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Research results are presented on the corundum structure transformation caused by
reducing annealing. The annealing at 1500-2000°C in Ar atmosphere at CO + H, concentra-
tion 0.1-10 vol.% and N, 0.1-0.4 vol.% has been found to result in the corundum
transformation into aluminum oxynitride compounds with the spinel structure (y-AlON)
with the unit cell period of about 7.932 to 7.948 A and wurtzite (AIN) with a~3,107-
3,115 and c~4,979-4,988 A. Possible mechanisms of the transformations are discussed.

IIpeacraBieHsl pe3ysbTaThl HCCIEAOBAHUI TpaHCHOPMAIUN CTPYKTYPHI KOPYHAA B pe-
3yJAbTATE€ BOCCTAHOBUTEILHOI'O OTXKKIA. ¥ CTAHOBJEHO, YTO OTXKMUI Hpu Temieparype 1500—
2000°C B armocepe Ar mpu kKormesrpanuu CO + H, 0,1-10 06.% u N, — 0,1-0,4 06.%
NPUBOAUT K [PEBPAIeHUI0 KOPYHAA B OKCUHUTPUAHLIE COEJUHEHUS AJIOMUHUA CO CTPYKTY-
poit mnuuenu (y-AlON) ¢ mepuogom simemeHTapHOll Aueliku B mpegenax 7,932-7,948 An
siopriura (AIN) ¢ a~3,107-3,115 u c~4,979-4,988 A. OO6cy:kgaoTca BOBMOKHEIE MeXaHU3-

Mbl HAOJIIOZAEMBIX IIPEeBPAIeHUA.

When studying the formation of light
scattering centers in sapphire crystals
grown from a non-stoichiometric melt, the
defects were supposed to be microscale in-
clusions of a phase having lower oxygen
content than the corundum [1]. Later, the
corundum transformation into spinel and a
hexagonal symmetry phase during the re-
ducing annealing was observed [2, 3]. This
supposition was confirmed indirectly by the
preparation conditions, the crystal-chemical
transformation regularities, as well as by
the mass gain in the obtained compounds
under oxidation. However, the nature of
stabilizers necessary to provide existence of
those structures was not established unam-
biguously. When discussing the mechanism
of the transformations observed, the vacan-
cies formed due to the reduction were sup-
posed to be capable of the valence reduction
of the surrounding cations and thus act as
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a stabilizer. In this work, the further study
results are presented for the peculiarities of
phase transformations under high-tempera-
ture reduction of «-Al,O3, including the na-
ture of the stabilizers for formed phases.
Plane-parallel sapphire samples and o-Al,O3
powders (15 to 25 um particle size) with the
main impurity content of <10 ppm were
used in the studies. The reducing annealing
was carried out in a furnace with carb-
on/graphite heat screens [4] at 1500 to
2000°C. The temperature was monitored by
a Marathon MRISCSF integral IR pyrome-
ter. The furnace was pre-heated up to
1500-1600°C under fore-vacuum pumping-
out. After the residual pressure of about
0.1 to 0.3 Torr was attained, the furnace
was filled with argon up to 800 Torr pres-
sure. Due to the adsorbed oxygen and water
vapor interaction with carbon/graphite ma-
terials, an atmosphere is spontaneously
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formed in the furnace containing mainly the
reducing components, CO and H,. The at-
mosphere composition was checked using a
Kristall-200M gas chromatograph. The total
concentration of the reducing components is
about 0.1 to 0.5 %, the relative content of
CO and H, varies within limits Py /Pco

about 0.01 to 0.04, depending on the pre-
liminary vacuum treatment. When neces-
sary, the CO and H, concentration in the
atmosphere was varied from 1 to 10 %
(about 8 to 80 Torr) at various Py /Pco

ratio values. In such cases, the following
reducing additives were used: technical pu-
rity grade carbon dioxide that is a CO
source due to carbon gasification reaction
C + CO,—»2CO0; ethanol being a CO and H,
source; chemical purity grade hydrogen pre-
pared using a GV-6 hydrogen generator.
The main residual gas component in the an-
nealing atmosphere is nitrogen, its concentra-
tion (CNz) after the standard vacuum pretreat-

ment doing not exceed 0.4 vol. % (<1 Torr).
The reducing anneal of the single crystal
samples results in transformation of a near-
surface (up to 80 um thick) sapphire layer
into a polycrystalline one with a phase com-
position different from that of the bulk ma-
terial (Fig. 1). The formation time of an up
to 10 um thick layer does not exceed 20 or
30 min. Similar changes of the phase com-
position are observed under reduction of
o-Al,O5 powders. Typical diffraction pat-
terns of the reduction products are pre-
sented in Fig. 2. According to X-ray phase
analysis (XPA) results obtained using a
DRON-1.5 diffractometer in Cu Koy o radia-
tion (the (002) pyrographite monochroma-
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Fig. 1. Sapphire surface transformation due to reducing annealing: the initial polished sapphire
sample (a); the sample with transformed about 30 pum thick near-surface layer (b); formation of
needle-like crystals at the surface of transformed layer (c).

tor) according to the 6—26 scheme, the re-
duction products consist of two phases. One
phase is cubic (space group Fd3m, a spinel),
the other (H-phase), hexagonal (space group
P63/me, wurtzite structure). The lattice pe-
riods of the H-phase vary within the follow-
ing limits: a, 3.107 to 3.115 A; ¢, 4.979 to
4.988 A; spinel, 7.932 to 7.948 A, depend-
ing on the phase formation conditions. The
annealing in the 1500 to 1700°C range re-
sults in corundum transformation into the
H-phase. At higher temperatures, the phase
composition varies from the phase mixture
with a high (>98 %) H-phase content to es-
sentially complete (within the XPA sensitiv-
ity limits) transformation into spinel.
When the single crystal samples are an-
nealed, depending on the reduction condi-
tions, dense transformed layers strongly
bonded with the substrate are formed in
some cases, while in other cases, the trans-
formed layer has a loose structure and can
be separated easily from the substrate. The
dense H-phase and spinel layers show a
more or less sharp texture along with an
isotropic component. The studies of tex-
tured layers have shown that the new
phases are formed under inheritance of the
matrix crystallography, that is, the texture
axis coincides with the normal to the corun-
dum crystallographic plane and not with the
normal to the sample geometric surface. In
some cases, hexagonal needle-like crystals
up to 0.1x5 mm? size have been observed to
grow on the transformed layer surface (Fig. 1c).
The crystals are characterized by a rather
perfect although block structure (Fig. 3).
Some crystals show bluish nuance as well as
some areas of the transformed layer (Fig. 1lc¢).
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Fig. 2. X-ray diffraction patterns of corundum reduction products, Cu KOLL2 radiation: powder,
H-phase >98 % (a = 3.111 A; ¢ =4.979 A) (a); powder, spinel >98 % (a = 7.941 A) (b).

The formation conditions and structure 1, imp/s
characteristics of the phases mentioned are
similar to those obtained in [5—8] where 0.01°
aluminum compounds in the AI-O system —
have been studied having a reduced (as com-
pared to Al,O3) oxygen content. Although
the data on those compounds are scarce, the
physical, optical, chemical and some other
characteristics have been determined [5-7],
and thermodynamic properties of the spinel
phase have been estimated [9]. The forma-
tion mechanism of oxygen-depleted phases
assumes that under reduction, a supersatu-
rated solution of anionic vacancies is
formed in the oxide lattice that is then de-
composed under isolation of nuclei of
phases being equilibrium under the speci-
fied conditions [8]. At the same time, the 0
structure characteristics of compounds ob-
tained by us are rather similar to those of Fig. 8. X-ray rocking curve from a colorless
well-known phases with spinel and wurtzite needle-like crystal. DRON-3 diffractometer,
structures in the A|203—A|4C3 and A|203—A|N (n’ _m) scheme, {101} reflection, Cu KOLl ra-
systems [10—14]. It is to note that the ear- diation (monochromator Ge (111)).
lier thermodynamic estimations [15] did not
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Table 1. Impurity content in the corundum reduction products

No. Preparation conditions | Phase composition (XPA data) Impurity concentration, wt. %
N C H
1 1900°C, Ar (0.5 % CO) Spinel >98 % 3.7-4.5 | 0.08-0.09 | 0.1-0.17
2 1800°C, Ar(~7 % CO) | Spinel 92 %, H-phase ~5 %, 5.77 0.25 0.18
corundum ~3 %
3 1795°C, Ar(=2 % CO) | Spinel ~85 %, H-phase ~10 %, 8.07 0.44 0.138
corundum ~5 %
4 1950°C, Ar (0.2 % CO) | H-phase >98 % (white powder) ~25.37 0.32-0.57 0.1-0.4
5 1950°C, Ar (0.2 % CO) |H-phase >98 % (bluish powder)| 28.2-24.1 | 0.8-0.75 | 0.17-0.27
6 1950°C, Ar(~0.2 % CO) | Needle-like crystals (colorless) 26.9 0.4 -
7 11950 °C, Ar (0.2 % CO)| Needle-like crystals (bluish) 27.4 0.7 -

forecast the formation possibility of oxycar-
bides in appreciable amounts under the ex-
perimental conditions. The formation possi-
bility of oxynitride compounds was not con-
sidered at first due to low nitrogen
concentrations in the annealing atmosphere
[2, 3].

The powders obtained in various condi-
tions and the needle-shaped crystals were
analyzed chemically using an EUROEA-3000
elemental analyzer (see Table 1). The analy-
sis results show that the nitrogen concen-
tration in the samples attains rather high
values while carbon is present at concentra-
tions lower than 1 % and is not a primary
impurity. The transformed surface layers of
the single crystal samples containing up to
98 % of the H-phase comprise also an in-
creased nitrogen amount, as is shown using
a Kratos XPS-800 X-ray photoelectron spec-
trometer. Thus, it follows from the chemi-
cal analysis data that the phases obtained
are compounds of the Al,O3—AIN system.
Two groups of aluminum oxynitride phases
are known within that system, one based on
the AIN wurtzite structure (AIN>50 mol. %)
and the other, on the Al,Ojz structure
(AIN<50 mol.%). The most widespread
model of the aluminum oxynitride (AION)
structure, including the spinel phase (y-
AION), is the model containing a constant
number of anions [14, 16]. Within that
model, the structure formula of the com-
pound can be presented as

Alga:x,3VEx),3032-9Nx » (1)

where VC are cationic vacancies the pres-
ence of which is conditioned by the preser-
vation of electric neutrality. Proceeding from
those concepts, the spinel phase obtained by
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us (No.l in Table 1) has the composition
(AN)o 23 (Al203)0 77 — (AN)g 27-(Al03)g 73 (or about
AIN-8Al;03) that is within the spinel phase
stability region in the phase diagram of
Al,O3—AIN system [11]. As the H-phase con-
tent rises, the nitrogen concentration in the
samples increases (Nos. 2, 8 in Table 1) and
attains about 23 to 25 % for the H-phase
(Nos. 4, 5) approaching to that in AIN
(about 34 %). Basing on the nitrogen con-
centration data, the H-phase samples have
the composition (AlN)084(A|203)016
(AIN)g gg:(Al503)g 12 or  =~B(AIN)-(Al,O3) -
7(AIN)-(Al,O3) and coincide to the 21R and
27R polytypes in the phase diagram [11].
Possible models were considered for the
crystal structure of compounds obtained.
When calculating the model X-ray diffrac-
tion pattern (using the POWDER CELL
v.2.8 software [17]), the experimental val-
ues of lattice periods and the chemical
analysis data (Table 1) were used to deter-
mine the occupancy of the symmetry posi-
tions. The temperature factor was not taken
into account (B = 0). When constructing the
models, the calculated and experimental diffrac-
tion pattern were compared for all the diffrac-
tion lines within the 20 range from 10° to 150°.

The R-factor value R = ZVexp — 174/ DI jcale

was used as the model validity ecriterion,
where I, and I ifalc are the experimental
and calculated relative intensity of the i-th
reflection, respectively. When simulating
the spinel structure, a good agreement with
the experimental results was obtained for
the model similar to y-AION (Table 2). When
comparing the calculated data with the ex-
perimental diffraction pattern (Fig. 2b) for
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Table 2. Atomic coordinates in model structure of spinel crystal (Fd3m, a = 7.941 A)

Atom Position Coordinate Occupancy
x y z
Al 8a 0 0 0 1
Al 16d 0.625 0.625 0.625 0.895-0.91
0] 32e 0.38 0.38 0.38 0.908-0.887
N 32e 0.38 0.38 0.38 0.092-0.113

Table 3. Atomic coordin%ites in model structure of H-phase crystal (P63/mc, wurtzite structure,
a=3.111 A; c=4.979 A)

Atom Position Coordinate Occupancy
x y z
Al 2b 0.3333 0.6667 0 0.9
0] 2b 0.3333 0.6667 0.383 0.29
N 2b 0.3333 0.6667 0.383 0.71

the compound No.1 (Table 1), the R-factor
calculated on the basis of all the 22 ob-
served interference lines amounts about
0.12, while being about 0.072 if the lines
within the 110° to 150° range (where the
temperature factor is more pronounced) are
neglected. Thus, the model provides an ade-
quate description of the compound obtained
in experiment.

The structure of H-phase was described
using a model similar to AIN (Table 3).
When comparing the calculated data with
the experimental diffraction pattern (Fig. 2a)
of the compound No.4 (Table 1) to that the
composition A|090029N071 is ascribed bas-
ing on the model with constant number of
anions (Aly_,,30,N,_, [18]), the R-factor cal-
culated on the basis of all the 24 observed
interference lines amounts about 0.075,
while being about 0.072 if the lines within
the 110° to 150° range are neglected. Thus,
the H-phase is of AIN structure, although at
such nitrogen concentrations, the 27R
(AlgO3N;) and 21R (Al;O3Ng5) are observed
according to literature data [11].

The needle-shaped crystals consist of alu-
minum oxynitride compounds, too. The
composition thereof (Nos. 6 and 7, Table 2)
is close to TAIN-Al,O; or 8AIN-Al,O4
polytypes [19] and the growth seems to
occur from the gas phase, perhaps due to Al
and Al suboxides interation with N, as is
supposed in [19]. The nitrogen concentra-
tion decrease in the atmosphere down to
<0.1 vol. % does not affect in principle the
corundum transformation character but no
needle-like crystals are formed in this case.
The bluish color of some needle-like erystals
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as well as some areas in the transformed
layer may be connected with the carbon im-
purity having an increased concentration in
those samples (Table 1).

The formation conditions of various com-
pounds in the Al,O3—AIN system are under
rather intensive studies, however, no litera-
ture data are available on the AIN and
y-AlION formation in similar conditions. The
aluminum nitride and oxynitride are synthe-
sized as a rule in nitrogen or nitrogen-con-
taining gases (NH3-C3Hg, NH3z—H, and other
mixtures). At carbon-thermal reduction of
AIN and AION, mixtures of various poly-
morphs of aluminum oxide (y, 8, 0, o) with
carbon are obtained in nitrogen [21, 22] or
air [13] atmosphere. There are few studies on
AIN and AION formation at the corundum sur-
face under heating in CO-N, mixtures, the
mixture with a high nitrogen concentration
(Pco/Pno*0.1) being used in those works
[22]. When discussing the AIN and AION for-
mation mechanism, the following reactions
are considered in those cases [23, 24]:

AlyO3(s) + 3C(s) + Nx(g) = (2)
= 2AINs) + 3CO(9),

[(64 + x)/8x]ALO4(S) + 3C(s) + Nx(@) = (3)
= (2/x)A|(64+X)/3O32_XNX + 3CO(g).

In our experiments, corundum does not
contact directly with carbon, thus, the ob-
served phase transformations could be sup-
posed to occur under involvement of reduc-
ing gases CO and H:

Functional materials, 14, 4, 2007
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Fig. 4. P estimations at CO concentration in the annealing atmosphere (vol. %): 0.1 (a); 1 (b); 10
2

(c). Curves 1 for reaction (4); curves 2 for reaction (8).

AlyO4(s) + 8CO(g) + Ny(@) = (4)
= 2AINs) + 3CO4(9),

[(64 + x)/38x] - Al,O5(s) + 8CO(g) + Nx(9) =
= (2/.7C) . AI(64+X)/3O32—XNX(S) + 3002(9), (5)

AlyO5(8) + 3Hx(@) + No(@) =
= 2AINGS) + 3H,0(g), (6)

[(64 + x)/3x]AL04(S) + 3Hy() + Ny(@) =
= (2/%)Alg41x)/3032Ny(®) + 3H,0(@). (D

The AIN and AION formation probability
for the case of reduction with CO as the
main reducing component of the gas phase
was estimated thermodynamically. Fig. 4
presents the estimated equilibrium pressure
of nitrogen (PNz) for reaction (4) and forma-

tion of y-AlON (AIN-8Al,0;, No.1, Table 1)
according to the reaction

= 2[AIN - 3Al,05] + 3CO,T,
within the experimental CO concentration
range of 0.1 to 10 vol. %. In the calcula-
tions, the formation energy values for AIN:

AG°(AIN) = —816.2 + 0.1157T [23] and for
AIN-3AI03:  AGO(AI;0gN) = —5315.2132 +
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1.054520T [25] were used as well as the
reference data [26] and the assumption that
the ratio PCOZ/PCO is defined by the equilib-

rium of the reaction C + CO, = 2CO. It fol-
lows from the estimations that at the CO
concentration in the atmosphere about 1 vol. %,
the reactions (4) and (8) are possible at tem-
peratures exceeding 1500°C even if PN2 val-

ues are lower than those observed in experi-
ment (Fig. 4a). At a lower CO concentra-
tion, the PN2 is still lower (Fig. 4a). As the

CO pressure increases, higher Cy_ are neces-
2

sary to generate the phases mentioned, how-
ever, CN2 does not exceed 0.4 vol. % at T >
1700°C (Fig. 4c).

In contrast to AIN and AION formation
under carbon-thermal reduction where the
reactions (2) and (3) occur in the whole bulk
of the Al,Oj/carbon reaction mixture, the
reactions (4), (5) and (8) result in phase
transformations only at the surface contact-
ing directly with the gas atmosphere. The
formation of transformed layer with a
thickness attaining about 80 pm in some
cases suggests the penetration of the oxyni-
tride layer formed at the surface deep into
the crystal, the penetration mechanism
being unclear. A mechanism including re-
duction and diffusion seems to be rather
probable; that mechanism has been supposed
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basing on the results obtained at the spinel
phase oxidation.

Basing on (1), the spinel phase obtained
by us and containing 3.7 to 4.5 wt. % of
nitrogen corresponds to a structure formula
similar to AIN-3Al,O03. When the compound
is oxidized according to the reaction

2(AIN - 3A1,03) + 3/205 — 7Al,05 + N, T,

the mass must increase by about 3 % . How-
ever, a mass gain of 5.6 to 6 % was ob-
served in oxidation experiments on the
spinel phase powder. Such a considerable
discrepancy cannot be ascribed to the pres-
ence of carbon (about 0.1 wt. %) in the
compound (Table 1). It is to note that oxida-
tion of spinel phase obtained by sintering of
AIN and Al,O3 [27] results in the mass gain
corresponding to nitrogen content in the
compound. At the same time, when oxidiz-
ing the spinel phase obtained by carbon-
thermal reduction, the mass gain about
6.9 % was observed [13], thus, the com-
pound obtained could be assumed to be the
stoichiometric oxynitride spinel AIN-Al,Oj.
However, such a composition was shown
later [11, 14, 16] to be outside of the spinel
phase stability region in the AIN-AI,O3 sys-
tem. One of possible reasons for that dis-
crepancy may consist in that the true com-
position of the reduced spinel phase differs
from that calculated using (1). According to
direct estimations, the experimental mass
gain of 5.6 to 6 % coincides with the calcu-
lated one for the composition Al, gg03gNg 4,
i.e., when the number of occupied cationic
positions exceeds that calculated using (1)
(Al; O3 gNg 4). If that structure formula is
presented formally as AIN-3(AI202_8VA0_2)
(where VA denotes anionic vacancy), then
the compounds obtained can be considered
as phases in the AIN—A|203_XVAX system.
Summarizing the data obtained, the pres-
ence of a high concentration of anionic va-
cancies in corundum can be supposed to
favor the nitrogen diffusion into the matrix
and the phenomena observed to result from
reactions of dissolved nitrogen with anion-
defected corundum. The formation prob-
ability of oxynitride compounds is defined
in this case, in particular, by surface reac-
tions (4) and (5). Perhaps one step of the
crystal-chemical transformation may consist
in formation of oxygen-deficient metastable
phases in the Al-Al,O5; system that are sta-
bilized in part with nitrogen. In that case,
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the anionic vacancies in corundum may con-
tribute to conservation of electric neutrality
in the compounds obtained. However, at
present, there is no unique description of
crystal-chemical reactions resulting in
oxynitride phases formation in a macro-
scale near-surface volume of a crystal under
reducing annealing in atmosphere with low
nitrogen concentration.

The results obtained are of a considerable
interest in connection with ever-widening
application field of materials belonging to
the AIN-AL,O3 system, including nitride and
oxynitride layers at sapphire surfaces [22].
The results give also rise to assumption that
the light scattering centers in sapphire crys-
tals grown from non-stoichiometric melt [1]
may occur under involvement of nitrogen.
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®a30Bi mepeTBOPEeHHA NMPHU BiTHOBJIEHHI KOPYHIY

0.4.]anvko, M.A.Pom, H.C.Cidenvnirxosa,
X.lI-o.Kanmaes, C.B.Hixnanxosecovruii, O.1. Pedopoé

IIpencTaBiieHO PE3yJbTATH LOCHiTMKeHb TpaHcPOpMAIlil CTPYKTYPU KOPYHAY B Pe3yJbTaTi
BiZHOBHOrO Bimmaay. ¥YcraHoBJeHO, 110 Bigmaa mpu temueparypi 1500—-2000°C B armocdepi
Ar npu konnenrpanii CO + H, 0,1-10 06. % ra N, — 0,1-0,4 06. % IPUBOZUTEL O IIEPETBO-
PEHHS KOPYHAY B OKCUHITPUIHI CIOJIYKHU aaioMiHiio 3i crpykryporo mmineri (y-AION) 3 mepio-
IOM eJIEMEHTAapHOlI rpaTku y Mmexkax 7,932-7,948 Ai pioprity (AIN) 8 a~3,107-3,115 Ta
c~4,979-4,988 A. OOroBOPOIOTHCSI MOMKJIKNBI MEeXaHi3MU II€PETBOPEHb, IO CIOCTepiraamucs.
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