submicrometre sol-gel-
derived aluminas with more uniform micro-
structures. In spite of the really uniforrn appear-
ance (Fig. 2(a)) the quantitative assessment,
however, shows that it is one of the least uniform
representatives of this type and not equiaxed at all.
Similarly, within the coarser-grained non-uniform
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group sample (C) is one of the least anisotropic
examples.

Hence, neither microstructure (A) nor (C)
associate their very different toughness (Fig. 1)
with a uniquely uniform or an exceptionally aniso-
tropic character of their average crystal shapes.
Assuming that the toughness might be more influ-
enced by the grains with the most anisotropic
character, additional information about the dis-
tributions of anisotropy parameters were obtained
and are presented in Table 5. Unlike the average
values of the form factors, the upper limits of the
distributions did not show a significant dependence
on ceramic processing, and the data for the differ-
ent types of microstructures in Table 5 are valid for
both sol-gel-derived microstructures and samples
prepared by powder approaches.

The frequency distribution of form factors in the
tough microstructure (C) shows two noteworthy
features (Table 5). First, it exhibits the largest
upper limits R™** and R7)%* of the distributions. In
contrast, sample (A) shows a microstructure where
both R™** and RJ)3* are slightly smaller than typi-
cally observed in similar submicrometre and uni-
form microstructures. However, there is a
remarkably small content of elongated crystals in
(C) exceeding the R™** and R}%* values of the uni-
form microstructure (A) or of sample SG1 (which
combines a strong shape anisotropy with a similar
grain size as (C)). In the tough material (C) few
crystals with large aspect ratios appear embedded
in a matrix where more than 90vol% of the
microstructure shows an aspect ratio of less than 3.

The second remarkable feature in the tough
microstructure (C) is a bimodal correlation of
shape anisotropy and grain growth (Fig. 7): rising
anisotropy associated with a growing (apparent)
grain length L, is observed for grains larger than
about 4 um, but these grains do not develop the
highest aspect ratios, and R,,; remains smaller
than 3. On the other hand, extreme anisotropy as
found in no other investigated microstructures is
associated with grains that show an L,,, close to
the average grain size.

5 Discussion

As expected, because of the large value of Xy in
Table 2, R, is the anisotropy parameter that dis-
criminates most sensitively between (i) anisotro-
pically grown crystals with small aspect ratios

~1-5-2 (and, of course, more strongly anisotro-
pic crystals), and (ii) the group of equiaxed shapes
and non-equiaxed grains with very small form fac-
tors R<1-5. An advantage of the aspect ratio R for
‘round’ (ellipsoid) shapes as suggested by Xg;

(Table 2) was not confirmed experimentally, R is
even less sensitive than R, (Figs 4 and 5). It is not
clear whether this behaviour is caused by the face-
ted shapes typical for sintered alumina or, more
generally, by the limited accuracy in measuring R
as discussed in paragraph 2 of the introduction.
Figures 6 and 3(a) are an experimental justifica-
tion for the reduction of the ‘equiaxed’ parameter
range for ®, and ®; from originally 0-8-1 (eqns
(2a) and (3a)) to 0-9-1 (eqn (3c)) associated with
the application to sintered ceramic microstructures
which do not contain tetrahedral bodies: with a
limit of 0-8, ®, would recognize all of the examined
microstructures as equiaxed (Fig. 6(a))—an
obvious absurdity for microstructures such as that
shown in Fig. 3(a) and a discrepancy compared to
the results of R, in Fig. 6(b). Note that in
Fig. 6(b) the R,;-boundary of the ‘equiaxed’
range of values does not depend on the occurrence
of tetrahedra or cubes because R,,;;<1-15 holds for

1.0
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Fig. 6. Ranking of grain shape observations. (a) With Salt-

ykov’s parameter, 0-9<®,<1-0 is the necessary condition for

an equiaxed character of the analysed bodies, and ®,<0.9

indicates non-equiaxed shapes. (b) The anisotropy parameter

R, increasing beyond R,,., = 1-15 means growing anisotropy
of non-equiaxed shapes.
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both equilateral triangles and squares, a feature
that makes this boundary very reliable independent
of special forms of the crystallites.

There is hard experimental evidence supported
by all of the investigated parameters that even the
most uniform microstructures (e.g. Figs 2(a) or
3(b)) are not equiaxed because a majority of their
crystals do not meet the conditions necessary for
such a classification. This result is surprising if one
regards the literature where (outside of Russia) the
term ‘equiaxed’ has experienced an inflationary use
during the past 15 years. Actually, very different
microstructures have been called equiaxed without
any qualitative or quantitative definition of this
expression and without noticing that equiaxed
means (exactly) equal and not similar axes. The
verbal definition given by Saltykov 20 years ago is
very clear at this point and does not need any
comment. It is, therefore, obvious that equiaxed
microstructures will be extremely difficult (if not
impossible) to prepare, whereas advanced technol-
ogies are well able to approach this aim by deliver-
ing increasingly uniform shapes (Fig. 6).

The average values of form factors indicate more
anisotropic grain growth in sol-gel-derived micro-
structures than in samples prepared by powder
approaches (Table 4), but no differences were
observed in the upper limits of the distributions, in
the observed range of shape anisotropy. Hence, the
background of the more pronounced anisotropic
character in sol-gel-derived samples is not the
development of some individual crystals with very
large aspect ratios but an increased frequency of
many non-equiaxed crystals with slight or moder-
ate anisotropy. This behaviour can only in part be

explained by TiO, impurities in boehmite raw
materials suggested to promote anisotropic grain
growth.!! Similar TiO, concentrations added to
corundum (a-phase) powders show much smaller
and even contrary effects: it had been reported that
‘large grains (of alumina) became nearly spheroidal
as the titania content increased beyond about
1%’.2° A more straightforward explanation of the
observed differences between powder approaches
and sol-gel-derived alumina is the different amount
of grain growth on sintering: the grain size of
boehmite is 2040 nm, that of advanced a-powders
is 200 nm, and with an average grain size of 0-5 um
in the sintered microstructures the grain growth
ratio is about 2-5 in powder approaches but more
than 10 in the sol-gel-derived material. Obviously,
more growth in non-cubic crystals increases the
probability to develop anisotropic shapes. Mor-
phological peculiarities of the boehmite, of formed
transitional phases and of added seeds may addi-
tionally contribute to the anisotropic character in
sol-gel-derived alumina microstructures. It should,
however, be emphasized once more that all this
discussion refers to the majority of crystals with
relatively small aspect ratios. More elongated or
platelet-like shapes like those in Figs 2(b) and (c)
need complex additives.

On the other hand, fairly uniform micro-
structures can be produced even with larger grain
sizes independent of the technology (Table 4).
Hence, grain growth in alumina is not necessarily
associated with significant anisotropy. For the sin-
tering of a-phase powders this feature has been
known for a long time (since the discovery that
small MgO additives avoid exaggerated grain
growth), and it is interesting to see here that the
same can be achieved in sol-gel materials with
large grain growth ratios of more than 10, under
appropriate conditions.

As to the extremely tough material (C) (Fig. 2(c)),
none of the investigated parameters shows an
average that explains its surprising mechanical
behaviour (Table 4). However, no other sintered
alumina contains elongated crystals with similarly
large (apparent) aspect ratios (Table 5). If the
upper limit of the apparent distribution is an indi-
cation of the real length of anisotropically grown
crystals, their ‘true’ aspect ratio in (C) will be
about 8, but their volume content is only 5-10%.
Assuming that the aspect ratio is not constant, the
content of grains with an aspect ratio of more than
5 must be expected to be less than 5%. However,
5-10vol% of SiC whiskers were required to
increase the toughness of an alumina-based com-
posite to about 4-5-6.5MPa/m (with contribu-
tions not only from the shape of the whiskers but
additionally from interface effects and residual
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Table 5. Upper limits of the frequency distributions of form anisotropy factors R and R,

Microstructure Average Upper limits of frequency distributions
aspect ratio for shape anisotropy parameters
R Rmax Rorthmax

Submicrometre sintered alumina (grain sizes 0-2-0-8 pm)

(a) more uniform microstructures 1-35-1-55 3.3+03 29+0-2

(b) more anisotropic samples 1.75-1-85 5-0+1-3 3.8+0-2
Sintered alumina with grain sizes 0-9-2 um

(a) more uniform microstructures 1-35-1-55 3.8+0-3 3.1+03

(b) more anisotropic samples 2.00-2-40 62+1.0 52+09
Sol-gel derived microstructures from Figs 2 and 3
Uniform sample (A), grain size 0-38 um 1-54 3.0 2.5
Sample SG1, grain size 1.72 um 2-40 5-0 4.9

[24vol% > (R=3)] [24vol% > (R, =2-5)]

Sample (C), grain size 1-56 um 2.03 8.0 6.0

[7vol% > (R=3)]
[1vol% > (R=5)]

[13vol% > (Rors=2-5)]
[0-2vol% > (Rorsr = 5)]

stresses).?! No theoretical approach is known that
predicts a significant toughness increment caused
by only < 5% of particles with aspect ratios
R=5-10 (at Lz <4 um) or with R=2-3 at
Lyax =4 — 10 um like that observed in alumina
(C). With the small size of most of the grains with
large aspect ratios (Fig. 7), it becomes impossible
to explain the toughness of ceramic (C) by volume
content and average shape and size of anisotrop-
ically grown grains—in spite of the unusually large
aspect ratios observed only in this microstructure.
With the large body of evidence that the toughness
of sintered alumina is almost independent of grain
sizes in the range 0-4—4 um,? it is also impossible to
associate the high Kj. of the material (C) with its
relatively ‘coarse’ average grain size of 1-56 um. On
the other hand, a substantiated understanding of
toughness effects cannot be derived from shape and
grain size alone but needs additional investigations
of grain boundary strength and crack path char-
acteristics: even with large aspect ratios little
toughening is obtained when strong interfacial
bonding causes unstable bridging with only one
first row of elongated particles operating in the
wake.22 It can, therefore, be speculated that weaker
interfaces caused by dopants in material (C) con-
tribute to an increased toughness, but at present
neither microstructural evidence nor the available
toughness models enable a reliable explanation.

6 Conclusions

The 3-dimensional equiaxed or non-equiaxed
character of sintered alumina microstructures with
small aspect ratios is well distinguished by Salty-
kov’s 2-dimensional shape parameter ®, on (ther-
mally etched) cross-sections. However, ®, must
not be used to measure the degree of anisotropy of
non-uniform bodies. For anisotropically grown

crystals with small aspect ratios, the degree of
deviations from an equiaxed character is most reli-
ably given by Ry Lmax/Lorm (arbitrary sections
required). In strongly anisotropic microstructures
where the deviation from equiaxed shapes is large,
R, or other investigated parameters do not show
an advantage compared with the ‘usual’ aspect
ratio R. The present results demonstrate that the
performance of the different form anisotropy fac-
tors depends on the actual microstructure. Prob-
ably, typical differences between shape parameters
as observed here will be similar when applied to
other ceramics with similar microstructures (e.g.
tetragonal ZrO,).

Hard experimental evidence by all of the investi-
gated parameters shows that none of the investi-
gated, very different (fine-grained) alumina
microstructures are equiaxed. With the term
equiaxed defined long ago as a shape with exactly
equal axes it is obvious that equiaxed micro-
structures will be extremely difficult (if not impos-
sible) to prepare, whereas advanced technologies
approach this aim by delivering increasingly uni-
form shapes.

Within the limits of fine-grained microstructures
with small average aspect ratios R, significantly
anisotropic shapes were observed even in micro-
structures with grain sizes of only 0-5 um or less.
The largest aspect ratios in all of the investigated
ceramics were observed with R =38 in the extremely
tough material (C) for grains with an apparent
maximum grain length L,,,=1-2um. A way to
obtain anisotropic shapes in very fine-grained
microstructure is indicated by processing-related
differences: the anisotropic character was much
more obvious in sol-gel-derived samples than in
specimens prepared by powder technologies. A
straightforward explanation is the larger extent of
grain growth in sol-gel-derived aluminas (grain
size ratio of the sintered microstructure and the
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raw material is more than 10). On the other hand,
fairly uniform microstructures were prepared also
with larger grain sizes of 1 um and more which
means that either in sol-gel alumina grain growth
is not necessarily anisotropic, and the preparation
of fairly uniform microstructures is always possible.

Neither the occurrence of (relatively small)
grains with larger aspect ratios R=5-8 nor the
existence of less than 1% of larger grains
(Lmax > 4um) with small aspect ratios R=1.5-3
explains the surprisingly high toughness of the
material (C). It is suggested that future under-
standing requires a 3-dimensional analysis of the
remarkable bimodal correlation of shape aniso-
tropy and grain size (Fig. 7) and an analysis of the
grain boundary structure.
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