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Abstract

The mechanical behaviour at 1200°C of one stoich-
iometric and two alumina rich polycrystalline
magnesium aluminate spinels is studied. Similar
microstructures have been obtained for both spinel
compositions. Lattice parameters have been deter-
mined and related to the solid solution stoichiom-
etry for all materials. Microstructures have been
characterized by scanning electron microscopy.
Fracture toughness measurements at 1200°C as a
Sunction of strain rate and observations of polished
and fracture surfaces have been performed. Rela-
tionships between fracture behaviour and micro-
structure and solid solution composition have been
established In spite of similarities between micro-
Structure (porosity, grain size), two differentiated
fracture behaviours as a function of composition
have been found. The stoichiometric spinel presents
intergranular fracture and crack bridging at all
strain rates used, whereas high alumina spinels
show mostly transgranular fracture. © 1997 Elsevier
Science Limited.

1 Introduction

Magnesium spinel (MgAl,O,) offers a desirable
combination of properties—high melting point,
potentially high strength, high resistance to chem-
ical attack and low electrical losses which make
it important as a high refractory, electroinsulat-
ing and structural material with application in
metallurgical, electrotechnical, and radiotechnical
industries.

In previous work' the mechanical and elastic
behaviour from room temperature up to 1300°C
of a conventionally sintered non-translucent poly-
crystalline stoichiometric magnesium aluminate
spinel (MgAl,O,) was studied. Non-linear load-
deflection relationships during fracture were found
from 800°C, with a strong dependence of frac-
ture toughness on temperature and strain rate.
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Apparent Kjc values at 1200°C increased as
strain rate decreased and a mechanism of crack
tip yielding via defect rearrangement during frac-
ture was proposed to explain this fracture
behaviour.

Alumina has a wide solid solubility in mag-
nesium aluminate spinel. Depending on the tem-
perature, single phase spinel is formed in a wide
range of compositions. At the sintering tempera-
ture used in this work, 1750°C, MgO-xAl,O, solid
solution has been reported for x = 1-2-5.2

Panda and Raj® determined the time-tempera-
ture-transformation (ttt) curves for alumina pre-
cipitation in a MgO-2Al,0; polycrystalline material
and found a C-shape typical of phase transform-
ing systems in which phase transformation is
nucleation limited.

Fundamental studies on mechanical behaviour
and press forging of Verneuil-grown single crystals
of alumina rich spinels have been reported.*® It is
generally agreed that the excess of octahedral
cation vacancies in non-equimolar compositions is
responsible for the enhanced plastic deformation
when the molar ratio of alumina to magnesia is
greater than unity.*>*

Panda et al.® have studied the high temperature
deformation under load of a polycrystalline
MgO-2Al1,0; spinel and observed that this super-
saturated spinel showed maximum superplasticity
in tests performed at low strain rates and close to
the solvus temperature. This superplasticity was
accompanied by dynamic precipitation of aAl,Os,
as observed by scanning electron microscopy
(SEM), and enhanced ductility continued beyond
the time when all supersaturated alumina should
have precipitated. The inference of these authors
was that dynamic precipitation leads to some
decrease in the flow stress. Superplasticity of
MgO-2A1,0; polycrystals at temperatures close
to the solvus has also been reported by Maguire
and Gentilman;’ these authors did not detect any
alumina precipitation by optical microscopy or
X-ray diffraction (XRD).
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This paper describes the fracture behaviour of
one stoichiometric and two non-stoichiometric
conventionally sintered non-translucent polycrys-
talline spinel materials at 1200°C. This tempera-
ture, at which plastic deformation during fracture
of a stoichiometric material was reported by the
present authors,’ is far from the solvus temperature
of the non-stoichiometric compositions (~1650°C).
Similar microstructures for the stoichiometric and
one of the non-stoichiometric spinels have been
developed in order to check the intrinsic effect of
non-stoichiometry on deformation under load
of the materials.

The effect of strain rate on fracture behaviour
has been studied in order to account for the possi-
ble effects of plastic phenomena during fracture.

2 Experimental Procedure

A stoichiometric commercial spinel MgAl,O, pow-
der (Baikalox, USA) and a Bayer alumina (Alcoa,
CT 3000 SG, USA) have been used as starting
materials. The characteristics of these powders are
shown in Table 1. The size of the agglomerate for
spinel, measured by sedigraph (5000 ET, Micro-
meritics USA) in ethyl alcohol is 7-5 um.

Table 1. Characteristics of powders used in this study

Alumina Spinel
Ignition loss (wt%) 0-5 111
Si0, (wt%) 0-0 0-16
AlLO; (Wt%) 99-6 71-9
Fe,0; (wt%) 0-03 0-12
TiO, (Wt%) 0-001 0-004
Na,O (wt%) 0-12 0-005
K,O (wt%) nd. 0-011
CaO (wt%) 0-04 0-02
P,0; (wt%) n.d. 0-10
MgO (wt%) 0-01 26-0
Specific surface area® (m%/g) 8 5
Crystallite size (um) 0-5 04

“Determined by BET (Monosorb MS-13, Quantachrome,
USA)
n.d. = not determined.
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The processing paths summarized in Table 2
were used to prepare one stoichiometric (SP;
MgO-xAlL,O;, x ~ 1) and two alumina rich (SPA-I,
SPA-II; MgO-xAl, 0, x ~ 2) spinel materials from
the powders described in Table 1.

Debye—Scherer powder diffraction patterns were
obtained using an X-ray diffraction powder
camera (Siemens D-5000, Germany) with Cuk,
X-ray (Ni filtered) at 50 kV and 30 mA. XRD
patterns were indexed in accordance with the
powder diffraction file data card of spinel.'” The
precise lattice parameters were determined using
the XRD lines corresponding to Bragg angles
greater than /3 and Si as internal standard.

The actual molar composition of the obtained
materials, x, was calculated from the determined
lattice parameters using the following relation:®

x = (0-86109 — ay)/(3a, — 2:37195) (1)

where ay(nm) is the lattice parameter of the spinel
solid solution. The density of the sintered com-
pacts was determined by the Archimedes’ method
using distilled water.

Microstructural characterization was performed
by SEM (Zeiss DSM 950, Germany), on polished
and chemically etched (phosphoric acid at 185 *
5°C—6 min) surfaces. Microanalysis of different
spinel grains was performed by SEM-EDX. The
average grain size of the samples was calculated,
assuming spherical grains, on two-dimensional
cross-sections using the following relation:

d=156d, @)

where d is the corrected grain size and d, is the
average grain size obtained from the linear inter-
cept method.

Room temperature Young’s modulus was deter-
mined from the resonance frequency of bars
(4 mm X 3 mm X 50 mm) using a commercial
apparatus (Grindosonic, Belgium).

Toughness (SENB) was determined at 1200°C
on diamond machined samples (4 mm X 6 mm X
50 mm) with diamond-sawn notches of 3 mm
length and 25 um thickness. Tests were carried

Table 2. Processing routes used to prepare studied materials

SPA-I SPA-I1

SP
Powder Attrition milling: 4 h,
processing ethyl alcohol,
alumina balls.
Drying: 75°C, 24 h.
Sieving: 65 pum.
Pressing
Sintering
(heating/cooling 1750°C—2h

rates 2°C—min)

Attrition milling:

4 h, ethyl alcohol,
alumina balls.
Drying: 75°C, 24 h.
Sieving: 65 um

Attrition milling:

2 h, isopropyl alcohol,
alumina balls.

Drying: 75°C, 24 h.
Sieving: 65 pm.

Cold isostatic pressing at 200 MPa

1750°C—2 h 1750°C—2 h
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out using a four-point bending device (Instron,
G.B; 40-20 mm, outer-inner spans) made of
AlL,O; and cross-head speeds ranging from
0-005 mm/min up to 2-5 mm/min. Apparent K-
values were calculated using ASTM STP601,"
taking as notch sizes the sizes of the diamond-
sawn notches measured in a reflected light micro-
scope. Apparent K- reported values are the
average of four tests. All fracture surfaces were
observed by SEM.

Reported uncertainty values for Young’s modu-
lus and apparent toughness are standard deviations.

3 Results

3.1 Mineralogical and microstructural
characterization

XRD spectra of all the obtained materials showed
only the diffraction lines corresponding to spinel.
The characteristics of the obtained materials are
summarized in Table 3. Density and Young’s
modulus values are almost the same for all mater-
ials. Lattice parameters of the samples with alumina
excess are lower than those corresponding to the
stoichiometric spinel. All calculated compositions
correspond to alumina rich spinels: one of them very
close to the stoichiometric MgO-Al,O,, SP, and the
other two close to MgO-2A1,0,, SPA-I and SPA-IIL.

Figure 1 shows general views (SEM) of the
microstructures of the sintered samples. Observed
microstructures are modified by the chemical etch-
ing needed to reveal grain boundaries which par-
tially dissolves spinel grains as can be seen by
comparison between the strongly etched polished
surfaces of Fig. 1 and the non-etched or slightly
etched polished surfaces of Fig. 2. The microstruc-
ture of SPA-I (Fig. 1(b)) is bimodal with high
density large grains (~40 wm) surrounded by a low
density matrix. Microstructures of SP and SPA-II
(Fig. 1(a,c)) are made of a single distribution of
large grains (~70 pwm) with intragranular porosity
and surrounded by pore chains.

In Fig. 3 the two microstructural features of
SPA-I can be observed in detail. No differences
in composition (EDX) between the large and
small particles are found. Small particles in the
matrix (Fig. 3(b)) have an average diameter of
1-4 £0-6 um.

High magnification micrographs (SEM) of SP
and SPA-II microstructures are shown in Fig. 4.
Two different features are observed at the grain
boundaries: straight grain to grain junctions and
pore chains. Intragranular porosity is present in
both samples and pores located in the bulk of the
grains are smaller than those located close to or at
the grain boundaries.

3.2 Mechanical characterization

The fracture of materials SPA-I and SPA-II was
unstable at all cross-head speeds used whereas SP
samples tested at v < 2-5 mm/min showed stable
fracture behaviour.

For all materials, the calculated stress intensity
factors at the onset of fracture were strongly
dependent on strain rate and cannot be considered
as K¢ values; in the following they will be called
‘K.

Values of ‘K¢’ at 1200°C as a function of the
cross-head speed for the three materials are shown
in Fig. 5. For SP these values were calculated
from the maximum loads recorded during testing
previous to the controlled fracture of the samples.
For the alumina rich materials (SPA-I, SPA-II), a
minimum in toughness is observed for the lowest
cross-head speed, ‘K|.’ being constant for higher
speeds. The calculated stress intensity factors at
the onset of fracture for SP increase as the loading
rate increases.

No special features were observed in any of the
fracture surfaces of toughness samples tested at
1200°C using the largest loading rate (2-5 mm/min).
Conversely, in the samples tested at lower rates
different habits of fracture as a function of dis-
tance to the notch existed.

In the low magnification micrographs of SPA-I
fracture surfaces, no differentiated zones were
observed and all surfaces presented the same
features as the one shown in Fig. 6(a). When
higher magnifications were used for all samples,
mostly transgranular fracture was observed close
to the notch (Fig. 6(b)) as well as at the centre of
the samples (Fig. 6(c)).

In all SPA-II fracture surfaces of samples tested
at 0-005 mm/min, differentiated zones close to the
notch were observed even for the lowest magnifi-
cation. Fig. 7 shows one of these surfaces. Close
to the notch a semielliptical area (Fig. 7(a)) in

Table 3. Characteristics of studied materials

SPA-I SPA-I1
Lattice parameter (nm) 0-80800 + 0-00005 0-8008 + 0-0001 0-8009 + 0-0001
Calculated molar composition, x, (MgO-xAl,O;,) x=1-019 £ 0-003 x =198 £ 0-01 x =196 £ 0-01
Density (g/cm®) 346 £ 0-03 345+ 003 346 £ 0-02
Young’s Modulus (GPa) 251 £13 256 £ 11 257+ 10
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which intergranular fracture takes place (Fig. 7(b))
is clearly observed. Out of this region mostly
transgranular fracture occurs (Fig. 7(c)). In the

Fig. 1. Microstructures of studied materials. SEM micro-

graphs of polished and chemically (H;PO,—6 min) etched
surfaces. (a) SP, (b) SPA-I and (c) SPA-II.

samples tested at higher strain rates fracture was
mainly transgranular and the surfaces showed the
same features as those shown in Fig. 7(c).
Load-cross-head displacement curves recorded
during toughness tests for SP are depicted in
Fig. 8. When the highest cross-head speed was
used, typical unstable fracture occurred and ‘K¢’
was the highest of all values obtained using this
speed (Fig. 5). For the tests performed at 0-05 and
0-005 mnm/min, fracture was partially stable (Fig. 8)
and the fracture surfaces were held together after
the test. All fracture surfaces of SP samples pre-
sented intergranular fracture along the porous
boundaries of the large spinel grains shown in
Fig.1(a). Figures 9 and 10 show polished surfaces
cut perpendicular to the notch of SP toughness
samples tested at medium and low rates in which
the crack path is observed. Close to the notches

Fig. 2. SEM micrographs of polished surfaces. The effect of

different etchings can be observed by comparison to Fig. 1.

(a) SPA-1. Non-etched polished surface. (b) SP. Chemically
etched (H;PO,—3 min).
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damage distinct from the main crack occurs
(Fig. 9) and secondary cracking and bridging
effects are observed before the main crack reaches
the end of the bars (Fig. 10).

4 Discussion

The obtained XRD results (Table 3) demonstrate
that the three studied materials can be divided in
two groups in terms of composition (MgO-xAl,O5):
one almost stoichiometric spinel, SP, and two alu-
mina rich spinels, SPA-I and SPA-II with x = 2
(Table 3). The fact that the calculated solid solution
of SPA-I and SPA-II coincides with the intended
one in the starting mixture, and that no diffraction
line for Al,O; was found in any of the samples,

reveals that these materials are made only of
supersaturated solid solutions.

The room temperature dynamic Young’s modu-
lus (Table 3) of the stoichiometric spinel (SP) is
the same as that determined by Stewart and
co-workers®!? for a stoichiometric hot pressed
spinel. The fact that variations in density and
Young’s modulus values of the three materials
(Table 3) are inside the experimental variability in
spite of the differences in chemical composition
and lattice parameter can be related to the high
porosity observed in the microstructures (Figs 1
and 2) as porosity is a determining parameter for
Young’s modulus values.

No impurity concentration, at the level of reso-
lution employed, or singular large defects were
found in any of the studied materials. The milling

(e
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Fig. 3. SEM micrographs and corresponding EDX analysis of polished and chemically etched (H;PO,—6 min) surfaces of SPA-I.
(a) Highly dense large particles. Trapped pores inside the grain and advanced stages of pore trapping at the grain boundaries are
observed. (b) Small particles in the low density areas.
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processes lead to a homogeneous distribution of
impurities and to the breakdown of aggregates
present in the starting spinel powder. Impurities
in these materials (Table 1) must be uniformly
distributed, forming spinel solid solutions (iron
oxide) or thin amorphous phases along grain
boundaries (silica, lime) as reported by Chiang
and Kingery"® for polycrystalline spinels prepared
from the same kind of starting powders.

SPA-I presents a bimodal microstructure consist-
ing of large (~40 um) grains uniformly distributed
in a low density and fine grained (~1-5 um)
matrix. Large grains have been formed by exag-
gerated grain growth, as can be deduced from
Fig. 3(a) in which trapped pores and advanced

Fig. 4. High magnification (SEM) micrograph of polished
and chemically etched (H;PO,—6 min) surfaces of samples
prepared from powders attrition milled in ethyl alcohol in
which different kinds of porosity are observed. (a) SP and
(b) SPA-IL

stages of pore trapping are observed. This kind of
microstructure is produced by the differential sin-
tering of uniformly distributed agglomerates origi-
nating from the milling media (isopropyl alcohol)
in the starting powder prior to sieving.

The two materials made from starting powders
attrition milled in ethyl alcohol (SP and SPA-II,
Table 2) have the same kind of microstructure
(Fig. 1(a,c)) in which pore chains surround large
(~60 wm) spinel grains with intragranular porosity.
This kind of microstructure is also determined by
the initial processing of the powders since the size
of the spinel grains is the same as that of the sieve
holes (65 um). A number of necks exist between
two large grains forming the mentioned pore
chains. Intragranular porosity might be due to a
combination of initial porosity inside the granules
formed during sieving and non-stoichiometry
defects inherent to spinel materials.

All materials studied here have lower apparent
toughness values when low strain rates are used
(Fig. 5), which is the kind of behaviour shown by
materials in which subcritical crack growth takes
place at low loads prior to fracture. The real size
of the notches at the onset of fast fracture for
samples in which subcritical crack growth occurs
is larger than the size of the diamond-sawn
notches. In materials SPA-I and SPA-II apparent
toughness values are a minimum for the lowest
speed and stable from 0-05 mm/min. In SPA-II
fracture surfaces of samples tested at 0-005
mm/min intergranular fracture occurs in areas
located close to the notches (Fig. 7(a,b)). These
areas are the subcritical crack growth zones that
weaken the samples prior to complete failure.

400 —
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KIC"(MN m-3/2)

1.00 — .//
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0.00 T T I!IIHI T T IIITIT[ T T lllllll T T IITIlll
0.001 0.010 0.100 1.000 10.000
Cross Head Speed (mm/min)

Fig. 5. Apparent toughness, ‘K’, at 1200°C as a function of

the cross head speed for SPA-I and SPA-II. Values corre-

sponding to SP have been calculated from maximum loads
in Fig. 8.



Fig. 6. Fracture surface of a toughness sample of SPA-I Fig. 7. Fracture surface of a toughness sample of SPA-II

tested at 1200°C using a loading rate of 0-005 mm/min. tested at 1200°C using a loading rate of 0-005 mm/min.

(a) General view, (b) detail of the zone close to the notch, (a) General view, (b) detail of the semielliptical zone close to
(c) detail of the centre of the surface. the notch, (¢) detail of the centre of the surface.
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Fig. 8. Load-displacement diagrams recorded during tough-
ness tests of SP samples performed at different loading rates:
L = 0-005 mm/min, M = 0-05 mm/min, # = 2-5 mm/min.

These zones are not clearly differentiated in
SPA-I (Fig. 6(a)) and apparent toughness values
for this material are always higher than those for
SPA-II.

When SPA-I and SPA-II are tested at higher
cross-head speeds (0-05 and 2-5 mm/min) apparent
toughness values are independent of strain rate
(Fig. 5) and the fracture surfaces presented trans-
granular features such as those observed in Figs
6(c) and 7(c). The lower values of apparent tough-
ness shown by SPA-II compared to SPA-I, when
high cross-head speeds are used, must be due to
the larger weakness of the spinel grains in the
former material. The porous spinel grains of SPA-
I (Fig. 4(b)) would be easily traversed by the
crack, whereas the denser ones of SPA-I (Figs 1(b)
and 3) would stand larger opposition to the crack
when traversed. It is interesting to notice that the
apparently weak boundaries in SPA-II, made of
pore chains and necks (Fig.1(c)), were not prefer-
ential sites for crack growth when high cross-head

Fig. 9. Polished cross-sections of SP toughness samples tested at 1200°C. Notch area. (a, b) Loading rate = 0-05 mm/min,
(c, d) loading rate = 0-005 mm/min.
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speeds were used since fracture surfaces presented
the same features as those shown in Fig. 7(c).
Strain rate dependence of fracture behaviour is
strongly marked in SP samples in which stable
fracture occurs for low cross-head speeds (Fig. 8).
Even though the microstructure of SP presents the
same features as that of SPA-II (Fig. 1(a,c)) the
crack path in SP samples is very different from
that in SPA-II samples tested using low and inter-
mediate speeds. In the former material, fracture
starts at very low stress intensities (Fig. 5), the crack
runs around the large spinel grains and secondary
cracking is observed (Figs 9 and 10). Moreover,
SP samples tested at low and intermediate rates
have stable fracture (Fig. 8) due to crack wake
bridging by the large agglomerates once they have
been surrounded by the crack (Figs 9 and 10).
Summarizing, the fracture behaviours at 1200°C
of the studied spinels can be divided in two groups
corresponding to different solid solution compo-
sitions. The stoichiometric material, SP, presents
extensive subcritical crack growth across the grain
boundaries for low and intermediate strain rates,
whereas the alumina rich materials present this

feature only at the lowest strain rate and to a very
low extent. Stress intensities required for subcri-
tical crack growth to take place in SP samples are
much lower than those required in the alumina
rich materials (Fig. 5). Moreover, in SP samples
crack branching is observed and, due to the large
size of the spinel grains, crack bridging in the
wake of the main crack occurs. This division in
terms of solid solution composition exists in spite
of microstructural similarities between SP and
SPA-II (Fig. 1(a,c)).

In previous work! a mechanism of crack tip
yielding due to the rearrangement of lattice
defects, mostly at the grain boundaries, was pro-
posed for plasticity in a stoichiometric spinel. The
considered factors responsible for plasticity in that
material were cation inversion and, as proposed
for deformation and superplasticity of alumina
rich spinels,®>!* cation vacancy formation. Forma-
tion of vacancies was related to the slight non-
stoichiometry of the material and/or the presence
of solid solutions of impurities such as iron
oxides. In the stoichiometric material studied
here these plastic phenomena do not take place,

Fig. 10. Polished cross-sections of SP toughness samples tested at 1200°C. End of crack path. (a) Loading rate = 0-05 mm/min,
(b) loading rate = 0-005 mm/min.
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probably due to the weakness of the grain bound-
aries. Stress intensities required for crack propaga-
tion in the previously studied stoichiometric spinel
material (~3 MN m™¥?)! are larger than those
determined for the material studied here, SP,
(0-8-1-5 MN m™?, Fig. 5). Due to the low stress
intensities required for crack propagation in SP
samples, brittle fracture takes place before stresses
required for plastic deformation are reached.
Microstructures of SP and SPA-II are similar in
terms of porosity, grain size and grain boundaries
as mentioned above. Conversely, stress intensities
for crack propagation are larger, the extent of
subcritical crack growth is smaller and transgran-
ular fracture dominates in SPA-II if compared to
SP (Figs 5, 7 and 9). The characteristic that differ-
entiates these two materials must be grain bound-
ary microchemistry. Alumina solution in spinel
occurs via cation vacancy formation following:!?

ALO; — 5 Al + 12 0% + 3 Al + V"4 (3)

and, in spite of the similar microstructures of SP
and SPA-II, a larger defect concentration at SPA-
II grain boundaries must exist. The presence of a
large vacancy concentration in alumina rich
spinels is known as a factor for enhanced plastic-
ity. Plasticity at the grain boundaries in this
material will lead to partial densification or crack
blunting at the initial stages of fracture and, there-
fore, subcritical crack growth across grain bound-
aries will be inhibited. The fact that transgranular
fracture dominates in these samples indicates
that plastic effects occur mainly at the grain
boundaries and not across the grains, probably
due to the larger defect concentration at grain
boundaries. _

The fracture behaviour of SPA-I is similar to
that of SPA-II but stress intensities required for
crack propagation in SPA-I are larger (Fig. 5).
Two microstructural features might be responsible
for this difference in toughness: the larger avail-
ability of grain boundaries for plastic deformation
and the higher toughness of the homogeneously
distributed denser spinel grains in SPA-I if com-
pared to SPA-II (Figs 1(b,c) and 3).

In other works, a mechanism of plasticity for
alumina rich spinels via kinetic precipitation of
alumina at the grain boundaries® has been pro-
posed. The reported experiments involved alumina
rich spinels tested at temperatures close to the
solvus and kinetic precipitation was supported by
observations of alumina precipitates at grain
boundaries in tested samples. The annealing times
required to detect Al,O, precipitation in alumina
rich spinels at 1200°C are about 10* s (SEM and
XRD?®) and 400 s (TEM'). These times are much
larger than the testing times used in the present

work and, therefore, kinetic crystallization is not
likely to take place in SPA-I and SPA-II under the
experimental conditions used here.

5 Conclusions

Three single phase spinel materials have been
obtained. Two of them have different spinel
solid solution composition, MgO-1-02A1,0; and
MgO-1.96A1,0,, and similar microstructural
features: large porous spinel grains surrounded by
pore chains. The third material has a bimodal
microstructure made of highly dense spinel grains
in a porous matrix and a spinel solid solution
composition MgO-1-98A1,0;.

The fracture behaviour at 1200°C of these sto-
ichiometric and alumina rich polycrystalline
spinels is determined by the solid solution compo-
sition in spite of microstructural similarities
between materials with different stoichiometry:

() The stress intensities at the onset of frac-
ture in the stoichiometric material are
much lower than those in the alumina rich
ones.

(i) Fracture of the stoichiometric material is
mainly intergranular. This material pre-
sents extensive subcritical crack growth
across the grain boundaries, crack branch-
ing and crack wake bridging for low and
intermediate strain rates.

(iii) The alumina rich materials present mainly
transgranular fracture and limited subcriti-
cal crack growth only when tested at the
lowest strain rate.

The differences in mechanical behaviour can be
related to grain boundary microchemistry as in
the alumina rich materials a larger vacancy con-
centration will lead to grain boundary reinforce-
ment via plastic deformation.
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