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Observations on the effect of calcium
segregation on the fracture behaviour of
polycrystalline alumina
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The influence of calcium segregation to the grain boundaries of polycrystalline alumina
on room temperature fracture behaviour has been investigated. In a commercial high-
density single-phase alumina containing less than 5 ppm calcium by weight, thermal
treatments were employed to achieve equilibrium segregation from 0.6 to 1.6at%
calcium without detectable changes in grain size (18 um) or porosity distribution. Room
temperature SENB test results revealed an inverse dependence of K c on calcium segre-
gation levels in the range examined. Fractures were primarily intergranular in all
specimens. Qualitatively, the relationship between K¢ and calcium segregation would be
predicted from a consideration of the effect of such an ion on the interatomic spacing at

the boundary. However, quantitative agreement with the model is poor, the measured
effect being much greater than predicted. A relatively high K¢ value was achieved in a
fine grained (2 um) hot-pressed alumina containing very low levels of segregated
impurities. This material exhibited substantial amounts of cleavage fracture. The higher
fracture toughness of this alumina is discussed in terms of both increased intergranular
and transgranular fracture stresses promoted by the relatively clean grain boundaries and

small grain size, respectively.

1. Introduction

The segregation of impurities to grain boundaries
in metals and alloys and the resulting embrittle-
ment of such materials have been of considerable
interest for several years [1—5] . More recent inves-
tigations [3—5] have utilized Auger electron spec-
troscopy (AES) to directly determine the nature
and extent of such segregation. These studies have
been quite successful in clarifying such phenomena
as temper embrittlement in low alloy steels [4] and
the embrittlement of copper by trace levels of
bismuth [5].

In polycrystalline ceramic materials, where
brittle intergranular fracture at low applied stress
levels is generally expected, there has been little
effort to evatuate the effect on mechanical behav-
iour of segregation of trace impurities to grain
boundaries. Marcus and Fine [6] reported the
detection of significant concentrations (up to

3 to 5at%) of calcium on the intergranular frac-
ture surfaces of a commercial high-density alumina,
although the total calcium content of the material
was only about 20 ppm by weight. It was suggested
that this segregation resulted primarily from the
distortion energy associated with the Ca®*ion in
residence on an Al** lattice site, since the Ca%*ion
is nearly twice as large (0.99 A) as the Al**ion
(0.5 A). Subsequent investigations confirmed that
calcium segregation occurred in other polycrystal-
line aluminas [7, 8] and an initial study was con-
ducted to assess the effect of this segregation on
room temperature fracture toughness [8]. The
study indicated that calcium may have a deleteri-
ous effect on the fracture toughness of alumina,
but an unequivocal interpretation was made
difficult by the fact that the aluminas examined
contained varying second-phase particle distri-
butions and slightly different porosity levels.
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Figure 1 Schematic curves illustrating the change in
cohesion between atom planes across a grain boundary
effected by the segregation of impurity atoms larger than
the host (curve ii). Curve i applies to a boundary without
segregated impurities [9].

Qualitatively, the influence of segregation on
the tendency of a material to exhibit brittle inter-
granular fracture behaviour can be appreciated in
terms of its influence on interatomic potentials
across a grain boundary, as illustrated in Fig. 1
[9]. As large atoms replace smaller host atoms at
the boundary, the average interatomic spacing
increases from a, to a4, and the potential curve
shifts from (i) to (ii). If the work of fracture is
relatively unchanged [9], the area under each
curve is about equal and, therefore, the maximum
stress (grain-boundary fracture stress) is reduced.
This result can be expressed by,

Yo
O, = 2,
1+3X, | - —1
0

where o, and g, are the fracture stresses associated
with the clean and impure boundaries, respectively,
and Xj, is the atomic fraction of segregant at the
boundary. Equation 1 predicts that the segre-
gation of atoms larger than the host atom (g, /a2y >
1) will decrease the fracture stress, while atomically
small segregants (a./2q<1) should promote a
strengthening effect.

In the absence of any physical alterations other
than grain-boundary chemistry, the present study
has sought to evaluate the effect of calcium segre-
gation to the grain boundaries of polycrystalline
alumina on its room temperature fracture behaviour.

(1

2. Materials and procedure

The primary material utilized in this investigation
was a commercial pressed and sintered alumina
having a uniform grain size of 18 um and a density
in excess of 99% of the theoretical density of
alumina (397 gcm™). This material had been
doped with a small amount of MgO to restrict

grain growth and promote sintering. Also,a vacuum
hot-pressed alumina made from very high-purity
zone-refined aluminium by hydrothermal methods
[10] was examined in this study. This alumina was
undoped and had a uniform grain size of about 2 um
and a density in excess of 99% of theoretical.

Bulk chemical analysis of the commercial alu-
mina revealed 300 ppm Mg, 40 ppm Si and less than
SppmCa by weight present as the principal
impurities. The concentrations of all other im-
purities were less than 1ppm. Neither calcium
nor magnesium was detected in the hot-pressed
alumina although a bulk silicon level of about
200 ppm was reported. The silicon was encountered
as a contaminant during the hydrothermal conver-
sion of the aluminium to Al, O;. All other elements
were less than 1 ppm in the hot-pressed alumina.

Specimens of the commercial alumina were
subjected to vacuum heat-treatments (5x 1076
Torr) at 1650, 1800 and 1950 ° C for times up to
16h to establish equilibrium concentrations of
segregants at the grain boundaries. The specimens
were quenched in high-purity helium at a rate
known to be substantially in excess of 600°C
min~?,

Scanning electron microscopy (SEM) and AES
were used to study fracture surface morphology
and chemistry, respectively. The AES determi-
nations were made on surfaces produced by fract-
uring the aluminas in the instrument chamber
under high vacuum to prevent subsequent con-
tamination. Prior to SEM examination, the fracture
surfaces were shadowed with gold—palladium to
eliminate charging effects.

A relief polishing technique [11] was used to
prepare specimens of the aluminas for optical
microscopy determinations of grain size and
second-phase particle and pore distributions.
Supplementary examination of jon-milled thin
sections was conducted using transmission electron
microscopy (TEM).

Single edge-notched beam (SENB) specimens
for room temperature fracture toughness testing
were cut from the as-prepared and heat-treated
aluminas using a wafering machine with 2 0.048 cm
thick diamond blade. These specimens were
0.25cmx 0.25cm x 2.5cm and were notched to
a depth of 0.056 cm. Fracture toughness testing
was accomplished by four-point bend loading on
an Instron testing machine at a cross-head speed
of 0.005cmmin™. Plane strain fracture tough-
ness (Ki¢) was computed from the load—deflection
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TABLE I Physical characteristics of test aluminas

Alumina Heat-treatment % density Average grain  at% Ca on grain % intergranular  Porosity*

size (um) boundaries (from  fracture
Commercial  As-sintered 99 + 18 1.2 90 S,GB, 1-5um
Commercial 1650°C, 16h 99 + 18 1.6 90 S,GB, 1-5um
Commercial 1800°C, 3h 99 + 18 0.9 85 S, GB, 1—5um
Commercial 1950°C, 1h 99 + 18 0.6 80 S,GB, 1-5um
Hot-pressed  As hot-pressed 99 + 2 ND (< 0.1 at%) 50 S,GB, <1pum

*S = nearly spherical. GB = located at grain boundaries.

curves and the sample dimensions using a standard
equation for SENB specimens [12].

3. Results and discussion

3.1. Characterization of aluminas

The characteristics of the as-prepared and heat-
treated aluminas with respect to microstructure,
room temperature fracture mode and grain-
boundary impurity levels are summarized in Table I.
Heat-treatment of the commercial alumina resulted
in changes in the chemical composition at the grain
boundaries but no detectable alteration in grain
size, density, or pore morphology. Calcium was
the only impurity element detected on the fracture
surfaces of the commercial alumina. No impurities
were found in the regions of intergranular fracture
of the hot-pressed material using scanning Auger
methods.

SEM revealed that the fractures in the commer-
cial alumina were predominantly intergranular,
the incidence of cleavage increasing only slightly in
the specimens heat-treated at 1800 and 1950 ° C.
The fine-grained hot-pressed alumina exhibited
substantially more cleavage fracture. Scanning

electron fractographs of typical regions of these
surfaces are shown in Figs. 2 and 3.

No second phase particles were discovered in
either alumina by optical microscopy or TEM
techniques. Because of the low impurity levels
(except for silicon) in the hot-pressed material, no
second phase(s) would be expected. Although many
commercial aluminas contain spinel particles, the
magnesium level of the commercial material used
here was apparently sufficiently low to preclude
the formation of such particles.

3.2. Calcium segregation

The observed change in grain-boundary calcium
concentration in the commercial alumina with
heat-treating temperature is the result anticipated
from equilibrium segregation theory based upon
saturation adsorption concepts. The Mclean—
Langmuir expression {13],

Figure 2 Scanning electron fractograph of the as-sintered
commercial alumina used in this investigation (grain size
=18 um, density >99% theoretical). Fracture is
predominantly intergranular.
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Figure 3 Scanning electron fractograph of hot-pressed
alumina (grain size = 2 um, density > 99% theoretical).
Fracture represents approximately 50% cleavage (con-
choidal) mode over entire specimen surface.



9 Figure 4 Concentration of calcium at the
grain boundaries of commercial alumina
used in this investigation as a function of

2.5 s Auger Data J
8 Theoretical Curve (from Equation 2) |
et aG = 30.3kcal mot™
§ 2.0 C = 6 atomic ppm Ca b
5
[

4
£ 1.5 «j
0
8
<
1.0
0.5 . ] . . ; T
1600 1700 1800 1800

Heat-Treatment Temperature (°C)

predicts that the concentration of a given impurity
at a grain boundary (Cgp,) in equilibrium with a
bulk (lattice) concentration of the impurity (C)
will decrease with increasing temperature (7). In
this expression, AG is the change ininternal energy
associated with segregation of the impurity to the
grain boundary and R is the universal gas constant.

The levels of calcium segregated to the grain
boundaries of the heat-treated commercial alumina
specimens are listed in Table I and plotted in
Fig. 4. The measured calcium levels provide an
excellent fit to Equation 2 for C = 6 atomic ppm
Ca and AG =30kcalmol™. A previous study
concluded that AG for calcium segregation in
alumina is about 28 kcal mol™ [7]. Although
Equation 2 inherently assumes an infinite grain
size and no interaction among the segregating
impurity ions, it does provide an adequate descrip-
tion of calcium segregation in this very dilute and
relatively coarse-grained alumina. The charge dif-
ference between the segregating Ca®*ions and the
Al1%* lattice cations is presumed to be a negligible
factor in the segregation process. Recent work [14]
has shown that distortion energy (proportional
to the square of strain due to ion size misfit in
the lattice) is the primary driving force for segre-
gation of several impurity species in alumina, at
least in those cases where the charge difference is
no greater than one.

The assintered commercial alumina contained
1.2at% calcium at the grain boundaries, a value
which is considerably greater than would be pre-
dicted from the high sintering temperature involved
(about 1950° C). Undoubtedly, additional seg-
regation was experienced during relatively slow
cooling from the sintering temperature.

No calcium was detected in the intergranular
regions of the fracture surface of the hot-pressed

heat-treating temperature (from AES
measurements on fresh fracture surfaces).

alumina. The lower limit of detection for AES
is about 0.1 at%. This would suggest that, if an
equilibrium segregation level was achieved during
hot-pressing, the bulk calcium concentration,
based on Equation 2, was less than 0.2 atomic
ppm. However, it is unlikely that the equilibrium
grain-boundary calcium concentration was reached
under the time—temperature conditions of hot-
pressing (2h at 1450° C). Furthermore, the fine
grain size ot this alumina should lead to a reduced
calcium segregation level due to the substantially
increased boundary area available [15]. It has also
been suggested [14] that the presence of silicon
in alumina reduces the level of segregated calcium
for silicon contents similar to those present in this
hot-pressed material. Thus, the bulk calcium con-
centration of this alumina was undoubtedly very
low, but could have exceeded the 0.2 atomic ppm
level estimated as a maximum based on equilibrium
segregation theory.

3.3. Fracture behaviour
The results of the room temperature SENB fracture
toughness tests on the commercial and hot-pressed
aluminas are listed in Table II and plotted versus
grain-boundary calcium concentrations in Fig. 5.
For comparison, one data point (0.5at%Ca) is
included in Fig. 5 from a previous investigation
[8]. This point represents a measured Kj¢ value
from SENB tests on an MgO-doped high-density
(>99%) pressed and sintered alumina containing
less than 2 vol.% spinel (MgAl, 0,) particles and
having a uniform grain size of 9 um. The error bars
in Fig. 5 represeut the extreme values obtained in
each set of four measurements, as given in Table II.
An obvious trend toward improved fracture
toughness with decreasing grain-boundary calcium
concentration is indicated in Fig. 5. Considering
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TABLE II Room temperature K¢ values for test aluminas (SENB specimens)

Alumina Heat-treatment at% Ca Range of Kj¢ Average K1¢
at grain values (MNm~¥?) (MNm~¥?)
boundary (four tests)

Commezcial 1650° C 16h 1.6 4.48-4.69 4.60

Commercial As-sintered 1.2 4.66-4.86 4.75

Commercial 1800°C3h 0.9 4.78-4.97 4.87

Commercial 1950°C 1h 0.6 4.96-5.16 5.08

Hot-pressed As hot-pressed ND (<0.1 at%) 5.66-5.84 5.73

specifically the data for the commercial alumina,
since no second-phase particles were present in
these structures and neither the grain size nor the
distribution of porosity were altered detectably by
the thermal treatments employed, these data
permit a self-consistent appraisal of the magnitude
of the effect of this range of calcium segregation
(0.6 to 1.6 at%) uniquely on the fracture tough-
ness. Also, the data can be used to crudely test the
Seah model [9] for the quantitative dependence of
grain-boundary fracture stress on segregation level,
This polycrystalline alumina is a suitable material
for a test of this model inasmuch as the fracture
mode is predominantly intergranular and no
dislocation activity is encountered in the fracture
of alumina at temperatures below about 800° C
[16,17].
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Figure 5 Dependence of room temperature fracture
toughness (SENB tests) on grain-boundary calcium
concentration for commercial and hot-pressed aluminas.
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Equation 1 can be written,

()'e [1 +%Xb(ae_ao) ]: Jgp.
a9

Redefining a, and a, as the radii of the impurity
ions and host ions, respectively [9], where, for
this system, 2,(Ca®")=0.99 A and g, (AI**)=0.5 4,

0e[1+0.49 X£?] = g,. 3)

For a comparison of the effect of any two values
of XS2

O, 1+0.49 X2
~ [1+049 X8

)

Uez

For the SENB test technique and constant speci-
men geometry, Kyc will be directly related to o.
Thus,

Kic,
Kic,

1+049 x82] 7
~ )

14049 X352

This relationship predicts a virtually negligible
variation in 0, or Kyc over the range of grain-
boundary calcium concentrations achieved in the
commercial alumina. The predicted and measured
trends in Ky¢ are given in Table III and this infor-
mation is shown graphically in Fig. 6. The K¢
ratios are based on the value obtained for X2 =
0.006. Therefore, the apparent match between the

TéaB LE IH Predicted and observed Ky¢ variation with
Xy

xga Kic (X§* = 0.006)
Kic (X5

Predicted from Equation 5 Observed
0.006 1.0 1.0
0.009 1.0015 1.0431
0.012 1.0029 1.0695
0.016 1.0049 1.1043
0.025 1.0093 -
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Figure 6 Experimental determination of Ko variation
with X Ea compared to theory (Equation 5). Match at
Xy = 0.006 is forced.

model prediction and experiment at this point is
forced.

It is readily apparent that dependence of K¢
for intergranular fracture on the grain-boundary
concentration of calcium in this alumina is much
greater than estimated from Equation 5. Although
the model correctly predicts the inverse nature of
the dependence of grain-boundary integrity on the
concentration of a large ion at the boundary, the
magnitude of this effect is seriously underesti-
mated. As noted previously, the Seah model is
based on the concept that segregated atoms or ions
will alter the potential function at the boundary
by virtue of a change in the effective interatomic
spacing. Changes in the boundary energy resulting
from electronic effects such as charge differences
are not considered. This would be expected to be
of special significance in ionic materials like
alumina where the magnitude and sign of the
field associated with the boundary can be strongly
influenced by the presence of aliovalent ions [24] .
This effect, in addition to the possible creation of
point defects in the vicinity of the boundary,
would be expected to alter the potential function
at the boundary and, in turn, influence the inter-
granular fracture stress.

Although the finer grain size and pore distri-
bution of the hot-pressed alumina may invalidate
any direct comparison with the commercial
material, the substantially increased Ky¢ of this
alumina is noteworthy. Approximately 50% of the

fracture surface exhibited a transgranular (cleavage)
crack propagation mode. This suggests that, on the
average, the room temperature stresses required to
propagate intergranular and transgranular fractures
are about equal for the particular microstructural
and chemical characteristics represented by this
material. Surely, the very clean grain boundaries
promote an increased resistance to intergranular
fracture. Similarly, the fine grain size should require
a larger cleavage fracture stress. In metals, where
some dislocation activity is nearly always associated
with fracture, the fracture stress is proportional to
D™, where D is the average grain diameter and 7 is
frequently taken to be 3 [18]. Plastic flow is
apparently not associated with cleavage fracture
in single-crystal alumina (sapphire) except at high
temperatures [17], nor has it been reported for
cleavage in polycrystalline alumina at ambient
temperatures. Wiederhorn has determined that
the (1010) and (1012) planes in sapphire
exhibit the lowest fracture energies [16]. Presum-
ably, a cleavage fracture in a polycrystalline
alumina aggregate would tend to propagate
preferentially along these planes as well, necessi-
tating reorientation of the crack whenever it
intersects a high-angle boundary. The additional
energy required for crack reorientation should lead
directly to a D™ dependence of fracture stress.
However, fractographic observations of cleavage in
polycrystalline alumina indicate that a more
irrational conchoidal propagation mode can be
involved (see Fig. 3). The relationship between the
grain size and the energy required to propagate
this type of fracture through the structure is
unknown, but it may be reasonably assumed
that some reorientation across high-angle bound-
aries will still be required.

Two points should be noted relative to the
fracture toughness testing technique employed in
this investigation. First, the SENB specimens were
notched, not pre-cracked. Pre-cracking was
attempted by a microhardness indentation
technique [19], but this was unsuccessful. Evans et
al. [20] has shown that notched specimens tend to
give lower Ky¢ values due to the fact that, when
the notch is cut, cracks may extend from the base
of the notch. This additional flaw length is not
considered when determining K¢, resulting in a
lower calculated value than actually exists.
Secondly, the strain rate employed in the four-point
bend testing was quite low. It has been shown in
glasses and some ceramics, including alumina, that
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slow crack growth can occur during loading [21].
This would produce a larger flaw size under load
than was initially present. Then, calculations of K¢
based on the initial notch depth would give low
values. Therefore, all fracture toughness measure-
ments in this study should be classified as
“apparent” Ki¢ values and be viewed as probably
constituting a lower limit. In spite of this potential
difficulty, the values determined from the as-
sintered commercial alumina are in reasonable
agreement with the results of other investigations
on similar aluminas using SENB specimens [22,23] .

4, Conclusions

In agreement with previous observations, calcium
has been shown to segregate readily to the grain
boundaries of polycrystalline alumina with enrich-
ment ratios in excess of 103, varying with tempera-
ture in accordance with equilibrium segregation
theory.

The effect of grain-boundary calcium concen-
trations in the range 0.6 to 1.6 at% on the room
temperature fracture behaviour of alumina has
been determined for a commercial material
containing minimal porosity, no second-phase
particles and a uniform grain size of 18 um. Using
SENB specimens in four-point bend loading,
average K values for predominantly intergranular
fracture decreased with increasing calcium
segregation from a maximum of 5. 08 MNm™¥?2 at
XS =0.006 to a minimum value of 4.60 MN m~%?2
at XT% =0.016.This change is much greater than
predicted solely from the effect of such segregation
on the inter-atomic spacing at the boundary.

A finegrained (2um) hot-pressed alumina
containing very low levels of segregated impurities
exhibited substantial amounts of cleavage fracture
at room temperature and a high K¢ (5.73MN
m™¥%), It is suggested that relatively clean grain
boundaries resulted in a high boundary fracture
stress. Although the influence of grain size on
cleavage fracture stress in alumina is unknown, it
is presumed that some crack reorientation across a
boundary is required and this, in turn, should lead
to a D™ dependence of fracture stress. Thus, the
fine-grained material with clean boundaries would
be expected to exhibit high fracture stresses (and
Kyc) associated with both intergranular and trans-
granular fracture modes.
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