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The possibility of crystal growth of magnesium-aluminium spinel = MgAl,O, from a
melt under protective reducing gaseous media in molybdenum crucibles has been investi-
gated. Thermodynamic estimates of the influence of the oxidizing potential of the atmos-
phere in the crystallization chamber on the composition of the gas phase of MgAl,O,, the
processes of mass transfer, and the interaction of the dissociated products of MgAl,O, with
the crucible material have been carried out. The optimal composition of the protective
atmosphere (Ar+ CO + H,) and the technological parameters of the crystal growth of
MgAI,O, has been determined. Crystals of magnesium-aluminium spinel with a slight
deviation from stoichiometry along the length of the crystal (molar ratio of Al,O5 to MgO
from 1 to 1.3) were obtained by the horizontal directed crystallization method. The
element analysis has shown that under the developed conditions it was possible to avoid
significant contamination of crystals by the crucible material (Mo <=0.018 wt. %). The
obtained results testify to the possibility of growing of MgAl,O, crystals of optical quality
without using expensive iridium cruecibles.

Keywords: magnesium-aluminium spinel, MgAl,O,, crystal growth, horizontal directed
crystallization, molybdenum crucibles.

TepmonunamMiuHi Ta €KCIIEPHMEHTAJBHI JOCIHiIKEHHS BHPOINYBAHHI KPHUCTAJIB MarHiii-
amominicBoi mminemi y wmoai6penoBux mturaax. C.B.Hixcauroscvruili, H.C.CidenvHirosa,
0.0.Bosk, 10.B.Cipux

HocnmimxeHo MOMKJIMBOCTI BUPOIYBaHHA KPUCTAJNIB MarHifi-amtoMiHieBoi mimimesi
MgAL,O, 3 posmiaBy y 3aXMCHOMY BifHOBJIIOBATBHOMY Ia430BOMY CEPENOBHIII 3 BUKODPUCTAH-
HAM TuriaiB 3 monibzeny. IIpoBemerHo TepmMozuHaMiuHi OIiHKNM BIJINBY BEJWYNHU OKICIIIO-
BaJLHOTO HOTeHIIiany armocdepu y Kpucraniszamiiiniii xamepi Ha ckjaj rasooi dasu
MgAI,O,, mpomecu mMacomepeHocy Ta B3aemogii mpoaykTis mucomiamii MgAI,O, 3 maTepianom
Turas. Busmaueno omTumanbHMI ckJapn saxucHoi armocdepu (Ar + CO + H,) Ta Texmo-
noriuni napamerpu supomysaras kpuctanis MgAl,O,. MeTtomom ropusomTanbHOI Hampasie-
Hoi Kpucramizailii ogepsxano kpucramu MgAl,O, 3 HesHauruM BigxmneHHAM Bif crexiomerpii
3a MOBMHUHOI Kpucrana (monspre Bimmomenms Al,O; mo MgO six 1 mo 1.3). EnemenTruii
amajyia IOKasaB, IO y pPO3POOJIEHUX YMOBAX BAAJNOCA YHUKHYTH 3HAYHOTO 3a0pyLHEHHS
kpucranie marepiasom Tturas (Mo < 0.018 wmac.%). Orpumani pesyibTaTHd cBiguaTh TIpo
Mo IMBicTL BupouryBanHs Kpucranis MgAl,O, ontuunoi saxocri Ges BUKOpPHCTaHHS LOPOTO-
BapTicHux ipmpieBux Turiais.

HcenegoBanbl BOSMOMKHOCTY BBIPAIIUBAHUA KPUCTAJIJIOB MATHUH-AIIOMUHIEBON IIINHEIN
MgAL,O, ns pacnnaBa B 3aIMUTHBIX BOCCTAHOBUTEIBHBIX I'a30BLIX CPeJaX C HCIIOJNb30OBAHUEM
Turyaeil us moaubmena. IlpoBemeHbl TepMoAMHaAMUUYeCKNEe OIEHKM BJINAHUSA BEJUYNHBI OKUC-
JUTEeJBHOTO TOoTeHIHala arMochepbl B KPUCTANIM3AIIMOHHONI KaMepe HA COCTAB Ta30BOM
daser MgAI,O,, mpoleccel MaccomepeHOCa M B3aMMOJENCTBUSA HIPOAYKTOB MCCOLMAITUN

764 Functional materials, 28, 4, 2021



S.V.Nizhankovskyi et al. /| Thermodynamic and ..

MgAIL,O, ¢ maTepuamom Turyisa. OmpegesneHs ONTHMATBHBINA COCTAB 3aIUTHON aTMocdepn (Ar
+ CO + H,) u Texmomormueckue IapaMeTphl BeIpamuBanusa kpucramnoe MgAL,O,. Meromom
TOPU3OHTANBHON HallPaBJIeHHOH KPUCTANIH3AITNN IToaydeHbl KpucTamtsl MgAL,O, ¢ HeGompTim
OTKJIOHEHHEM OT CTeXMOMEeTPHUM IO JInHe KpucTauna (mosspHoe otHomernue Al,O; x MgO or 1
mo 1.3). DyeveHTHBIN aHanIM3 IOKas3al, YTO B PaspabOTAHHBIX YCJIOBUAX YHAJOCH n30eiKaThb
SHAUNTEJILHOTO 3arpsAsHeHusa KpucrasuioB mMarepuanom Turias (Mo < 0.018 mac. %). TToxyuen-
HBbIe Pe3yJIbTATHI CBUETENLCTBYIOT O BO3MOMSHOCTH BhIpaImuBaHus Kpucrannos MgAl,O, om-
THUYECKOI'O KauecTBa 6e3 VCIOJb30BAHUSA JOPOTOCTOAINNX UPUJUEBBLIX THUTJIEN.

1. Introduction

Considerable research and practical inter-
est in MgAI,O, crystals are caused by pecu-
liarities of their structure which provide
the possibility to introduce activator (in
particular, ions of transient metals), in
combination with high chemical activity.
chemical and thermal stability, high melt-
ing temperature and hardness, as well as
the wide spectral interval of transmission of
electromagnetic emission [1, 2].

MgAlL,O, crystals are grown by different
technologies such as the Verneuil [3, 4],
float-zone [5, 6], micro-pulling-down u-PD
[7, 8] and Czochralski methods [4, 9-13].
Nowadays the last technology is mostly used
for obtaining crystals with a diameter of
>20 mm (L = 50-70 mm) and high optical
and structural quality [13]. Due to the high
melting temperature of the spinel (~ 2100°C),
the growth technology requires the use of
expensive crucibles made from Ir [10, 12,
13] or Ir-Re [7]. However, their opera-
tion/service temperatures are close to the
melting temperature of iridium (2466°C)
that essentially shortens the lifetime of the
crucible and raises the cost of the growth
process. In this connection, the development
of iridium-free technology becomes a topical
problem. In [14] there were reported the
results of the growth of MgAI,O, crystals
(50 mm in diameter and 25 mm in length)
with a composition close to the stoichiomet-
ric one. The crystals were obtained by the
heat exchanger method (HEM) in protective
Ar atmosphere using comparatively inexpen-
sive Mo crucibles. However, in the afore-
mentioned study, the spinel crystals of opti-
cal quality were not grown due to the for-
mation of molybdenum and corundum
inclusions in them.

The goal of the present work was to real-
ize the thermodynamic analysis of the con-
ditions for growing MgAl,O4 crystals in pro-
tective gaseous media and to study the
phase, stoichiometric and impurity composi-
tion of the crystals obtained by the method
of horizontal directed crystallization (HDC)
using molybdenum crucibles.
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2. Thermodynamic analysis

Preliminary estimations of the influence
of the value of oxidation potential of the
medium in the crystallization chamber on
the composition of MgAI,O, the gas phase,
the processes of mass transfer and the in-
teraction of the products of MgAl,O, disso-
ciation with the crucible material were
based on studying vaporization thermody-
namics of MgAI,O,.

As established in [15-18], evaporation of
MgAl,O,4 occurs mainly by heterogeneous re-
actions typical for evaporation of individual
oxides:

MgOg = MgQ,, (1)
MgO, = Mgg + 0, (2)
AlLOz = 2Al + 30, (8)
AlLLO; = 2AI0 + O, (4)

AlLO; = AlLO + 20. (5)

According to the literature data [15-18],
in the entire range of the compositions, ex-
cept for the edge one (100 mol. % Al,O3),
the gas phase over the system Al,O3;—MgO
mainly contains the three components —
Mg, O,, O, the concentration of the prod-
ucts of Al,O; dissociation is essentially
(more than by an order of magnitude) lower
than that of MgO.

Changes in the gas phase composition
over an oxide due to the mass transfer be-
tween the oxide and the environment can be
illustrated through the volatility diagram
[19] — the dependence of the value of equi-
librium partial pressures of the dissociation
products over the condensed oxide phase on
the pressure of oxygen. Fig. 1 presents the
results of the calculations of the composi-
tion of MgAI,O, gas phase at changing:

Po =P} - (KPOy, (6)
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Ppo,= PR P& - (KPALOy™,  (8)
Ppio = Pp - Po - (KPAIO) T, 9

Pp o =Pk - Po - (KPALOYT, (10)

Ppjo, = Pp+ Po, - (KPAIOy, (A1)

Pp o, =Pf - Po, - (KPALOy™,  (12)
Pygo = Klgos (13)

Pyg = Kfjgo - Pugo - (Po)™! (14)

In given calculations, the values of disso-
ciation constants (KP) and the reactions of
congruent evaporations (K') were taken
from [20, 21].

As seen from the diagram, the
stoichiometric composition of MgAl,O, cor-
responds to the minimum of the total pres-
sure Py = P,,. In the medium with Py # P,
there is observed nonstoichiometric evapora-
tion and the shift of the vapor composition

towards the decrease of ZPO at Py < P,

and of 2Py, 2Pyg at Po > Py, (see Fig. 1).

The dissociation equilibrium will be shifted
up to achieving the stationary state charac-
terized by equality of the ratios of the flows
of gas-phase components and the
stoichiometric coefficients of the compounds
depending on external conditions (the oxy-
gen potential of the medium and the tem-
perature).

The partial pressure of oxygen in the gas
phase over an oxide can be estimated using
the balance ratios determined from the
stoichiometric coefficients of the compound
[22]. Since the main components of MgAl,O,
gas phase are Mg and MgO ([15-18], see
Fig. 1), evaporation of MgAI,O, can be de-
scribed by the simplified balance equation
which coincides with the equation for MgO
evaporation:

Yo =D JIvg (15)

where
YJo=Jo+Jo, + Jugos (16)
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Fig. 1. Dependences of equilibrium partial
pressures of P, components and total pressure

ZPi in MgAlL,O, gas phase on atomic oxygen
i

pressure at T = 2408 K. P, is atomic oxygen
pressure in gas phase of stoichiometric
AlV,05 and MgAL,O,.

As shown in [23, 24], in the case when
the medium over the condensed oxide phase
(a raw material, a melt, growing crystal)
contains reducing components, and while re-
duction of the oxide and its dissociation
products CO and H, is thermodynamically
probable, the oxygen of the oxide carries-
over not only by own dissociation products
containing oxygen but both by CO,, H,O
and by the products of reducing reactions of
the condensed oxide and gas-phase compo-
nents under the interaction with CO and
H,. For MgAl,O4 such reactions are the fol-
lowing:

ALO; + CO «> 2A10 + CO,, (18)
16Al,05 + CO > 16ALO + CO,,  (19)
LsALO; + CO > 25A1 + CO,,  (20)
ALO; + Hy > 2AI0+H,0, (21)
LoALO3 + Hy <> 12ALO + Hy0,  (22)

Functional materials, 28, 4, 2021
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T5AL,05 + H, <> 28Al + H0, (28)
MgO + CO « Mg + CO, , (24)
MgO + H, <> Mg + H,O , (25)

AlO + CO < Al + CO,, (26)
AlLO + CO « 2Al + CO,, (27)
AlO + H, <> Al + H,0, (28)
ALO + H, < 2Al + H,0, (29)
CO + 140, > CO,, (30)
H, + 120, <> H,0, (31)

H,O + CO > H+CO (32)

N

In this case:
_ S (33)
> IE=DJo+ JEo, + 0

where Y'Jq is the sum of flows of the oxide

dissociation products which contain O (16);
JRo. + J¥. o, the flows of the products of
2 2

the reducing reactions of MgO and its disso-
ciation products (24), (25), (30), (31).

Under the stationary conditions the flow
of the dissociation products through the
crystallization chamber medium (Ar, CO +
H,) can be described through the equation
[30]:

TS b, (P? - P‘{") part. em2 - 571, (34)

where i is the vapor component (Mg, MgO,
0, O,, CO,, Hy0); 0, the accommodation
coefficient;

P, = P,S, the pressure of the dissociation
products over the oxide surface under the
stationary conditions; P;~, the pressure of
the dissociation products outside the diffu-
sion zone (in the calculations it was as-
sumed that P, > P).

b= [BM + BL, ) (83)

where B and B¢, are the kinetic coeffi-

cients of evaporation of the vapor compo-
nents in molecular and diffusion mode:
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pm=(2n- M, R-T)", (36)
?—m =D; - (8-R- T)il’ (87

where M; is the mass number of MgAI,O,
dissociation products (Mg, MgO, O, etc.); ,
the temperature, K; T, the diffusion coeffi-
cient of the particle (Mg, MgO, O, etc.) in
the medium CO + H,, Ar, Ar+ CO + H,,

cm2.s71; §, the size of diffusion zone, cm.

In practice, the size of the diffusion
zone, i.e. the distance at which the condi-
tion P? > Py is satisfied, is a real techno-
logical parameter and depends on the area
of the melt, the area and temperature of the
carbon-graphite heat shields, convective
processes in the crystallization chamber,
etc. [26]. Under real conditions, all the
above-mentioned parameters are hardly con-
trolled. In the calculations, the size of the
diffusion zone was assumed to be less than
or about the height of the sides of the cru-
cible over the surface of the condensed
phase (the raw material, the melt, the grow-
ing crystal) (= 0.3-0.5 cm).

At ™ <<|p? Eq. (84) is transformed into
the Hertz-Langmuir equation for the flow
of particles, at oo =1, it defines the maxi-
mum achievable theoretical rate of evapora-
tion into vacuum. The pressure of the me-
dium starts to influence the rate of evapo-
ration when its value achieves the critical
magnitude P*. For evaporation of MgAI,O,4
dissociation products in Ar medium the said
value is ~ 21072 torr [28]. When the pres-
sure of the medium considerably exceeds P,
the evaporation rate is limited by the diffu-
sion of the vapor components through the
medium.

The value of D; was determined from the
relation [32]:

(38)
ANMY T+ (M)

D; =
=1.8583 1073 . L;z
Pm ’ Gi—mQD
where P, = P(CO + H,, Ar, Ar+ CO + H,) is
the total pressure of the medium, atm;
O;,_n» the intermolecular distance; Qp, the
collision integral.

The values of o;_, and Qp were calcu-

lated using the reference data [26, 27].

At temperatures exceeding the melting
point the accommodation coefficient o =1
[25], within the temperature interval 500-
2300 K o#1, however, such a correction
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does not result in essential changes in the
calculation results.
P§ value is connected with Pgp, Ppp,

Péo2 and Pﬁzo by the equilibrium constants

of the reactions (30), (31), i.e.:
PRo,=Pg - Pco - Keo, (39)
P§ o =P§ - Py Ky 0 (40)

where K002 and KHZO are the constants of

the said reactions.

Taking into account the above-mentioned
parameters, the values of the dissociation
constants of O, (K{-))2 and MgO (Kfjyo and of

the reaction of MgO Kl‘\//IgO congruent evapo-
ration [20, 21], Eq. (15) can be used to ob-
tain the expression for calculation of the
pressure of atomic oxygen in MgAI,O, gas
phase for the composition MgO-Al,O3)
under the stationary reducing conditions in
the medium with preset values of partial
pressure of the reducing CO and H, compo-
nents:

A-(P%)3 + B-(P%)2 - C-(P%) -F=0, (41)
where

A=2bg - (KB)T, (42)

B = bo + b002 . K002 . PCO + (43)

+ 04,0 Kno- Pu,s
C = bygo - Kligo - Kfigo» (44)

F = byg - Kiigo - Kfigos (45)

In Fig. 2 the calculated pressures of
atomic oxygen in MgAl,O, gas phase
under neutral conditions (Ar atmosphere,
P, =1 atm), in CO + H, medium at/under
a pressure of = 0,5 torr and in Ar+ CO + H,
gas mixture are compared with the tabu-
lated data from [22] (curve 1") and the ex-
perimental data from [18] (curve 6), ob-
tained under the reducing conditions in-
duced by the interaction of oxygen with the
material of molybdenum effusion container.

The dependence of P& on the total pres-

sure of the medium (P,), is insignificant
(curves 3, 3’ in Fig. 2), and is defined pre-
dominantly by the change-over from mo-

768

L i

1800 2000 2200 240 T, K

Fig. 2. Calculated values of partial pressure
of atomic oxygen in MgAl,O, gas phase under
neutral conditions: I — P, =1 atm, 1" —
literature data [9], 2 — in Ar + CO medium,
P =0.5 torr, 3 — in Ar+ CO + H, me-
dium, Poq = 0.5 Torr, Py, =0.1Po, 8’ —
in CO+H, medium, Pgo= 0.5 torr, Py, =
0.1P;5, 4 — in Ar+ CO medium, Pgyg=
3 torr, 5 — in Ar + CO + H, medium, Pyq =
3 torr, Py, = Ogqg, 6 — literature data [14].

lecular evaporation (when b; = B/* ~ M;71/2)

to diffusion evaporation (b; = B¢, ~ D;_,).

At the same time, the dependence of Pg on
the partial pressure of the reducing compo-
nents of the medium is more essential, since
it gives rise to a violation of MgAl,O4
stoichiometry related to oxygen.

Using the obtained values of P and (of)

the corresponding dissociation constants,
one can estimate the magnitudes of PMgS’

Piigos P> PRios Pﬁlzo from the expressions

(6)-(14), and the corresponding flows of
MgAl,O, dissociation products from (34)
(Fig. 3).

Correctness of the performed estimations
can be believed by a good coincidence of the
rate of MgAl,O,4 evaporation calculated from
the sum of the flows of dissociation and
reduction products in the media with differ-
ent compositions (for 6 values on the order
of the height of the crucible sides over the
melt =0.3-0.5 cm), with the experimentally
obtained values of evaporation rate in the

Functional materials, 28, 4, 2021
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Fig. 8. Calculated values of flows of Al (1-5)
and Mg (1’-5") particles at evaporation of
MgAl,O, in the interval of § ~ 0.3-0.5 cm.

1, —in Ar+20 % O,, 2,2 — Ar, 3,83 —
Ar+CO+H,, Pgg = 0.5 torr, Py, = 0.1Pg,
4, # — Ar+CO +H,, Psg=38 torr, P, =
Poo (P, =1 atm). 5, 5 — in CO+H,, Peg =
0.5 torr, PH2= 0.1Pcn (Pm=0,55 torr). The

points denote the experimental data obtained
during evaporation of MgAl,O, in Ar + CO +

medium Ar+ CO + H,, Pgo=0.5-1 torr,
PH2 = 0.1P¢p (shown by points in Fig. 3).

As follows from the obtained estima-
tions, the presence of reducing components
in the growth medium results in violation
of the stoichiometry of MgAI,O, related to
oxygen and raises the evaporation rate.
Consequently, it leads to a loss of Mg which
is more essential than the one for neutral
conditions and violation of MgO-Al,O3
stoichiometry forward to Al,O3; with sub-
sequent inhomogeneity of the composition
of the crystal along its length. Under real
crystallization conditions, the loss of Mg may
reach 5-7 wt. % depending on the ratio of
the geometric parameters (area — volume) of
the melt and the crystallization time.

At the same time, the reducing condi-
tions in the crystallization chamber that di-
minish P8, allow weakening the intensity of

mass transfer of the crucible material. This
fact is confirmed by comparing the calcu-
lated values of the pressure of Mo oxida-
tion to MoO, and MoOj3; condensed oxides
(curves 7, 8 in Fig. 2) with the values of
P§ in MgAlL,O, gas phase under different

Functional materials, 28, 4, 2021

reducing conditions (Curves 1-5). The pres-
sure of oxygen necessary for the formation
of MoOj is higher than the one in MgAI,O4
gas phase even under neutral conditions.
MoO, can be formed under neutral condi-
tions. Under the reducing conditions when
the pressure of the reducing component ex-
ceeds 0,5 torr the partial pressure of oxy-
gen in  MgAlL,O, gas phase becomes lower
in comparison with the one necessary for
the formation of MoO,.

The performed estimations allow deter-
mining the optimal composition of the re-
ducing atmosphere that makes it possible to
diminish the intensity of mass transfer for
the crucible material and, at the same time,
not to lead to essential violation of MgAl,O,
stoichiometry. The real technological crystal
growth parameters were established experi-
mentally taking into account these estima-
tions.

3. Experimental

MgAl,O, crystals with the dimensions
110x70x20 mm were grown by the method
of HDC [28, 28] in the protective atmos-
phere based on the mixture of argon and
the reducing additions CO and H, under a
total pressure of ~1 atm. As an initial raw
material, there was used MgAI,O4 powder
(99.7 wt%, 0.3 wt. % of AlLO3, Baikowski),
sintered in the form of tablets at
1500°/4 h.

The impurity composition of the grown
crystals was studied by the method of in-
ductive coupled plasma-atomic emission
spectroscopy.

For X-ray phase analysis there was used
a diffractometer Siemens D500 (CuKa radia-
tion, graphite monochromator, © — 20 ge-
ometry, point  scintillation  detector
5°<20<110, A20 = 0.02°).

The quantities of magnesium and alumi-
num for stoichiometric calculations were de-
termined by direct complexometric titration
in alkaline medium with a dark blue acid
chrome indicator. For elimination of inter-
fering influence of aluminum there was
used triethanolamine. The content of alumi-
num was determined by reverse com-
plexometric titration using the solution of
cuprum dichloride in acetate medium with
1-(2-pyridylazo)-2-naphthol used in the ca-
pacity of an indicator. The stoichiometry of
the crystals was estimated using the coeffi-
cient x (MgO-xAl,O3) corresponding to the
molar ratio of Al,O3 to MgO.
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Fig. 4. The part of MALO crystal 2 of optical
quality grown by HDC method.

4. Results and discussion

MgAl,O, crystals were obtained under the
same growth conditions (the temperature re-
gime, the composition of the gas medium), but
at different crystallization rates v: 8 mm/hr
(crystal 1) and 8 mm/h (crystal 2). The grown
crystals were shaped like rectangles with
dimensions up to 110x70x20 mm. The in-
itial part of the crystal (~ 30 mm) of a char-
acteristic yellow-brown color was transpar-
ent and did not contain visible inclusions
and light-scattering centers (Fig. 4),
whereas the remaining part was turbid.

Fig. 5 presents the typical XRD patterns
of the transparent part of the crystal. The
composition corresponds to the magnesium-
aluminum spinel MgAI,O, with the cubic
structure of Fd3m symmetry. The analysis
of the turbid part of the ingot revealed an
extra phase of Al,O3 in the form of corun-
dum with R3¢ symetry.

The performed analysis of the content of
magnesium and aluminum in the crystals
shows that for both crystals there occurs
violation of the stoichiometry along their
length (from the "nose™ to the "tail™) due to
magnesium depletion. The composition of
such non-stoichiometric spinel crystals is
described by the general formula
MgO-xAl,O3, where x > 1. Thereat, with a
lower crystallization rate, the loss of mag-
nesium is essentially more sufficient, and
the intensity of evaporation from the melt
is higher. For crystal 1 (v =38 mm/h) the
coefficient x increases along the crystal
length from 1.1 to 1.88 (Fig. 6, line ). For
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Fig. 5. XRD pattern of MgAl,O, crystal.
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Fig. 6. Distribution of the coefficient x over
the length of MgO-xAl,O; crystals grown at
crystallization rates : I — 38 mm/hr, 2 —
8 mm/hr.

Table 1. Distribution of crystal lattice pa-
rameter a and of coefficient x along the
length of MgO-xAlL,O; crystal grown at
8 mm/h crystallization rate

Lattice .
parameter a, A

Distance from | Coefficient x

crystal "nose”,

CcIn
1.08 8.08253(8)
1.11 8.07942(11)
1.14 8.06520(13)

Crystal 2 (v =8 mm/hr) x grows from 1.08
to 1.8 (Fig. 6, Line 2).

As the spinel stoichiometry violation
rises, the crystal lattice parameters de-
crease. For Crystal 2 the increase of x from
1.08 to 1.14 the parameter a grows from
8.08258(8) to 8.06520(13) A (Table 1).

In the stoichiometric spinel MgAI,O,
MgZ* ions occupy the tetra positions,
whereas AIR* ions are located in the octahe-
dral environment. If the stoichiometry vio-
lation is caused by the loss of magnesium,

Functional materials, 28, 4, 2021
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Table 2. Results of impurity analysis of MgO-xAl,O5 crystal

Content of element, wt.%

Co, W, V Ba, Cr Cu, Mn

Cd Ni Pb

<5-1074 <5-10°8 <2104

<1104 <2108 0.001-0.018

some AIR* jons are transferred to the formed
tetrahedral vacancies. Thereat, for charge
compensation, there are formed octahedral
vacancies [29, 30]. Since the radius of AIS*
in the tetrahedral position (r(APR*,) =
0.89 A) is essentially smaller than Mg2* ra-
dius (r(Mg2*D})) = 0.57A), such substitution
diminishes the lattice volume and, conse-
quently, its parameter.

The element analysis of Crystal 2 shows
a low content of the impurities (Table 2).
The content of molybdenum in different
parts of the crystal ranges from 0.001 to
0.018 wt% . The maximum concentration is
observed in the near-surface part of the
crystal. This confirms the idea that the
basic contribution to the contamination of
the crystal by the crucible material is
caused by the volatile oxides that resulted
in oxidation of crucible material followed by
their transfer to the surface of melt [23].

5. Conclusions

There were performed thermodynamic es-
timations of the influence of the value of
the oxidative potential of the atmosphere in
the growth chamber on the composition of
MgAl,O4 in the gas phase, as well as on the
processes of mass transfer and interaction
of MgAL,O, dissociation products with the
crucible material (molybdenum).

Such estimations allowed to establish the
optimum composition of the protective at-
mosphere (Ar+ CO + H,) and the techno-
logical parameters of the growth of MgAl,O4
crystals by the method of HDC. That made
it possible to lower the intensity of molyb-
denum mass transfer and to prevent an es-
sential violation of MgAIl,O, stoichiometry.
The crystals with the composition corre-
sponding to that of MgAl,O, magnesium-
aluminum spinel with the cubic structure of
Fd3m symmetry were obtained. Along the
length of the crystals, there was observed
insignificant deviation from the
stoichiometric composition (up to x ~ 1.3)
caused by partial evaporation of magnesium
oxide. The initial part of the crystal was
transparent, without both visible inclusions
and light-scattering. The element analysis
showed that this did not lead to consider-
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able contamination of the crystals by the
crucible material (M0<0.018 wt%).

Thus, the obtained results prove the pos-
sibility of the growth of magnesium-alumi-
num spinel crystals of optical quality from
the melt without using expensive iridium cru-
cibles in protective gaseous media. Further
improvement of the parameters of crystals
requires a more detailed study of the struc-
ture, optical properties of crystals and opti-
mization of the technological conditions.
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