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Study results of corundum structure transformations due to annealing of a—Al,05 in
Ar atmosphere containing a reducing component (CO + H,) at 1700-1900°C are pre-
sented. It has been found that a polycrystalline layer containing new phases is formed
at the single crystal surface during the annealing under a high evaporation rate. One
of those phases belongs to the Fd3M cubic syngony (spinel) while another one has
hexagonal structure (P63/mmec space group). A qualitative model has been proposed for
the observed a—AlL,O; — AlAl,O, (spinel) transformation involving the hexagonal phase.

IIpencraBaeHnl pe3yIbTaThl UCCIEAOBAHNH TpaHC(HOPMAIN CTPYKTYPLI KOPYHIA B pe3yibTa-
te omxura a—Al,O; B atmocdepe Ar ¢ Boccrarnosurensrolt KommonenToi (CO + H,) mpu Temme-
parype 1700-1900°C. VcraHOBIEHO, YTO HA IIOBEPXHOCTH MOHOKPUCTANINYECKUX O0pPa3IOB
Ha (POHE BBLICOKOM CKOPOCTH WCIAPEHHUA IIPU OTMKHUre o0pasyercsa HOJUKPUCTAIINUESCKUNA
cJoi, comepskamuii Hosble (raspl. OmHa 13 O0HApPYMKEHHBIX (Pas OTHOCUTCA K KyOHUYeCKOH
cunrounu Fd3M (wmnuHesas), npyras — HMeeT I'eKCATOHAJLHYIO CTPYKTYPY (IPOCTPaHCTBEH-
Hasa rpyana P63/mmec). IIpemnoxena KadecTBEeHHAsA MOIeNb HAOIIOAAEMOro IIPEBPAIeHMs
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a-AlLO; — AIALO, (mmuHeNb) ¢ yyacTHeM reKCcaroHaJbHOH (ashl.

The interest in the problem of high-tem-
perature corundum-to-spinel (AlIAl,O,) phase
transformations at a high reduction rate of
Al,O5 is associated with the necessity to ex-
plain the nature of light scattering centers
being formed in sapphire crystals grown in
reductive atmospheres [1]. Later, we have
found that the near-surface layer of Al,O5
can be transformed into a spinel type f.c.c.
structure by annealing in reducing condi-
tions [2]. In this work, the phenomenon is
studied in more detail.

Studied were ground and polished plane-
parallel sapphire samples with surface crys-
tallographic orientation (0001) and (1012),
(1010) as well as finely dispersed Al,O3 pow-
ders. The annealing was carried out in a
furnace with carbon-graphite heat screens
[3] at 1700-1900°C. After the preliminary
vacuum treatment and evacuation down to
about 0.1 Torr residual pressure, the fur-
nace chamber was filled with Ar or an Ar
mixture with reducing additives (CO, H,,
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CO + Hy) up to 800 Torr pressure. The re-
ducing component (CO + H,) concentration
in the gas medium was controlled using a
"Gazokhrom 63101" gas analyzer. The an-
nealing lasted from 2 to 10 h. The sample
temperature was monitored by a W+
5 % Re-W + 20 %Re thermocouple cali-
brated preliminarily by reference points.
The X-ray phase analysis (XPA) was carried
out using a DRON-1.5 diffractometer in Cu
Kal,z radiation with pyrolitic graphite (002)
monochromator according to the 6-20
scheme. The thickness of polycrystalline
zone formed on the sapphire substrate was
determined both under approximation of a
homogeneous screen weakening the single
crystal reflections [4] and from the inten-
sity of intrinsic interference lines in sym-
metric Bragg geometry [5]. The changes in
the substrate structure perfection were ana-
lyzed using the sliding angle (o) variation
of the X-ray beam at the sample discrete
rotation about the diffraction vector for

725



AYa.Dan‘ko et al. / Phase transformations of ...

asymmetric Bragg case [6]. The o values at
the swinging curve survey were from 1 to
8°, Cu Ka; radiation with Ge(111) mono-
chromator (n, —m) scheme was used.

The near-surface layer of the single crys-
tal samples has been found to be trans-
formed due to the reducing annealing into a
polycrystalline one consisting of new phases.
It follows from the powder diffraction pat-
tern that one of those phases belongs to the
Fd3M cubic syngony (spinel) while another
one has hexagonal structure of P63/mmec
space group (referred to as H-phase from
here on). Similar phase transformations are
observed when thin (about 0.5 mm) layers
of a—Al,O5 powders are annealed. No traces
of carbon or aluminum oxycarbides have
been found in polycrystalline layer on the
crystal surface or in the powders, at least
within limits of XPA sensitivity.

Fig. 1 presents the results obtained in
three experimental series at various reduc-
ing potentials of the annealing atmosphere.
The data shown by triangles have been ob-
tained with the chamber filled with Ar. In
this case, the reducing atmosphere in the
chamber is formed spontaneously due to in-
teraction of adsorbed oxygen and water
vapor with the carbon-graphite materials.
The reducing component concentration in
this case does no exceed 5 %. The data
noted by open circles and squares have been
obtained when using the Ar+ 5-10 % CO
(CO + Hy) mixtures; those indicated by
solid circles, at the use of Ar+10 % H,
mixture.

The changes in the phase composition of
the sapphire substrate surface layer are
seen to occur at a high evaporation rate
(Fig. 1a). The transformed layer of more
than 10 um thickness is observed at the
substrate surface even if the evaporation
rate exceeds 100 pm/h. The evaporation
rate increases as the annealing temperature
and the atmosphere reducing potential rise
[3]. In spite of a considerable data spread of
the experimental data, the transformed
layer thickness can be noted to tend to in-
crease in parallel with the temperature ele-
vation and the atmosphere reducing poten-
tial increase (Fig. 1b). In the layer, the
phase composition is observed to vary from
a phase mixture containing a high concen-
tration (>90 %) of the H-phase to an essen-
tially complete (>98 %) transition to spinel
(Fig. 1¢). The corundum-to-spinel conver-
sion extent depends also on the temperature
and the atmosphere reducing potential. It is
seen from the Figure that the annealing in
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Fig. 1. Temperature dependences of evapora-
tion rate (a), transformed layer thickness (b),
and a—Al,O5 to spinel conversion extent (c). At-
mosphere characteristics: 1 — Ar (solid triangles);
2 - Ar+5-10 % CO (CO + H,) (light squares
and circles); 3 — Ar + 10 % H, (solid circles).

a less reducing atmosphere is accompanied
by a lower conversion to spinel (a high con-
tent of H-phase being observed in the
layer). As the reducing potential increases,
the conversion to spinel is more complete.
At the same time, the spinel concentration
in the layer increases as the annealing tem-
perature rises.

The lattice periods in both phases vary
considerably. The spinel lattice period (asp)
values measured in various experiments are
within the 7.983 to 7.948 A range and in-
crease as the spinel concentration in the
layer rises up to 80-90 %, this trend being
more pronounced in powders. At higher
spinel concentrations, the (asp) values di-
minish. As the spinel content in the layer
exceeds 98 % (at the limiting measurement
sensitivity), theo (asp) values do not exceed
7.9332-7.9338 A. The lattice parameter
variations are observed for the H-phase, too
(@ =38.107 to 8.115 A; c¢=4.984 to
4.985 A). Besides the izotopic component,
both the H-phase and spinel are textured. At
the (0001) sapphire surface, the <111> spinel
texture and the and the <001> H-phase one
are formed. The <311> and <111> spinel
textures are also observed on the (1012) and
(1010) sapphire surfaces. All the directions
mentioned are normal to the surface.

More detailed studies of the textured
layers have shown that the new phase are
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formed inheritance the matrix -crystal-
lography. Using the oblique shooting, it has
been found that the scattering angles of
crystallites for both phases in the normal
direction as well as in the (0001) plane can
be described in terms of the rocking curve
half-width B and are within 0.6 to 2.5°
range. As to the <001> H-phase texture and
the <111> spinel one on the (0001) sapphire
surface, the C axis of the H-phase has been
found to coincide with the C axis of the
corundum lattice, the H-phase lattice being
rotated be 30° about the C axis; in the case
of spinel, the <112> direction coincides
with the <100> one of the matrix. The "in-
heritance” link is observed even if the sap-
phire substrate surface is inclined by about
10° to the crystallographic plane. Both
phases are stable under normal conditions.
The diffraction pattern of the transformed
layer remains unchanged when annealed in
air at 700-800°C. The annealing in air at
about 1300°C results in the complete trans-
formation of both phases into corundum,
the sample mass increases after that treat-
ment. Assuming that the mass increase is
due to oxygen absorption, the composition
of the new phases can be estimated. Accord-
ing to such estimations, if the Al/O ration
in those compounds is the same, the compo-
sition thereof is within limits Al, ggO, to
Alp 9204 (or A0z g to AlyO5 74).

Thus, the annealing of a—Al,O5 in a re-
ducing atmosphere has been found to result
in corundum transformation into new
phases within the surface layer of the in-
itial material. As these changes occur at
high evaporation rate, the condensation
from gas phase cannot be the formation
cause thereof. That cause consists more
likely in a"catastrofic” distortion of the co-
rundum structure stoichiometry under oxy-
gen depletion of the layer contacting with
the reducing atmosphere. This supposition is
confirmed by dependence of the layer thick-
ness (Fig. 1b) and the corundum-to-spinel
conversion extent (Fig. 1c) on the reducing
potential of the atmosphere (that defines
the concentration of oxygen vacancies) and
the temperature (defining the diffusion mo-
bility thereof).

When considering the mechanism of the co-
rundum — spinel phase transition, to study
the H-phase structure and its part in the ob-
served transformation is of considerable inter-
est. All the interference lines of that phase
have been found to answer to hexagonal struc-
ture (P 63/mmec space group) with lattice
periods @ = 3.107 to 3.115 A and ¢ — 4.984
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Fig. 2. Experimental (a) and calculated (b)
diffraction patterns for H-phase. Cu KOLL2 ra-
diation.

to 4.985 A. The H-phase cannot be identi-
fied as one of the known hexagonal Al,O4
phases (B, %, €). The phase analysis handbook
[7 p.626], is the only source including a
similar Al,O5; phase with similar lattice pe-
riods (a ~ 8.10 A, ¢ ~4.99 A), but no de-
tailed information is cited. The preliminary
analysis has shown that a hypothetical
structure of variable composition can be
used as an approximate model for the H-
phase (see Table 1). The occupancy of the 2a
symmetry position equal to 0.5 corresponds
to the Al,O3 composition while 0.333, to
AlbO5 ge7 (Al3O,) one. The comparative char-
acteristics of experimental and calculated
diffraction pattern for the structure with
a~3.107 A and c~4.984 A are presented in
Fig. 2. The calculated and experimental
data coincide qualitatively while the calcu-
lated ones for Al,O, g57 agree somewhat bet-
ter with the experiment than those for
Al,O3. But there is no satisfactory quantita-
tive agreement in both cases. In our opin-
ion, as the texture is present in the trans-
formed layer and the temperature factor
was not taken into account in calculations,
the structure model proposed can be used to
describe the new phase only approximately.

The interference lines of the spinel phase
answer to cubic structure (Fd3m space

Table 1. Structure data of H-phase.

Atom|Position Coordinates Occupancy
x y z
Al 2b 0 0 0.25 1
0 2¢ 0.3333(0.6667| 0.25 1
0 2a 0 0 0 0.5-0.333
727
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Fig. 3. Experimental (a) and calculated (b) dif-
fraction patterns for spinel phase (a = 7.9437 A).
Cu Ka; 5 radiation.

group) with the lattice period a = 7.933 to
7.948 A. This phase cannot be identified as

one of the known cubic Al,O5 phases (y, n, %)-

The data on synthesis of such phases at
high temperatures are also scarce. In [8], a
f.c.c. phase (a = 7.915 A) was found in the
alumina reduction products with solid carb-
on and identified as AlAl,O4, but no diffrac-
tion pattern is presented for the compound.
In [9], the AI[AI5/3D1/3]O4 (n-alumina) com-
pound has been reported to be synthesized
at plasma deposition in reducing conditions.
The compound has a spinel structure (Fd3m
space group), a = 7.906 A, but the pre-
sented diffraction pattern differs consider-
ably from our results.

When constructing the model of spinel
structure obtained in our experiments, the
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Table 2. Structure data of spinel.

Atom[Position| Coordinates Occupancy
x y z
Al 8a 0 0 0 0.67-1
Al 16d | 0.625 | 0.625 | 0.625 1
@] 32e |0.37(5)|0.87(5)|0.37(5) 1

experimental and calculated diffraction pat-
terns for the variable composition structure
(Fd3m space group, Table 2) were compared
together. The occupancy of the 8a symmetry
position equal to 0.67 answers to the
Aly 66704 (Al,03) composition while the 1 one,
to Al30,4. The temperature factor was not
taken into account in calculations. The calcu-
lation for that structure with the occupancy 1
(AlO,4, see Fig. 8) gives a better agreement
with experimental data than with 0.67 one
(Al,O3). For the calculation using 30 lines,
the R factor does not exceed 10 %.

The comparison of the proposed struc-
ture models for the new phases with the
known corundum structure [10] has shown
that using the models, it is possible to de-
scribe qualitatively the phase transforma-
tions observed (Fig. 4). As is seen in Fig.
4a, the oxygen positions in the (111) lattice
plane within two layers coincide with the
atomic positions within the (0001) plane of
corundum lattice (1, 2), but an additional
layer (3) is present in the spinel lattice. A
similar picture is observed for the (001)
plane of the H-phase hexagonal lattice and
the (0001) plane of corundum, taking into
account the rotation by 30° about the C axis

°

Fig. 4. Schemes of oxygen atomic arrangement in corundum (0001) and spinel (111) planes (a);
corundum (0001) and H-phase (001) planes (b): H-phase (001) and spinel (111) planes (c). (a): I, 2 —

coincident positions (corundum, dark circles; spinel, light circles); 3 —
(b) I, 2 — coincident positions (corundum, dark circles; H-phase,

spinel lattice (hatched circles).
light circles); 3 —

"additional” layer in the H-phase lattice (hatched circles).

"additional” layer in the

(c) 1, 2 — coincident

positions (spinel, dark circles; H-phase, light circles).
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revealed in experiment (Fig. 4b). The occu-
pied positions (2¢) of the H-phase hexagonal
lattice coincide with the oxygen positions
(1, 2) in the corundum lattice while the atoms
of the additional layer (3) (the 2a positions
occupied in part) occupy the Al atomic sites.
All the oxygen positions in the H-phase and
spinel lattices are coincident (Fig. 4c).

Comparing the above schemes, it can be con-
cluded that the corundum — H-phase — spinel
transition is realizable more easily than the
direct corundum — spinel one. In this case,
it can be supposed that a stoichiometry dis-
tortion in the corundum lattice (resulting in
increased distance between oxygen atoms) is
accompanied by weakening and breakdown
of O-Al bonds, so the Al atoms become dis-
placed out of the positions thereof towards
the oxygen layer, thus resulting in the lat-
tice rebuilding into the H-phase structure.
The consequent transition to the spinel
structure may occur due to ordering of oxy-
gen atoms in partially occupied sites. This
supposition is confirmed indirectly by the
observed dependence of the corundum-to-
spinel conversion extent on the temperature
and the atmosphere reducing potential.
However, the possible direct corun-
dum — spinel transition cannot be excluded
completely, the more so that layers free of
H-phase (at the measurement sensitivity
threshold level) were obtained in experi-
ment. When so, it is to suppose that the
phase differ in composition, the H-phase
having a lower reduction extent, and its
presence in the layer is defined by the ho-
mogeneity region of the spinel phase. It is
to note that the experimental information
obtained to date are still insufficient to de-
termine unequivocally the stoichiometry of
new phases. The better agreement between
the experimental and calculated data for
Al3O, structure in the case of both H-phase
and spinel means only that the compositions
of those compounds is close to Al;O,4. This is
evidenced also by the estimations of the ab-
sorbed oxygen amount at the back transi-
tion of the new phases into corundum at air
annealing. Perhaps the observed lattice pe-
riod variations are associated also with the
variable composition of the phases.

An interesting feature of the observed
structure and phase transformations con-
sists in the genetic correlation between the
new phases being formed and the initial co-
rundum structure. This is observed both in
experiment when the textured layers are
studied and in analysis of the proposed
structure models (Fig. 5). This correlation
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Fig. 5. Distribution profiles if the integral
reflection intensity IF (1) and the swinging
curve integral width f (2) over the depth z of
transformed corundum layer ((104) reflec-
tion, (0001) surface, Cu Ko, radiation).

follows also from consideration of changes
in the single crystal substrate perfection in
the course of reducing annealing. Fig. 5
presents the profile recovery results (2 pm
step) of integral parameters obtained by
asymmetric shooting (intensity IE and
width B = IE/I™ where I™ is the maximum
ordinate value of the rocking curve) that
characterize the structure perfection in
depth. It is seen in the Figure that the for-
mation of polycrystalline phases is accompa-
nied by considerable distortions in the ma-
trix near-surface layer resulting in in-
creased B and I® values as compared to the
initial crystal state. The observed increase
of IF as depth increases to 10 um is caused
by appearance of a relief zone (where both
polycrystalline phases are localized) during
the near-surface layer transformation and
characterizes the distribution of the reflect-
ing substance within that zone. The sub-
sequent drop in the IZ(z) dependence is due
to increasing structure perfection, and at
2z > 20 ym, the parameter takes the con-
stant value inherent in bulk material.

Thus, the high-temperature annealing of
a—Al,O3 in a reducing atmosphere has been
found to cause the corundum-to-spinel
phase transformation. In the case of incom-
plete conversion, the transformed layer
comprises a hexagonal phase, admittedly
the variable composition compound Al,O5_,.
The observed variations in the lattice pa-
rameters for both phases seems to be due to
the variable composition thereof.
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da3zoBi nepersopenna a—Al,O; nmpu Bigmami
Y BIIHOBHOMY CepeaOBMIILi

0.4.]lanvko, M.A.Pom, H.C.Cidenvnirxosa,
C.B.Hixcanxoeécvrui, JI.O.I'pins

IIpencTaBneHo pesyabTaTH AOCHiMKeHL TpaHchopMAaIii CTPYKTYPH KOPYHAY B Pe3yJbTATL
Bignany a—Al,O; B aTmocdepi Ar 3 Bigmosammu xommnonenramu (CO + H,) npu remmeparypi
1700-1900°C. BcTamnoBjeHo, IO HA MOBEPXHI MOHOKPUCTAJIUHWX 3pasKiB Ha (GoHi BUCOKOI
MIBUAKOCTI BUHOApPy NOpM BiAmadi yTBOPIOETHCA MNOJIKpUCTANIUHUE Iap, IO MIiCTUTL HOBI
¢asu. Oxna 3 BuABNeHUX (a3 BigHOCUTHCA H0 KyOiunoi cuuroumii Fd3M (mminens), imma —
Mae TeKCaroHaJbHY CTPYKTYDPY (mpoctopoBa rpyma P63/mmc). 3ampomoHoBaHo SKicHY Mo-

zens nepersopenHa o—Al,O; — AlAlO, (mminens) sa y4acTiO TeKcaroHaJIbHOIL (asiy.
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