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Abstract

Tests were performed to investigate the microstructure of the interface between alumina and spinel materials after high temperature thermal
treatment (1500 °C). The first test involved co-sintering of co-pressed alumina and spinel compacts. Microstructures were investigated by SEM,
EDS, WDS and EBSD. A microstructurally distinct layer with columnar grains of up to 40 wm length and 5 wm width was observed after 16 h at
1500 °C. Growth rate of the columnar spinel grains from parent spinel towards alumina follows parabolic kinetics, controlled by a mixed process
of O?~ ion diffusion and interface reaction. Diffusion couples of spinel and alumina were investigated. Same columnar spinel grains were observed
at the interface which grew into alumina during thermal treatment with the same kinetics as in co-sintering experiments. The shape of the phase

boundaries between spinel and alumina can be a further indication of the direction of their growth.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

When magnesia (MgO) and alumina (Al,O3) are heated
together, a spinel (MgO-Al,O3) phase forms in the middle. This
spinel phase stoichiometrically contains 16.9% Mg and 38.0%
Al by weight. The extent of the formation of the spinel phase or
the interface between magnesia (MgO) and alumina (Al,O3) has
been studied from different perspectives in order to understand if
a good bond can be achieved between the two or to investigate the
diffusion behaviors of the components.'= Most of these stud-
ies involved heating of diffusion couples, some others involved
heating of single/poly crystals of a component in contact with
a powder of the second component. In the literature, sintering
behavior of co-pressed and co-sintered powders of oxide/oxide,
metal/oxide and metal/metal pairs are reported.*©
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Co-sintering process is to sinter two materials together when
they are in contact with each other, a relatively common tech-
nique to fabricate bi-materials. These materials are functionally
graded materials, which mean that their gradient properties
depend on mechanical, electrical and magnetic properties of
their components and also on continuous or stepwise production
processing.*

Diffusion couple test is a useful and common technique to
understand the growth of intermediate new phases between the
two end-members (components) which are previously shaped
and sintered to some extent. For example, solid state reac-
tions and solid—gas reactions between Y>3 and Fe, O3 systems
were studied by Buscaglia et al. who used different types of
diffusion couples.” They observed growth of different dense
ternary phases at the interfaces. Columnar type elongated grains
gained strong adherence between the end-members. Smigelkas
and Kirkendall studied the diffusion couples in metals that pro-
duce porosity in the interface.® More recently similar porosity
in oxide—oxide based diffusion couples was observed.’

Reaction paths at the interfaces AO-AB,04-B,03 (e.g.
A=Mg, B=Al) are discussed by Wagner!® and later by
Schmalzried.!! At the MgAl,04—Al,03 interface oxygen and
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cation transport through MgAl,O4 produces the following reac-
tion

Mg?* + 0>~ 4+ Al,O3 = MgAl, Oy 1)

Carter investigated the solid-state reaction mechanisms
between magnesium oxide and aluminum oxide in his inert
marker experiments at high temperature.'? He observed that the
solid-state reactions forming MgAl,O4 occurs by counterdif-
fusion of the Mg?* and AI** ions through the relatively rigid
oxygen lattice of the spinel at the Al 03/MgO-gas interface. He
suggested that spinel forms at the Al,O3—MgAl, Oy interface in
an amount three times higher than at the MgO-MgAl,Oy4 inter-
face. This was later confirmed by other studies on MgAl,O4
spinel’? as well as for NiAl,Oy4 spinel.'> A high resolution
electron microscope study of the interface was carried out by
Lietal.'4

The interdiffusion of polycrystalline MgO and Al,O3 under
atmospheric pressure in the range of 1200-1600 °C with and
without dopant additions was studied by Zhang et al.> Spinel
growth showed parabolic law as measured from the ratio of
spinel layer thickness versus time. Chemical diffusion coeffi-
cient of Mg?* ions must be somewhat higher than that of the
AI3* ions. Because they found the measured average concentra-
tion gradient of Mg?* to be less than one-and-a-half times that
of AI** ions.’

In another study, spinel phase formation by reaction of
either single or polycrystalline periclase with single-crystal
corundum was investigated under high pressure and at ele-
vated temperatures.” Spinel composition showed linear variation
across the spinel layer from periclase side to corundum side.
They observed two different microstructural spinel phase for-
mations, one of them was equiaxed type grains near the periclase
side, on the other hand, there were columnar type grains near
the corundum side. The ratio of equiaxed to columnar grain
region was around 1:3. So they concluded that spinel grows in
both directions by consuming periclase and corundum. Thus
spinel was formed by counterdiffusion of AI** and Mg?* ions
through spinel lattice. At the end of their paper these authors
recalled that their model and the data on which it is based do
not require mobile oxygen; but they mentioned that “it seems
likely that oxygen was mobile in our experiments, although
its mobility is not required for spinel growth”. Spinel layer
formation was significantly effected by applied pressure, tem-
perature and soaking time.” A similar interlayer was observed
for NiAl,O4 growth between diffusion couples of NiO and
Al,05.13 Whitney and Stubican!® studied the interdiffusion
between MgO and MgAl,O4 to compare with other studies for
MgO-Al, O3 interfaces®>12 but without reporting any interface
layer microstructural observation and without considering the
necessary mobility of oxygen for spinel layer growth.

Diffusion between AO and B,Os3 type of oxides in systems
of MgO—A12031’14 and NiO-Al, 0313 was studied using diffu-
sion couples. Some other studies involved vapor phase transport
of Mg to form MgAl,04.'%16 Okada et al. investigated spinel
formation from different sized powders of ZnO and Al,05.!7
The spinel phase in these studies formed in situ. These stud-
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Fig. 1. Spinel-alumina phase equilibrium diagram. '8

ies were more concerned with physical development of this
interlayer from kinetic aspect without much attention on the
microstructures.>!?

In this study, commercial spinel and alumina powder com-
pacts are used as end-members during co-sintering and diffusion
couple tests as opposed to the above studies which produced
spinel in situ.

Investigation of diffusion couples of Al,O3 and MgO-Al,O3
should start with the phase equilibrium diagram'® of which states
that there is negligible solubility for Mg?* in corundum while
there is significant room for solid solubility of AI** in spinel
(Fig. 1). For example, when alumina is contacted with spinel at
1500°C, AP+ is expected to diffuse into spinel until an alumina-
rich spinel with 62 mol% Al,O3 is formed. The alumina excess
in nonstoichiometric spinel can be accommodated in different
ways.!?~22 It may lead to the introduction of a substitution defect
on the tetrahedral magnesium sites and an aluminum vacancy
or magnesium vacancy to compensate for the excess positive
charge. This reaction can be summarized as

12A1,05 — 16AL + 3608 + 8Al°w, + Vije +2VA ()

In the literature formation of vacancies of only Mg,?? only
A1'” or both?” are suggested. There is some limited exchange
between the two cation sites so that some tetrahedral sites are
occupied by AI** ions and some octahedral sites are occu-
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Table 1
Measured physical and chemical properties of the powders.
Alumina A Alumina B Spinel

dso (wm) by Sedigraph 0.35 0.18 0.19
Specific surface area BET (m?/g) 14.30 13.30 31
dggT (pm) calculated from BET data 0.105 0.113 0.055
Chemical analysis (ppm)* Na 20 7.1 20

K 39 28 47

Fe 6 4.6 2

Si 35 7.7 6

Ca 3 1.8 5

MgO 550 -

2 Data obtained from the supplier.’’

pied by Mg?* ions.?? This is cation antisite reaction and is
known as inversion to describe departure from normal spinel
structure.”>>* Considering that there are two potential cation
sites in the spinel structure the following pairs of charged defects
may form (V](j[g, Al*mg) and/or (V], Al®mg). Diffusion in this
case is easier due to the large concentration of lattice defects.

Apart from that, the microstructural development between
MgAl,O4 and Al,O3 is studied with special attention to the
microstructurally distinct interlayer which grows without a
compositional discontinuity from parent spinel in the interface
between the end-members. This study follows another study
done by the authors on different bi-material oxide systems
(alumina—zirconia and alumina—spinel) aimed at investigating
the mechanical and chemical aspects? and other detailed studies
on sintering of spinel powder.%6

2. Experimental procedure

Two different commercially available submicron-grained
alumina powders were used in this study. The first powder, coded
alumina A, was an MgO doped Baikowski product (Batch n°
660J CR 15 MgO-doped, Baikowski) while the second powder
was a non-doped a-alumina, coded alumina B, powder (Batch
n° 14406 BMAL15, Baikowski). Spinel (MgAl,O4) powder was
also a Baikowski product (S30-CR, Baikowski). Some physical,
and chemical properties of the powders used in this study are
shown in Table 1.

In order to achieve a good bond between alumina and spinel
the interface development must be understood very well. Hence,
three different sets of tests were planned. The first involved
co-sintering of alumina—spinel pairs of co-pressed pellets. The
second set was performed to see if two co-sintering steps would
influence the interface layer microstructure. The third one was
run to collect complementary information about the interface
layer which develops between predensified alumina and spinel
samples during the diffusion couple test.

The green bi-material cylindrical samples (8 mm diameter)
were previously produced at low pressures of 50 or 100 MPa
with single-action (UP) or floating die (UPFlo) mode of uni-
axial pressing. The first powder was poured into die cavity
and was settled down by tapping with a metal rod before
the second powder was added and co-pressed together. Then

they were compacted under cold isostatic pressure at 250 MPa.
Prepared green compacts of bi-materials were sintered in a ver-
tical dilatometer (DHT2050K, Setaram, France) at 1400 °C and
1500°C for 1-16h with 3.3 °C/min of heating rate. This way,
co-densification behaviors of the compacts were investigated.
The sintered samples were cooled in furnace with 30 °C/min
cooling rate.

In order to investigate the microstructures of the interface
and components of the bi-materials after co-sintering, sintered
pellets were cut parallel to the cylinder axis into two parts. Half
of them were mounted into polyester resin before being ground
and polished by conventional sample preparation methods. To
reveal the morphology and microstructural alteration at the inter-
face, bi-materials were thermally etched at about 100 °C below
the sintering temperatures. Microstructures of the polished and
thermally etched surfaces were observed by SEM (scanning
electron microscope, Zeiss, Ultra 55). Chemical etching with
hot orthophosphoric acid was also done for some samples.

Co-pressed alumina and spinel compacts were sintered in
two isothermal steps to understand the nucleation step of the
columnar grain structure and the evolution of microstructures
in the interface. Co-pressed samples were heated up to 1400 °C
for 4-16 h with 3.3 °C/min of heating rate followed by another
heating step at 1500 °C for 4-16 h.

In addition to co-sintering process, to understand and deter-
mine more clearly the diffusion mechanisms between alumina
and spinel pellets during co-sintering, diffusion couple of pre-
densified spinel and alumina samples were tested. In a first step
green compacts of alumina A and spinel were separately sin-
tered at 1500 °C for 30 min and 4 h, respectively. Soaking times
were so selected to achieve matching fired densities at 95% of
theoretical density. Theoretical densities for spinel and alumina
were taken as 3.55 and 3.987 g/cm?, respectively. Therefore both
alumina A and spinel end-members were predensified to 95%
density before the diffusion couple test. The purpose was to leave
some room for further densification when the two pellets were
in contact during heating. Another reason was to use pores as
markers for future observation.'> Cylindrical sintered samples
were cut in two pieces from the centers of the pellets horizontally
and then each of the cut surfaces was ground and well polished
with 1 pm diamond.

In the diffusion couple test predensified pellets of alumina
and spinel were placed face to face to bring polished surfaces
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Fig. 2. Interface microstructure of spinel-alumina A bi-material co-sintered for
16 h at 1500 °C (a) general view (b) a closer view of the porous and fine grained
parent spinel and in situ grown columnar grained spinel.

in contact. In order to increase the contact and to decrease the
diffusion gap between the end-members an external pressure
(300 g ~0.1 MPa) was applied. Diffusion couple tests were done
in the dilatometer. This way, co-densification behaviors of the
couples were investigated. The couple was heated up to 1500 °C
for 16 h with 3.3 °C/min of heating rate.

3. Results

3.1. Co-sintering at high temperature of co-pressed green
compacts

Alumina A and spinel co-pressed green compact was co-
sintered up to 1500 °C at a heating rate of 3.3 °C/min for 16 h. An
interlayer composed of new generation columnar spinel grains
was observed to form between the alumina and spinel (Fig. 2).
The length of these columnar spinel grains was about 40 pm
depending on the sintering regime (1500 °C for 16 h soaking).
These new spinel grains were elongated in this layer in contrast
to the equiaxed grains in the neighboring spinel and alumina.
When spinel starts to densify from green state, a fine spinel
(d ~400 nm) region was observed in the parent spinel near the
in situ columnar spinel grains as shown in Fig. 2(b). The thick-

ness of fine and porous spinel region (~200 wm in this case)
was much higher than the length of columnar spinel grains
(~40 pm). The amount of porosity in the middle of this porous
region was measured to be 8% on chemically etched samples by
image analysis methods. This porosity decreased to less than 2%
at 300 wm away from the interface and to <1% at the body center
of the spinel pellet. Size of the spinel grains far away from the
columnar spinel grains and in the center of the spinel body was
roughly about 800 nm. On the other hand, grain size of the spinel
closer to the external surface was nearly 3000 nm probably due to
evaporation of Mg and resultant formation of excess O>~ vacan-
cies in the spinel grains of the external surface region.?” This will
be further discussed below. The microstructural schematic of this
bi-material (alumina A—spinel) co-sintered at 1500 °C for 16 h
is illustrated in Fig. 3. Grain sizes of alumina near the columnar
spinel grains and in the center of the alumina part were 3400 nm
(Fig. 3). The width of columnar spinel grains was less than 5 pm.

Quantitative chemical analysis of co-sintered bimaterial sam-
ples with special attention on the columnar spinel grains was
performed on a SEM by wavelength dispersive spectrometer
(WDS). The results are given in Fig. 4. According to the results,
chemical composition of columnar spinel grains was slightly dif-
ferent from the parent spinel. There was a slight decrease in Mg
(0.5 wt%) and a slightly larger increase in Al (>0.5 wt%) concen-
trations from the parent spinel to alumina. Similar observations
were reported in the literature.>®> The concentration gradient
along the columnar spinel grains was 0.0125%/p.m for both Mg
and Al. As shown in Fig. 3, another observation was that the con-
centrations of Mg in the columnar spinel region (13.5%) and the
porous spinel region (~14.0%) were lower than the stoichio-
metric amount of 16.9%. Concentration profile for Mg or Al did
not show a discontinuity through the porous parent spinel and
columnar spinel grains. A WDS analysis farther into the spinel
revealed that the Mg concentration was constantly increasing in
moving away from the interface until the stoichiometric amount
is reached well into the center of the spinel body. Similar behav-
ior in the reverse direction was detected for Al. According to
Schmalzried,?® such concentration profiles could result from
mixed transport interface control mechanisms and the growth
of the columnar region is rate-limited by both dissolution reac-
tion and chemical diffusion of reactants, the latter being more
dominant.

Crystal orientation of columnar spinel grains was investigated
by electron backscattered diffraction (EBSD) method.?® Alu-
mina A and columnar spinel grains are demonstrated in Fig. 5.
The color of each columnar grain in Fig. 5(b) corresponds to
the crystallographic orientation of its elongation axis (inverse
pole figure transverse direction); blue, green and red grains have
their elongation axis parallel to respectively (111), (101) and
(00 1) type directions. According to the results, each columnar
grain shows different color which means that they have the same
cubic crystal structure with relatively random crystallographic
orientations as observed on the (00 1) stereographic projection
(Fig. 5(b)). This is due to the nucleation of these columnar grains
from the spinel part that consisted of randomly oriented equiaxed
fine grains. Formation and growth of columnar spinel grains are
thought to proceed as follows. First, new generation of spinel
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same direction. Alumina A—spinel co-sintered samples (at 1500 °C for 16 h).

forms at the spinel-alumina interface by dissolution of AI3* ions
in the spinel lattice to produce a grossly non-stoichiometric Al-
rich spinel. Because the spinel grains are randomly oriented and
provide the nuclei for formation of the columnar spinel grains,
the initial set of these columnar spinel grains grow randomly into
alumina along the concentration gradient of Mg and Al. After
some growth, these new in situ formed spinel grains compete
with each other and those favorably oriented grains grow faster
and wider. According to Kotula®? and Schmalzried?® the growth
of spinel on alumina is dependent on crystallographic orienta-
tion of corundum. For example, it was observed to be lower on
the basal plane with larger density of oxygen ions compared to
other planes. The less fortunate grains that are oriented sideways
fade out as they cannot be supplied with sufficient Mg due to
excessively long distances for diffusion.

The amount of porosity in spinel was observed to decrease
from the interface to the bulk of the spinel. Maximum porosity
was present in the interface between parent spinel and colum-
nar spinel grains. Spinel grain size evolution was followed with
SEM in the bi-material alumina B—spinel which was sintered at
1500 °C for 16 h. Fig. 6 shows the increasing spinel grain size
from the interface to the interior of spinel. In the same direc-

tion, pores almost completely disappeared 90 wm away from
the interface (Fig. 6(c)). Nearly 360 wm away from the inter-
face, the grain size roughly became two times bigger than that
near the interface (Fig. 6(d)).

The grain size profiles from interface to interior of spinel for
each type of bi-material are given in Fig. 7. Both co-sintered bi-
materials have nearly the same grain size at the center of spinel
part but they have slightly different grain sizes near the interface.

A question came up then if grain growth, pore closure or new
grain formation occurred during thermal etching, thereby lead-
ing to biased results. Chemical etching with orthophosphoric
acid at 140 °C was performed to verify data in Figs. 6 and 7.
The same trend in grain sizes was observed on the samples that
were chemically etched with slightly smaller grain size measure-
ments. Chemical etching also revealed that porosity in parent
spinel was higher than that observed in Fig. 6. Some porosity
values are indicated in Fig. 3.

The effects of pressing method, sintering temperature, soak-
ing time, and type of alumina (550 ppm magnesium-doped or
non-doped) on the spinel columnar grains interlayer thickness
of spinel-alumina co-sintered bi-materials were evaluated. The
results of all the columnar spinel grain lengths are given in
Fig. 8. The co-pressed bi-materials were co-sintered at 1400 °C
or 1500 °C with 3.3 °C/min heating rate for different soak times.
The columnar spinel grain lengths are found to be directly pro-
portional to the square root of soaking time. These results are
in reasonable agreement with a parabolic diffusion equation (3).
The main effect was obtained from the soaking temperature.
Other factors were not significantly effective. Type of alumina
(whether doped with MgO or not) was found not to have a sig-
nificant effect on the extent of the formation of columnar spinel
grain layer.?

Assuming that the growth of columnar spinel grains could
be controlled by a diffusion mechanism, experimental apparent
diffusion coefficients (D) of columnar grained spinel layer were
calculated by using average length versus square root of soak
time results of bi-materials according to equation

x = k«/Dt 3)
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Fig. 5. Microstructure and random crystallographic orientation of spinel columnar grains growing during co-sintering at 1550 °C for 16 h of alumina A—spinel
bi-materials (a) secondary electron SEM image (b) inverse pole figure transverse direction =along the grain elongation with color coded map. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 6. Porous region in parent spinel end-member in alumina B—spinel bi-material (a) near the interlayer, (b) 40 wm, (c) 90 wm, and (d) 360 wm away from the
interlayer into bulk of the parent spinel. The bi-material was sintered at 1500 °C for 16 h with 3.3 °C/min heating rate.
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x, thickness of spinel columnar grained interlayer (um); ¢, soak-
ing time at specified temperature (h); D, apparent diffusion
coefficient.

Calculated activation energy for growth of columnar spinel
grain and corresponding apparent diffusion coefficients of bi-
materials are tabulated in Table 2. As a result of calculations,
the apparent activation energies (Q) of alumina A—spinel and
alumina B-spinel were 450 and 425 kJ/mol, respectively. And
their apparent diffusion coefficients (D) were 2.6 x 1014 m?/s
and 2.2 x 10~1* m?/s at 1500 °C.

In the spinel literature, several scientists reported values of
the diffusion coefficients (Do) of AI**, Mg** and O?~ ions.
Reimanis and Kleebe3! tabulated the diffusion coefficients and
related the activation energy results. When compared with the
literature,! lattice O>~ ion diffusion could be the limiting diffu-
sion mechanism of growth of the spinel columnar grains because
of its low diffusion coefficient, limiting the diffusion process. As
MgZJr diffuse much faster than O%~ ion, the solid state chemical
reaction (1) at the end of spinel columnar grains on the alumina
side appears to be limited by the O>~ ion bulk diffusion. Accord-
ing to Schmalzried!! the diffusion rate of O%>~ is much smaller
than that of the cations so it can perhaps be regarded as relatively
stationary.
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layer thickness of alumina—spinel co-sintered bi-materials. Star indicates a spinel
interlayer of columnar grains in alumina A—spinel diffusion couple test.

100 nm

Fig. 9. SEM image of the fracture surface of alumina—spinel bi-material co-
sintered at 1150 °C for 16 h. A, alumina; S, spinel.

Columnar spinel grains are thought to nucleate from initial
fine spinel grains and to grow towards alumina. Evidence for
this proposition can be seen in Figs. 2(a), 4 and 5(a) where
the phase boundaries between columnar spinel grains and alu-
mina are almost always curved with their centers of curvature in
alumina grains. As these images were taken after 16 h of soak
period at 1500 °C, further soak at this temperature is expected
to advance the boundary or interface into alumina. Therefore,
the columnar spinel grains grow into alumina away from spinel.
Further evidence for this argument will be presented in Section
3.4. A dissolution of alumina grains in spinel phase at the end
of spinel columnar grains can be also considered as an interface
reaction; the kinetic of such interface reaction should not be
excluded as a possible contribution to the control of the growing
kinetic of spinel columnar grains.?®

3.2. Initial stage of co-sintering of bi-material at low
temperature

The formation of columnar spinel grains, extent of sintering,
and adhesion mechanisms were investigated at very low tem-
peratures. Fig. 9 depicts the alumina—spinel bi-material fracture
surface. The left side of the image is the alumina part. The sam-
ple was co-sintered at 1150 °C for 16 h. Maximum shrinkage of
the bi-material was about 8% and its components of alumina
and spinel have also individually nearly the same shrinkage val-
ues as their bi-material.>> The grain sizes of alumina and spinel
were 200 nm and 80 nm, respectively. Thus the grain size of both
materials almost doubled. The diffusion rate is also low between
the components, but some necking contact between alumina and
spinel can still be partially established as shown in Fig. 9.

3.3. Co-sintering of green compacts by two isothermal
steps sintering

The next set of experiments was done to determine if two
isothermal steps co-sintering would lead to a different interlayer
microstructure. The two sintering steps were done at 1400 °C
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Table 2

Experimental diffusion coefficients and apparent activation energies deduced from the growth kinetics of the columnar grained spinel during bi-material co-sintering.

Type of bi-materials Apparent diffusion coefficients of

bi-materials at temperature

Apparent activation energy of
interlayer growth (kJ/mol)

1400°C 1500°C
Alumina A-spinel 3.9x 1071 2.6 x 10714 450
Alumina B-spinel 4.0x 10715 2.2 x 10714 425

for 16 h followed by another sintering at 1500 °C for 16 h. SEM
micrograph of the sample is given in Fig. 10. Interestingly, the
columnar spinel grains were found to consist of two separate
easily distinguishable areas. On the left of Fig. 10, a band of
first generation columnar spinel interlayer was observed. Same
observation was made on chemically etched samples. Total
length of the columnar spinel grains was nearly 5 um after the
first isothermal step (1400 °C) and was 40 wm after the sec-
ond isothermal step (1500 °C) sintering. A thin porous layer is
observed in the spinel part just near the interface; this porous
layer is much less extended than in the case of the samples
co-sintered directly at 1500 °C.

3.4. Diffusion couple test

The test was done to confirm the direction of diffusion and
to understand the formation of columnar spinel grains from pre-
densified ceramics. Diffusion couple test was done as mentioned
in Section 2. At the end of the test, weak adhesion was observed
between the two end-members which were easily separated by
hand.

Contact surface of the alumina end-member was analyzed by
XRD to determine the crystal phases. These results, which are
not given here for the sake of brevity, further confirmed the EDS
results that alumina rich spinel phase (Mgp 734Al.17704) formed
on the surface of the alumina end-members. More experimental
details about this paper can be seen in Ref. [26].

Fig. 10. SEM image of alumina A—spinel bi-material interlayer after two isother-
mal steps co-sintering (16 h at 1400 °C + 16 h at 1500 °C). Interlayer consists of
a 5 wm long spinel layer on the left and a longer columnar grained spinel on the
right. S, parent spinel; A, alumina.

Fig. 11(a) and (b) shows the columnar spinel grains that grew
into the alumina end member. Widths of the columnar spinel
grains were smaller than 5 pm in co-sintered samples (Fig. 2)
while they were larger than 8 wm when predensified pellets were
contacted and heated (Fig. 11). The increase in the width of the
columnar grains can be attributed to the smaller number of nucle-
ating sites for spinel in predensified samples as opposed to the
green pellets which obviously had smaller crystallites (55 nm)
than the predensified spinel end-member of which the grain size
was about 540 nm. Total length of the columnar spinel grains
was about 40 pm (Fig. 11(a)). This value was more or less
the same in all bi-materials after the same thermal treatment

Tl Nt
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Fig. 11. Columnar spinel grains growing into the alumina end-member of
spinel-alumina diffusion couple (at 1500°C for 16h). SEM images of pol-
ished and thermally etched cross section of predensified alumina end-member
at different magnifications.
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(1500 °C 16 h) independently of the initial densities of each bi-
material parts (Fig. 8). This evidence also proved that the same
mechanisms (diffusion inside the columnar spinel grains and
possible interface reaction at the end of columnar spinel grains)
are limiting the growth and the kinetics of growth of these colum-
nar spinel grains. Fig. 11(b) shows that the phase boundaries
between spinel and alumina are almost always curved with the
center of curvature in alumina grains which indicates that inter-
phase boundaries tend to migrate into alumina. It was found that
the width of the columnar spinel grains in the interlayer was
small near the spinel interface and widened closer to alumina.

These observations and their analyses mainly show that an
interface layer of columnar spinel grains grows during the high
temperature thermal cycle at the expense of the alumina body.
The thickness of the layer of these columnar spinel grains is
not significantly dependent on the initial densities of spinel
and alumina end-members (co-sintered bi-materials or diffu-
sion couple of predensified materials). The kinetics of growth
of this interface layer can be mainly quantified by a classical
parabolic equation with an apparent activation energy of about
425-450kJ/mol in the 1400-1500 °C temperature range. This
apparent activation energy and corresponding diffusion coeffi-
cients correspond well with the parameters of oxygen diffusion
in spinel lattice (volume diffusion) reported in the literature.?!
On the other hand, there are many mechanisms which may inter-
act and it is difficult to separate one controlling mechanism.
Quantification of apparent activation energy in this study has no
direct connection with one mechanism.

4. General interpretation and discussion

A good mechanical bond can be formed between spinel
and alumina in co-sintered samples. Microstructural analysis
of the interface revealed that a spinel interlayer of columnar
grains forms between alumina and spinel regardless of the type
of test. Widths of these columnar grains were less than 5 pm
in co-sintered samples. In our configuration (alumina—spinel
bi-materials) diffusion of Mg** and O>~ ions necessarily
occurs from parent stoichiometric spinel through the non-
stoichiometric columnar grained spinel until they reach the
reaction interface to meet corundum. So the kinetics of growth
of these columnar grains can be controlled by diffusion of Mg?*
and O%~ ions and by the interface reaction of dissolution of alu-
mina in alumina-rich spinel. Results of this study suggested that
the kinetic is mainly controlled by diffusion without quantitative
evidence of a possible interface reaction kinetic contribution.
Schmalzried'! proposed that O>~ ion diffusion is much slower
than cation diffusion in periclase—corundum diffusion couples.
In this study, however, only spinel and alumina are in contact
and hence the diffusion of Mg?* and O%~ to the reaction site is
probably also rate limiting.

Spinel grain size and porosity were found to vary depend-
ing on the location in the spinel part of co-sintered samples and
on the sintering temperature. At high temperature the equilib-
rium vapor pressure of magnesium increases rapidly; the vapor
pressure of Mg is 10 times larger at 1500 °C than at 1400 °C.3?
Carter and separately Navias were able to grow a spinel layer

on alumina through vapor transport of Mg.!%16 Hallstedt,? and
especially Sasamoto et al.>? and Altman,3* reported on the vapor
pressure of Mg over different Mg containing oxides. In the case
of co-sintering experiments, before the spinel body completes
densification and closes pores, evaporation of Mg from fine
spinel grains, fast vapor diffusion in interconnected pore chan-
nels on rather long distances and condensation at the interface
are also expected in addition to the transport of Mg by solid
state diffusion. Such mechanisms can explain the gradient of
spinel grain size and porosity in co-sintered samples from the
interface towards the center of spinel part. The evolution of the
microstructure (grain size and porosity) in the final-stage sin-
tering of spinel with a gradient of magnesium content appears
very complicated and depends on various parameters as shown
by Ting and Lu.?’ The thin layer of porosity observed in the
spinel part of co-sintered samples in two steps (Fig. 10) can be
considered as a Kirkendall effect® due to the solid state diffusion
of magnesium from spinel part towards the alumina part during
the 16 h soak at 1500 °C. In the case of single step co-sintering at
1500 °C, this “classical” Kirkendall effect is hidden by the long
distance diffusion of magnesium vapor in interconnected pore
channels which leads to the grain size and porosity gradients in
the spinel end-member.

In diffusion couple test the same columnar spinel interlayer
formed into alumina end-member at its contact points with the
spinel end-member where Mg?* was found to rapidly diffuse
into alumina. On the other hand, O?~ diffusion into alumina
is considerably slower, as confirmed by the activation energy
calculations, thus O?~ diffusion through the spinel interlayer
appears to control the kinetics of interlayer growth. Similar con-
clusions were stated by Bratton®® and Ting.?’ Widths of the
columnar grains were more than 8 wm in the diffusion cou-
ple test of predensified end-members. It is thought that smaller
columnar grain width of 5 wm in co-sintered samples was due to
larger number of initial nucleation sites offered by green spinel
end-member for growth of the interlayer.

Columnar grains are so formed probably due to concentra-
tion gradient of Mg>* and O>~ between the end-members. They
are thought to nucleate on the surface of spinel and grow into
alumina. When single crystal alumina is brought into a high
temperature contact with single crystal of MgO, on the other
hand, the interlayer grows in both directions.!> When the tem-
perature is increased, the columnar grains will grow longer due
to improved diffusion kinetics.>> The diffusion mechanism for
columnar grain growth is reported to be due to volume (also
called lattice diffusion) diffusion,? and the faster vapor transport
of magnesium is not the controlling kinetic mechanism because
columnar grains extend almost all the way through the interlayer.

Columnar grains grow in an opposite direction to spinel,
down the concentration gradient for Mg?*. Their lengths are
almost equal to the thickness of the interlayer which varies
parabolically with time thus suggesting a diffusion controlled
process. It was proposed that the reaction rate (thickness of inter-
layer) was independent of crystallographic orientation of parent
oxides.! However, columnar grains are observed to slightly
decrease in number as they move away from spinel, indicating
some coalescence of grains.
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Kotula studied the growth of NiAl,O4 on Al,O3 single crys-
tals of different crystallographic orientations.>* Schmalzried
further discussed this paper and proposed that the rate of growth
of spinel layer is smaller the higher the oxygen ion concentration
in the Akl plane of corundum crystal. He further suggested that
there is counterdiffusion of cations across the NiAl,04/Al, O3
boundary and that the diffusion of Ni** ions is the rate deter-
mining step.?%-3

Another study on spinel also showed the formation of colum-
nar spinel grains that grew between new in situ formed equiaxed
spinel grains and the corundum end-members.>!3 Thus colum-
nar spinel grains in the interlayer phase appear to always grow
between spinel and corundum.

Reactions at the interfaces between alumina and magnesia
were studied by several researchers by using either single or
polycrystalline components.'=3 Other relevant studies involved
magnesia and spinel interfaces, !> interfaces between oxides like
NiO-Al;03 13 and Y203—Fe203.7 But no study was found in the
literature regarding the reaction at the interface between poly-
crystalline alumina and polycrystalline spinel. Hence this study
fills this gap in the literature.

When alumina and magnesia are heated in contact, they are
observed to develop two distinct spinel interlayers. An equiaxed
spinel forms on magnesia side and a thicker layer of columnar
spinel forms on the alumina side.!> A question may arise as to
how the interlayer would grow if a single crystal of alumina and
a polycrystalline spinel were heated together. Based on the data
collected in this study, the spinel interlayer is expected to form
as polycrystalline columnar grains if a single crystal of alumina
is brought into contact with polycrystalline spinel. This is a pri-
ori supported by data of Rossi and Fulrath! as well as the data
of Watson and Price.?> Another possible scenario is if polycrys-
talline alumina is contacted with single crystal of spinel at high
temperature. In this case a single crystal interlayer of spinel is
expected to form because the interlayer nucleates on the surface
of spinel and grows into alumina. Direction of propagation of
the interlayer was observed to occur into alumina both in this
study and previously by Watson and Price.?

5. Conclusions

When alumina and spinel are co-sintered at 1500 °C, a good
bond was observed to form between the two in the form of a
new generation columnar spinel grains. A much weaker bond
formed during the diffusion couple test at the same temperature
but the same columnar spinel grains were observed although
discontinuously. These columnar spinel grains nucleated from
the original spinel-alumina interface and grew into alumina up
to about 40 pm after 16 h of sintering at 1500 °C. The growth of
columnar grained spinel layer as a function of time was found
to follow parabolic kinetics. Without quantitative evidence of a
possible interface reaction kinetic contribution, lattice diffusion
of O~ ions in the columnar spinel grain layer is proposed as
the main rate limiting processes. These columnar grains had
widths of less than 5 wm in co-sintered samples and more than
8 wm in diffusion couple test. The center of curvature of the
phase boundary between columnar spinel grains and alumina

was always located in alumina, indicating that they were in the
process of growing into alumina. As far as the mechanism for
formation and growth of the columnar spinel grains, all two
scenarios are thought to occur. These are volume diffusion inside
the columnar grains and magnesium vapor transport inside the
porous spinel part.

Two isothermal steps co-sintering was found to lead to the
formation of columnar spinel grains with two distinct forms.

In diffusion couple test the same columnar spinel grains
formed into alumina end member at its contact points with the
spinel end-member where Mg?* and AI** were found to rapidly
counterdiffuse. This finding proved that the columnar spinel
grains nucleated from the original spinel-alumina interface and
proceeded to alumina. Another argument for the direction of
propagation of the interlayer was the center of curvature of the
phase boundary between columnar spinel grains and alumina
end member to exist in the latter.
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