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Abstract

When 1 wt.%-Fe2O3-doped Al2O3 samples were sintered at 1600 �C in a reducing atmosphere, the additive remained as Fe pre-
cipitates at the triple grain-junctions. On annealing the sintered samples in an oxidizing atmosphere, however, the Fe precipitates
dissolved into the Al2O3 grains at the surface region and induced grain-boundary migration. This diffusion induced grain-boundary

migration (DIGM) resulted in the corrugation of grain boundaries and the formation of misfit dislocations in the migration region.
The mechanical properties of the samples were evaluated by the Hertizian indentation technique under static and cyclic loading.
The sample with DIGM showed better mechanical properties than that without DIGM: improvement in the critical load for cone

crack initiation under static loading and in the number of cycles for crack initiation under cyclic loading. In terms of micro-
structure, the cone crack propagation was suppressed and a quasi-plastically deformed region appeared under static loading, and
the surface chipping at the contact area was much reduced under cyclic loading. An insignificantly low value of residual stresses at
the surface of the sample with DIGM suggested that the mechanical property improvement was due to the microstructural changes,

the grain boundary corrugation and the misfit dislocations, rather than to any compressive stresses introduced in the migration
layer. DIGM appears to be a possible means of improving the mechanical properties of Al2O3.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

When a polycrystalline solid becomes chemically
unstable at high temperatures, equilibration reactions
forming a new solid solution in chemical equilibrium
occur. Sometimes the equilibrating reactions do not
occur by conventional lattice diffusion but rather by
boundary migration accompanied by boundary diffu-
sion, forming a new solid solution behind the migrating
boundaries. This phenomenon is referred to as diffusion
induced grain-boundary migration (DIGM) or chemically
induced grain-boundary migration (CIGM).1�5 DIGM
has been found in a number of systems,1�5 including
alumina with the solute elements Cr2O3 and Fe2O3.

6�12

For the Al2O3–Fe2O3 system, the increase in Fe2O3
solubility caused by temperature change or atmosphere
change from reducing to oxidizing induced a grain
boundary migration as a result of a discontinuous dis-
solution of iron aluminate spinel precipitates.9,12

In terms of microstructure, DIGM often results in the
undulation of the grain boundaries1�5 and the forma-
tion of misfit dislocations.1 These microstructural chan-
ges of grain boundary undulation and misfit dislocation
formation are expected to alter the fracture behavior of
the material, such as fracture mode and toughness. In
fact, Harmer et al.13 reported that grain boundary
undulation caused a change in the fracture mode from
intergranular to transgranular in strontium calcium fer-
rite. A similar change in fracture mode and an increase
in fracture toughness were also observed in lanthanum-
modified lead zirconium titanate (PLZT) after DIGM.14

The purpose of the present investigation was to study
diffusion induced grain-boundary migration and its effect
on the mechanical properties of alumina, a material of
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practical importance. The grain-boundary migration
was induced in Fe2O3-containing Al2O3 samples by
controlling the sintering and annealing atmospheres.
The effect of DIGM on the mechanical properties was
compared and analyzed using the Hertzian indentation
technique in samples with and without grain-boundary
migration layers.
2. Experimental procedure

Samples of 99Al2O3–1Fe2O3 (wt.%) were prepared
from Al2O3 (AKP-50 Sumitomo Chemicals, Osaka,
Japan; 99.99 wt.% in purity) and Fe(NO3)2.9H2O (Shi-
nyo Pure Chemicals, Osaka, Japan; 99.9 wt.% in purity)
powders. The proportioned powder mixture was wet-
milled for 12 h in ethyl alcohol using a polyethylene
bottle and high purity alumina balls. The dried slurry
was isostatically pressed under 200 MPa into bars of
�5�5�21 mm in size. The compacts were calcined at
800 �C for 2 h to decompose the nitrate and then sin-
tered at 1600 �C for 2 h in 95N2–5H2. The sintered
samples were ground and polished to a 3-mm finish.
Some of the polished samples were annealed at 1500 �C
for 2 h in air and others at 1500 �C for 2 h in the same
atmosphere as the sintering atmosphere of 95N2–5H2.
For the annealing, all of the samples were rapidly
heated to the annealing temperature and cooled to room
temperature at about 200 K/min by using a sample
pusher in order to minimize possible microstructural
change during the heating and cooling.

Microstructures of the sintered and annealed samples
were observed on their polished sections without further
treatment using a scanning electron microscope (SEM)
and a transmission electron microscope (TEM). The
cation concentrations in the grains were measured with
an energy dispersive spectroscopy (EDS) attached to the
TEM. The residual stresses remaining at the surface of
the annealed samples were measured by X-ray diffrac-
tion (sin2 method) after polishing the surface with 1
mm diamond paste. To obtain the lattice strains, the
(416) plane of alumina was chosen. In our case the
effective depth of penetration (95%) was estimated to be
�110 mm. The residual surface stress was calculated by
using the measured lattice strain and the X-ray elastic
constants of alumina (416) planes: E416=304 GPa, and
�416=0.2.15

The mechanical properties of the annealed samples
were evaluated using the Hertzian indentation technique
after polishing them to a 1-mm finish to remove thermal
grooves. Single-cycle indentations with a peak load up
to P=2500 N and at a fixed cross-head speed of 0.2
mm/min were made on the polished surfaces using a
tungsten carbide (WC) sphere of radius r=3.18 mm.
Critical loads for cone crack initiation were measured
by making sequential indentations at incrementally
increasing loads in the vicinity of the threshold along
rows in the sample surface, with a minimum five inden-
tations at each prescribed load. Multi-cyclic indenta-
tions were also made in air with a relative humidity of
�50% using a servo-hydraulic universal testing
machine. The cyclic tests were run in repeat loading in
haversinusoidal waveform up to 105 cycles at frequency
f=10 Hz, between the specified maximum and mini-
mum loads (the latter typically 20 N, primarily to pre-
vent the contact from wandering). The indented
surfaces were examined by optical microscopy
(Nomarski interference).

In addition to the Hertzian indentation tests, four-
point flexural strengths were also measured using bar
samples of �3�4�16 mm with an inner span of 6.35
mm (1/4 inch) and an outer span of 12.7 mm (1/2 inch)
at a constant crosshead speed of 20 mm/min. Before the
test, the edges of the samples were prechamfered to
minimize edge failures. At least five samples were tested
for each experimental condition.
3. Results and discussion

All of the 99Al2O3–1Fe2O3 samples were densified to
more than 98% relative density after sintering and
annealing. Fig. 1(a) shows the typical microstructure of
a polished section of the sample annealed at 1500 �C for
2 h in 95N2–5H2 after sintering at 1600 �C for 2 h in
95N2–5H2. The sample consists of equiaxed corundum
grains with an average size of �15 mm. Fig. 1(b) shows
the surface microstructure of the sample annealed at
1500 �C for 2 h in air after sintering in 95N2–5H2. Grain
boundary migration occurred at the sample surface
during the annealing in air and most of the grain-
boundaries became wavy and curved, as in previous
investigations.9,12 The average grain size of this sample,
however, was similar to that of the sample annealed in
95N2–5H2 [Fig. 1(a)]. It appears that the grain size does
not vary with different annealing atmospheres, 95N2–
5H2 or air, in the studied experimental condition.

According to the Al2O3–Fe2O3 system,16�19 the solu-
bility of Fe2O3 in Al2O3 decreases with a decreasing
oxygen partial pressure. The solubility is �15 wt.% at
1500 �C in air (0.2 atm O2); however, it is �3 wt.% at
the oxygen partial pressure PO2

of �0.03 atm. In the
95N2–5H2 atmosphere with a PO2

of less than 10�14 atm
at 1500 �C, the solubility of Fe2O3 must be much lower
than 3 wt.%. In the 95N2�5H2-sintered samples, many
second phase particles of 0.2–1 mm in size were, indeed,
observed at the grain boundaries and triple junctions, as
shown in Fig. 2 of the bright field TEM micrograph.
The electron diffraction pattern (insert) of the second
phase particle in this figure coincides with that of a-Fe
from the [001] zone, showing that the second phase
particle is a-Fe. This result is in good agreement with a
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previous investigation19 which showed that the cor-
undum phase with less than 1 mol.% Fe2O3 and metal-
lic Fe are stable phases at 1500 �C under PO2

=5�10�11

atm.
In the sample annealed in air, no more a-Fe pre-

cipitates were present at the grain boundaries and triple
junctions of the surface region. Instead, a number of
dislocations were formed in the migrated region, as
shown in Fig. 3. The dotted line ‘‘O’’ in Fig. 3 delineates
the original position of the grain boundary. A distinct
line denoted by ‘‘M’’ is the final position of the grain
boundary after the migration. The two electron diffrac-
tion patterns (inserts) of the original grain and the
migration region coincide with those of a-Al2O3 from
the [0001] zone, showing that the two regions have the
same crystallographic orientation.

Fig. 4 plots the measured Fe ion concentration among
the total cations (Al and Fe ion) in the migrated region
and the two original corundum grains in Fig. 3. A con-
centration discontinuity is observed between the migra-
ted region and the original grains: �3.3 at% of Fe in
the migrated region and �0.2 at% in the original
grains. The abrupt increase in Fe concentration [Fe/
(Fe+Al)] in the migrated region in Fig. 4 and the dis-
locations observed in the migrated region in Fig. 3 show
that the grain boundary migration was accompanied by
the dissolution of Fe ions into the corundum grains and
resulted in the formation of misfit dislocations. There-
fore, when the sample sintered in 95N2–5H2 is annealed
in air where Fe solubility in Al2O3 is higher than in the
sintering atmosphere, a diffusion induced grain-bound-
ary migration (DIGM) occurs with the dissolution of Fe
precipitates; this is similar to the previously observed
DIGM in Al2O3 as a result of the discontinuous dis-
solution of iron aluminate spinel.12

However, the DIGM occurred only in the surface
region with a layer thickness of �200 mm, as shown in
Fig. 5. This DIGM layer thickness was nearly unchan-
ged with increased annealing time up to 8 h. (The
thickness after 8 h annealing was �210 mm.) Consider-
ing the relatively high grain-boundary diffusivity of
oxygen in alumina, �10�5 cm2/s at 1500 �C, with a
diffusion thickness of 10�7 cm,20,21 the oxygen diffusion
during the air-annealing is unlikely to be responsible for
this thickness limitation of the DIGM layer. When the
iron precipitates with a molar volume of 7.09 cm3 oxi-
dize to Fe2O3 (30.4 cm3/mol) and then dissolve into the
corundum grains (25.6 cm3/mol), the net volume change
by the dissolution and alloying of Fe is an increase of
�0.35 vol%. The elastic strain energy due to the
volume increase appears to be high enough to suppress
the oxidation and the alloying of Fe inside the samples
as in the case of the suppression of FeAl2O4 dissolution
in Al2O3.

9 In fact, any transformation which causes a
volume increase may be suppressed inside a rigid solid
matrix by the introduction of strain energy.22 As the
Fig. 2. TEM micrograph of an a-Fe precipitate in the 99Al2O3–

1Fe2O3 sample sintered at 1600 �C for 2 h in 95N2–5H2 and then

annealed at 1500 �C for 2 h in 95N2–5H2. The insert is a diffraction

pattern of the a-Fe precipitate with a [001] zone axis.
Fig. 1. SEM micrographs of the 99Al2O3–1Fe2O3 (wt.%) sample sin-

tered at 1600 �C for 2 h in 95N2–5H2 and then annealed at 1500 �C for

2 h (a) in 95N2–5H2 and (b) in air.
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formation and dissolution of Fe2O3 are suppressed, the
grain boundaries do not migrate. On the contrary, at
the surface where the volume increase may be accom-
modated at a high temperature, the oxidation of Fe at
the grain boundary appears to be possible and results in
the migration of the grain boundary by the supply of
Fe2O3, as shown in Fig. 1(b). Therefore, we attribute the
thickness limitation of the DIGM layer to the suppres-
sion of the oxidation and alloying of Fe because of the
volume expansion.

The effect of the surface modification on mechanical
properties was examined using the Hertzian indentation
tests of the annealed samples in either 95N2–5H2 or air.
The Hertzian indentation technique uses flaws with a
depth of a few microns and gives results relevant to the
properties in the short crack regions.23 Thus, this tech-
nique is very useful for evaluating the surface layer
properties of materials. In addition, Hertzian contact
stress fields are theoretically very well defined and stress
fields are concentrated in the near contact area.24�27 For
the 95N2–5H2-annealed sample with a typically poly-
crystalline microstructure, a Hertzian cone crack initi-
ated at 1000 N. On the other hand, cracks were found
above 1200 N in the air-annealed sample with a DIGM
layer. The critical load for cone crack initiation
increased by approximately 200 N via the surface
modification with DIGM.

Fig. 6 shows the vertical sections of the two kinds of
samples after indentation with a 2000 N load. The
samples were prepared by the bonded interface tech-
nique.27,28 Without the DIGM layer [Fig. 6(a)], the cone
crack was well developed and a few microcracks were
shown in the sub-surface region. However, in the sam-
ple with a DIGM layer [Fig. 6(b)], the cone crack pro-
pagation was strongly suppressed and a quasi-plastic
deformation occurred in the sub-surface region, mostly
below the DIGM layer, indicating that the DIGM layer
changed the fracture behavior of the sample. It appears
that the suppression of the cone crack propagation
resulted in the formation of a quasi-plastically deformed
region below the DIGM-strengthened layer.

Not only the static property but also the cyclic prop-
erty was improved by introducing a surface DIGM
layer. Fig. 7 shows the surface damage evolution during
the cyclic indentation tests under a P=1000 N load of
the two different samples with and without a DIGM
layer. A surface ring crack forms at the first cyclic
loading and the damage becomes more severe with
increasing contact cycles in the 95N2–5H2-annealed
sample without DIGM. On the other hand, for the air-
Fig. 3. TEM micrograph of the 99Al2O3–1Fe2O3 sample sintered at 1600 �C for 2 h in 95N2–5H2 and then annealed at 1500 �C for 2 h in air. The

inserts are the diffraction patterns of the original grain and the migrated region with a [0001] zone axis.
Fig. 4. Measured Fe ion concentrations in the migrated region and

original corundum grains in Fig. 3. The dotted and solid lines show

the initial and final positions of the grain boundary.
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annealed sample with a DIGM layer, a surface ring
crack does not develop until 102 cycles but is observed
after 103 cycles.

Fig. 8 shows the surface damage micrographs and the
4-point flexural strengths of the two kinds of samples
after indentation of 104 cycles at P=1000 N. For com-
parison, the flexural strengths of unindented samples
are also presented. For the 95N2–5H2-annealed samples
without DIGM layers, the mean strength drops from
297 MPa to 254 MPa after 104-cycle-indentation. By
contrast, the average strength of the air-annealed sam-
ples with DIGM does not essentially degrade at all: 345
MPa for unindented samples and 342 MPa for 104-
cycle-indented samples. The difference in the flexural
Fig. 6. Section views of the surface damages formed with P=2000 N in the samples sintered and annealed at 1500 �C for 2 h (a) in 95N2–5H2 and

(b) in air. Arrows indicate the cone crack tips.
Fig. 5. Vertical section showing a DIGM layer formed in the 99Al2O3�1Fe2O3 sample during annealing at 1500 �C for 2 h in air. The section was

thermally etched at 1500 �C for 10 min in H2. Arrows indicate migration boundaries and circles show undissolved Fe precipitates in the interior of

the sample.
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strength after 104 cycles must be related to the difference
in surface damage. Compared to the sample without
DIGM, much smaller cracks and much less chipping
near the contact area are observed in the sample with a
DIGM layer. The results shown in Figs. 7 and 8 thus
demonstrate that the sample with a DIGM layer is
much more damage-tolerant at cyclic loading.

The observed improvement in the cyclic property by
DIGM must be related to the increase in the critical
load for cone crack initiation. The increase in the cri-
tical load may result from the residual stresses stored in
the DIGM layer because of the dissolution of Fe and
also the difference in the thermal expansion coefficient
between the surface layer and the sintered body. A pre-
vious investigation,29 however, suggested that the ther-
mal expansion mismatch does not result in compressive
stresses in an Al2O3–Fe2O3 system. On the other hand,
the Fe dissolution results in a volume expansion and
compressive stresses in the DIGM layer. The compres-
sive stresses remaining at the surface were measured to
be �14 MPa by XRD (sin2 method15).

The measured compressive stress, however, does not
account for the increase in the critical load for cone
crack initiation by 200 N. As a rough calculation,25 this
critical load increase corresponds to a �265 MPa
increase in compressive stress. This value is obviously
much larger than the measured compressive stress of
�14 MPa. It appears, therefore, that the surface DIGM
layer with corrugated grain boundaries and misfit dis-
locations suppresses the flaw from propagating in the
initial propagation stage, as shown in Fig. 6(b), and that
the strength of the layer is stronger than that without
DIGM. Fig. 9 shows the fracture surfaces of the two
kinds of samples after the bending test. Without the
DIGM layer [Fig. 9(a)], the fracture mode is inter-
granular, as observed in conventional alumina cera-
mics.30 However, a transgranular fracture mode is
introduced in the DIGM layer [Fig. 9(b)]; this suggests
Fig. 7. Surface damages formed during an increase in contact cycles with P=1000 N in the samples sintered at 1600 �C for 2 h in 95N2–5H2 and

then annealed at 1500 �C for 2 h (a) in 95N2–5H2 and (b) in air. The figures on the micrographs denote the number of contact cycles.
Fig. 8. Flexural strengths before and after an indentation test of 104

cycles with P=1000 N for the samples sintered at 1600 �C for 2 h in

95N2–5H2 and then annealed at 1500 �C for 2 h in 95N2–5H2 or in air.

The micrographs show the surface damages after the indentation test.
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that the DIGM layer improved the grain-boundary
strength. The increase in the critical load for cone crack
initiation can, therefore, be attributed to the improvement
of the grain-boundary strength, which would be related
to the presence of misfit dislocations and the corrugated
shape of the grain boundaries in the DIGM layer.
4. Conclusions

In the present investigation, we studied the diffusion
induced grain boundary migration (DIGM) of alumina
and its effect on mechanical properties. By controlling
the sintering and annealing atmospheres, it was possible
to prepare two types of Fe-containing alumina samples
with distinctly different surface microstructures, one with
a typically polycrystalline microstructure and the other
with a DIGM layer of �200 mm. A number of misfit dis-
locations formed in the migrated regions of the DIGM
layer. The surface modification by DIGM suppressed the
cone crack propagation and improved the critical load for
cone crack initiation by 200 N in single-cycle Hertzian
indentation tests and increased greatly the number of
cycles for cone crack formation in multi-cycle Hertzian
indentation tests.

The measured flexural strength of the two types of
samples and the measured compressive stresses in the
surface layer showed that the compressive stresses did
not account for the observed improvement in mechan-
ical properties. It appears, therefore, that the initial
propagation of surface flaws is suppressed by a surface
DIGM-modified layer and that the DIGM layer
improved the strength of the material. These results can
be attributed to the undulated shape of the grain
boundaries and the presence of the misfit dislocations in
the migration layer. The present alumina example may
suggest general applicability of a DIGM technique for
improving mechanical properties of other structural
ceramics.
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