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The investigations of X-ray diffraction in magnesium aluminate spinel crystals of
stoichiometric and non-stoichiometric compositions grown by Verneuil method were pro-
vided. It was revealed the decrease of MgO content at periphery to compare with that of
center of crystals. The block structure of these crystals was revealed and the origin of it
is discussed. There were also investigated spinel crystals grown by Czochralski method as
nominally pure and doped with Mn to concentrations of 0.02, 0.04, and 0.1 mass.% . The
absence of variation of composition across of radius of crystals in Czochralski grown
spinel crystals was observed. More high mechanical parameters were obtained for Czochral-
ski grown crystals.

IIpoBefieHLI PEHTreHOBCKME AUPPAKTOMETPUUECKNEe WCCAeJOBAHNA KPUCTANJIOB MATHUH-
ATIOMUHNEBON IIMUHEIN CTeXMOMETPUUECKOT0 U HeCTeXMOMETPUUYECKOT0 COCTABA, BLIPAIleH-
HLIX MeToZoM Bepmeitnsa. PaguanbHoe pachopefesieHne COCTaBa KPUCTAIJNOB IOKA3LIBAET
ymenblienue cogep:xanus MgO Ha nmepudepum Kpucraiia IO CPABHEHUIO ¢ €r0 ILEHTPOM.
OGuapyseHa 0J0YHAS CTPYKTYPa dTUX KPUCTAIJIOB U obcy:Kmaerca ee npupoga. HMcecaemnosa-
HBbl KPUCTAJIBl MAarHUN-aJIOMAHAEBOH MINMMHENN, BeIPAIleHHbIe MeTOAOM J0XPalbCKOTO, HO-
MUHAJIbHO YKMCThie 1 JeruposanHsie Mn no xommenrpamuit 0,02; 0,04 u 0,1 mace.% . O6ua-
PYKEHO OTCYTCTBHE M3MEHEHHS COCTABa BIOJbL PAINyCa KPUCTAJJIOB, BEIPAIIEHHBIX METOILOM
Yoxpanbsckoro. Bojiee BLICOKME MEXaHNUYECKNE XAPAKTEPUCTHUKY IIOJYUYEHBI IJId KPHCTAJNIOB,
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BBIPAIIEHHBIX MeTOgO0M H0oXpaJabCKOTo.

Due to excellent physical and chemical
properties of spinel crystals they are very
attractive for application in science and
technology. Particularly, spinel crystals are
considered as substrates for microelectron-
ics [1], matrices for fabrication of optical
nano-devices [2] and high brightness and
good contrast phosphor screens [3], fiber-
optics temperature sensors [4], ete. The
crystalline structure of MgAl,O, spinel is a
face-centered cubic lattice of oxygen ions.
The unit of spinel consists of 8 molecules
MgAl,O, and 82 oxygen ions form 64 tetra-
hedral and 32 octahedral sites, which are
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occupied by eight Mg2* ions and sixteen AI*
ions, respectively. Such cationic distribu-
tion is called "normal” and observed only in
natural spinel crystal, but in synthetic crys-
tals up to 80 % of pairs of magnesium and
aluminum ions interchange their position
leading to formation of partially "inverse”
spinel structure. Besides this, spinel struc-
ture could be formed in the wide range mole
concentration of constituent oxides
MgO-nAl,O5 of 1.0 <n <3.5 which leads to
formation of additional cationic vacancies
in spinel lattice. Both facts are dependent
on the crystal growth conditions and define
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the final properties of grown crystals. In
this work we provided the comparative in-
vestigations of structural and mechanical
characteristics of spinel crystals grown
from the same starting materials by
Verneuil and Czochralski methods.

The precision measurements of lattice
parameters were conducted by using dif-
fractometer DRON-3M in radiation of the
copper anode. There was used a reflection
from planes (931) at the angle of diffrac-
tion 206 = 180.78°. The good resolution of
K, and K 5 doublet has allowed to calculate
the center of gravity of diffraction line
from CuK,; radiation with the wavelength
L =1.54051 A. Because the crystals grown
by Verneuil method are block-like, there
were used narrow slits equal to 0.05 mm on
collimator and counter which allowed tracking
the variation of lattice parameter on the di-
ameter of crystal. Inaccuracy of measureoments
of lattice parameter was about 2 - 1074 A.

Mechanical characteristics of crystals
were evaluated by measuring of microhard-
ness and fracture toughness K;. There was
used the micromechanical method of meas-
urement suggested by A.G.Evans and devel-
oped by V.I.Trefilov and Yu.V.Mil’'man for
fragile and quasi-fragile materials [5]. This
method is based on the local loading of
crystal by using Vickers pyramid at the cho-
sen weight P until at the corners of print
there appear cracks, and determination of
ratio between sizes of plastic print (diago-
nal-2d) and length of radial cracks (c¢). The
value of K;- was defined by formula:

Kic=(NHd®-3/®) - (E®/H)04, )
where H = 1854P/(2d)? kg/mm? is the mi-
crohardness at load P in gram, 2d is the
diagonal of print in um, E is the Young’s
modulus, N is the empirically found propor-
tionality factor which depends on the ratio
(c/d), ® — factor taking into account the
roughness of surface at the opening a crack
(® = 3). The optimal value of load P was
chosen in such a way that the ratio of the
crack length to the size of print should be
in the interval 1.7 < (¢/d) <5 and corre-
spond to the saturation in the function
K;c = f(P). In our case the value of weight
was P = 250 g. The loading was conducted
automatically by using commercial hardness
meter PMT-3. The surface of samples was
carefully polished. The Young’s modulus for
magnesium aluminate spinel was taken accord-

448

N, 1072
B o.
—
e ‘ ~=—Median cracks
3t i\”\
Palmquist craks | n\u\
‘0,
2r e 2
o
D\u\u
\u\n 4
\D
1F "a
L L L L 1
2 3 4 5 cid

Fig. 1. Empirical dependence of N = f(c/d).

ing to paper [6] equal E = 25.8 - 104 MN/m2.
The experimental inaccuracy in determination
of K;- was about 10 %.

For calculation of value K, the authors
of paper [7] suggested the Niihara formula
as optimal one in the case of Palmquist
cracks creation at the indentation:

K. = (2)
=0.035(Hd0-3/ O)ED/ H)'4c/d - 1)0-5,

where ® =3, interval of ratio
1.25 <c¢/d £ 3.5. By comparison of (1) and
(2) expressions we found, that empirical de-
pendence of N = f(c/d) in chosen method is
identical to Niihara dependence of
0.035(c/d — 1)79:5 and in the given interval
of (c/d) < 3.5 the difference in graphs is
negligible (Fig. 1). Such interval of ratio
(¢/d) was used in our experiment.

Magnesium aluminate spinel crystals
were grown by Verneuil method at the
growth rate of 5 + 20 mm/h by using H,—O,
burner as a heating source. The composition of
crystals MgO - nAl,O3 was varied n = 1.0 + 2.5
as for nominally pure and for doped with
ions of transition metals.

The stoichiometric spinel crystals
MgO - 1.0Al,O05 have orientation of [100]
and developed net of block structure. In
Fig. 2a the tilting curve for reflection plain
of (931) was taken from bulk of
stoichiometric crystal, when narrow slit in
collimator of 0.05 mm was used. The shape
of this curve indicates the existence of two
blocks with disorientation of 6’. There was
found that disorientation of blocks was var-
ied in the range from 6 to 20'. According to
the blocks classification suggested in paper
[8] this substructure is the third order and
corresponds to sizes of blocks of 10+
100 pm. Due to the use of the narrow colli-
mator slits it was possible to measure the

Functional materials, 12, 3, 2005



G.I1.Belykh et al. / Structural and mechanical ...

a) b)

06
0.4

02

i

0.0 1 1 I;I 1
130.5 131.0 133.5

L ]
134.0 20,deg’

Fig. 2. The tilting curve for reflection plain
of (931): CuK ; radiation, the width of colli-
mator slit of 0.05 mm. (a) — stoichiometric
spinel crystals, two blocks of disorientation
angle of 6’. (b) — non-stoichiometric spinel
crystals, three blocks of disorientation angles
of 8 and 12'.

variation of lattice parameter along of crys-
tal radius (Table 1). It was obtained that in
the center of stoichiometric crystal a =
8.0830 A and at the periphery a =
8.0760 A.

In Table 1 the variation of the lattice
parameter and impurity concentration (in
wt. %) of Fe, Cr, and Mn is presented as
measured by method of fluorescent analysis
with spectrometer SPRUT. Such quantita-
tive changes of impurities along crystal ra-
dius could not be the reason of decreasing
of lattice parameter. During the crystal
growth the composition of crystal changes
from the center to its edge. According to
dependence of lattice parameter on the
molar composition of crystal [9] we found
the change of n = 1.0 at the center ton =1.2
at the edge of crystal. Such decrease of lat-
tice parameter along the crystal radius was
obtained also in paper [10] and explained by
displacement of access of aluminum oxide
to periphery of crystal.

In our opinion such effect is related to
temperature gradients of hydrogen-oxygen
flame. It was obtained for studed crystals
that the temperature at the axes of torch is

lower to compare with that at periphery and
it causes the higher evaporation of MgO at
the edge of growing crystal. The sizes of
powder particles are usually about 10 +
40 pm. At the melting in the flame they
became as much as 20 times smaller and,
because of the different temperature of
evaporation of magnesium and aluminum
oxides, the ratio of components Al,O;/MgO
in particles will be different in the center of
torch to compare with periphery. Such
melted particles of several micrometers in
sizes are getting the growth zone at the
surface of crystal. The growth of crystals
realizes by cellular mechanism because of
different stoihiometric composition parti-
cles and high rate of crystal growth. There
are incoherent nucleus growing together
which leads to formation dislocation bounda-
ries and development block structure.

According to recommendation of paper
[11] by choosing ratio of torch length (L) to
distance from burn to melting surface (D) it
is possible to regulate the temperature gra-
dient along the radius of growing crystal.
In the case L > D the center of melt is
washed by colder gas to compare with pe-
riphery. The temperature of center in-
creases at small values of L/D. Therefore by
variation of ratio L/D and taking into ac-
count of the temperature of muffle furnace
it is possible to get the optimal condition of
crystal growth at constant temperature and,
consequently, the uniform composition
along the radius of crystal.

As it was indicated in introduction,
spinel crystals grown at high temperature
conditions are partially disordered. The par-
tially inverse structure of spinel MgAl,O,
could be written [Mg,_,AlLJ(Alo_,Mg,)O,, i.e.
the part of Mg2*-ions (x, atomic fraction) in
tetrahedral positions is replaced by AlS*-
ions, the same amount of Al3*-ions in octa-
positions is replaced by Mg2*-ions. This
leads to deformation of sizes of correspond-
ing polyhedrons.

Table 1. Variation of lattice parameter and impurity concentration (mass.%) along radius in

stoichiometric spinel crystals grown by Verneuil method

Center 1 mm 2 mm 3 mm 4 mm Edge
20,,.x 130.75° 130.79° 130.80° 130.83° 130.87° 130.95°
a, A 8.0829 8.0816 8.0812 8.0803 8.0790 8.0764
Fe 0.07 0.003 0.026 0.04 0.013 0.005
Mn - 0.004 0.003 0.01 - -
Cr - 0.005 0.005 0.005 - -
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Table 2. Variation of lattice parameter and
impurity concentration (mass.%) along ra-
dius in non-stoichiometric spinel crystals
grown by Verneuil method

Center 2 mm 6 mm Edge
20, 0x 133.32° | 133.34° | 133.68° | 133.99°
a, ® 8.0026 | 8.0020 | 7.9918 | 7.9826
n 2.2 2.2 2.4 2.7
Fe - - - 0.005
Mn - - 0.024 -
Cr - - 0.023 -

By using experimegltal value of lattice
parameter a = 8.083 A for stoichiometric
spinel crystals n = 1 and method suggested
in paper [12] we calculated the oxygen posi-
tional parameter u, the distance cation-
anion Ry in tetrahedral sites and R, the
same in octahedral sites, and also inversion
parameter x:

©=0.4983-a-3.766, u=0.26176, (3)

Rp=aV(0.5 - u)? + 2(0.25 - u)?,  (5)
Ry =1.93041 A,

u=0.2651-0.0123x, x=0.2715. (6)

Non-stoichiometric spinel crystals grown
from powder of composition n = 2.5 was
also investigated. These crystals were ori-
ented in the crystallographic direction of
[110]. The lattice parameter along theo ra-
dius of crystal changed from 8.0026 A at
the center to 7.9826 A at the periphery
(Table 2), which corresponds to variation in

composition from n = 2.2 to n = 2.7. These
crystals have also developed net of block
structure with block sizes of 10 — 100 um.
In Fig. 2b the tilting curve for reflection
plain of (931) is presented for non-
stoichiometric spinel crystal. The shape of
this curve indicates the existence of three
blocks with disorientation angles of 8 and

12'. As in a case of stoichiometric crystals
the diffraction angle and lattice parameter
are varied along of radius of crystal. Never-
theless, in the case of non-stoichiometric
spinel crystals the changes of lattice
parameter along of radius was equal
Aa = 0.02 A to compare with Aa = 0.007 A
for stoichiometric spinel.

The reason of these changes is the exist-
ence of temperature gradient in torch, and
as a consequence the non-uniform evapora-
tion of MgO as in the course of melting
powder particles and also from the surface
of melted layer.

The fracture toughness K;- becomes a
generally accepted feature of mechanical
characteristics of material. The value of
K, was determined by using indentation
method measuring the size of diagonal of
prints (2d) and length of radial cracks (¢).
These data are presented in Table 3 and
were used for calculation of microhardness
(H) and fracture toughness (K ;o).

Nominally pure spinel erystal grown by
Verneuil method have the minimal value of
fracture toughness K;; = 1.3 MN/m3/2. This
value is consistent with fracture toughness
calculated by using expression [13]:

Ko =oE - ra, (7

where parameter o = 0.1, E is the Young’s

modulus, a is the lattice parameter (¢ = 8.08 A),
E,c=1.8 MN/m3/2. This formula is based

Table 3. Experimental data of average diagonal of prints (2d), length of radial cracks (c), and
calculated values of microhardness (H) and fracture toughness (K,,) of crystals grown by

Verneuil method

Crystal composition, doping ¢, pm d, um H, kg/mm? K MN/m3/2
Stoichometric composition (n = 1.0)

Nom. pure. 29.3 8.4 1632 1.3

Fe, 0.01 mass.% 22.8 7.8 2189 1.8

Mn, 0.01 mass.% 23.2 8.6 1585 1.9

Cr, 0.01 mass.% 25.5 8.4 1656 1.6

Non-stoichiometric composition
n=1.5 28 8.7 1531 1.4
n = 2.5; Mn 23.4 8.5 1608 1.9
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Table 4. Variation of lattice parameter along radius in stoichiometric spinel crystals grown by

Czochralski method

Concentration of Mn Orientation Angle of deviation a, A
Center Edge
Nom. pure [310] 3.8° 8.0845 8.0848
0.02 mass. % [310] 4° 8.0845 8.0842
0.04 mass. % [310] 1.8° 8.0848 8.0842
0.1 mass.% [100] 4° 8.0838 8.0858

on the mechanism of destruction as a se-
quence of breakup of inter-atomic bindings
at the top of the crack.

Doping with Fe and Mn at the concentra-
tion of 0.01 mass.% leads to increasing of
fracture toughness to K;o = 1.9 MN/m3/2,
also the introduction of iron leads to the
highest value of microhardness. From the
precision X-ray data it was revealed that in
natural spinel Fe2*-ions replaces Mg2* in
tetrahedral positions, but Cr3*-ions replaces
AR* in octahedral positions [14]. We regis-
tered the high value of fracture toughness
for non-stoichiomertic spinel erystals doped
with manganese, which usually replaces
Mg2*-ions in tetrapositions.

By using Czochralski method spinel crys-
tals were grown in iridium crucible and
argon atmosphere at high frequency heat-
ing. The speed of pooling was about
1 mm/h. The nominally pure and doped
with Mn to concentration of 0.02, 0.04 and
0.1 mas.% stoichiometric spinel crystals
were investigated. The data on lattice pa-
rameter measured in the center and on the
edge of single crystals are shown in Table 4.

The main feature of spinel crystals
grown by Czochralski method is the some
higher wvalue of lattice parameter for
stoichiometric crystals and the absence of
block structure. As can be seen from Table
4 for nominally pure and doped with Mn to
concentration of 0.02 and 0.04 mass.% the
lattice parameter along of radius of erystal
is constant in the limit of experimental un-
certainty. The direction of crystal growth
was near crystallographic direction of [310]
in the range of 4 degrees. As it was indi-
cated in paper [15], in practice, the crystals
grow from melt with orientation close to

tightly packed crystallographic direction
with small angle of deviation.

At the doping crystal with Mn to concen-
tration of 0.04 mass.% the deviation of
crystal growth direction from orientation
[810] becomes less than 1 degree, which
leads to the decrease of the growth rate of
crystal. For crystals doped with Mn to con-
centration of 0.1 mass.% the orientation of
crystal growth changes to direction [100]
which could be caused by influence of dop-
ing ions on the anisotropy of rate of crystal
growth [16]. Also for these crystals there
was observed some variation of lattice pa-
rameter from center to periphery and re-
lated to variation of doping ions concentra-
tion, which was supported by radio-lumines-
cence data of Mn2*-ions in these crystals.
Because Mn2*-ions in spinel crystals have
preferential energy for octahedral sites
equals zero they could be placed in tetrahe-
dral and octahedral positions which leads to
some redistribution of Mg2*- and Al¥*-ions
in cationic sublattice. This effect was used
to produce uniform and transparent spinel
ceramics by hot-pressed technology [17].

The magnesium aluminate spinel crystals
with excess of magnesium containing
1.006(7) of Mg2* and 1.996(4) of AIP* in
formula unit have the value of lattice pa-
rameter in the range a = 8.0844-8.0865 A
[12]. In our crystals grown by Czochralski
method we obtained the average lattice pa-
rameter equals to 8.0845 A.

In Table 5 we present the cumulative
data on spinel crystals grown by Verneuil
and Czochralski methods. It could be seen
that in crystals grown by Czochralski
method the average lattice parameter is

Table 5. Structural parameters of spinel crystals grown by Verneuil and Czochralski methods

Crystals a, A u R,, A R, A x
Verneuil 8.0829 0.2618 1.9147 1.9804 0.27
Czochralski 8.0845 0.2625 1.9254 1.9254 0.21

Functional materials, 12, 3, 2005
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Fig. 3. Dependencies of lattice parameter on
the inversion parameter magnesium spinel
for different crysallo-chemical models: I —
P.Pua model; 2 — P.Pua model corrected (for
radius of cations); 3 — Calculated according
to formula (9)

higher and inversion parameter lower to
compare with that of Verneuil grown crys-
tals.

To explain this data we analyze the de-
pendences of lattice parameters on the in-
verse parameter for magnesium aluminate
spinel crystals. In Fig. 8 we presented the
dependencies of lattice parameter on the in-
version parameter for magnesium aluminate
spinel crystals according to crystal-chemical
model of P. Pua [18], which could be written

a=2.0995 Rp+
+(5.8182 - R} — 1.4107RZ)1/2,

(8)

where Ry was taken as Rp(Mg) = 1.984 A
and Rp(Al) = 1.765 A for Mg and Al ions in
tetrahedral sites, and Ry equals to Rp(Mg) =
2.106 A and Ry(Al) = 1.898 A for Mg and Al
ions in octahedral sites. For normal spinel
structure according to P.Pua model the lat-
tice parameter is equal a = 8.09 A and de-
pendence a on the inversion parameter is

shown in Fig. 3.
Using the latest data [12] for cation-

anion distancgs Rp(Mg) = 1.966 A and
Rp(Al) =1.774 A for Mg and Al ions in tet-
rahedral sites, and Ry equals to Rp(Mg) =

2.081 A and Rp(Al) = 1.908 A for Mg and Al
ions in octahedral sites this value was cal-
culated to be a = 8.0935 A.

By using expression (3) and (6) we can
obtain the linear dependence a = f(x):

a =8.0897 - 0.02468x, 9)

where value 8.0897 A corresponds to nor-
mal structure of magnesium aluminate
spinel (x = 0). The dependence of lattice pa-
rameter on the inversion parameter as
straight line is also shown in Fig. 3.

Therefore, there are two origins for
higher value of lattice parameter in nomi-
nally pure stoichiometric spinel crystals
grown by Czochralski method: (a) the excess
of Mg?*-cations in elementary cell and de-
creasing of inversion parameter x.

The fracture toughness was measured as
for nominally pure so for Mn doped spinel
crystals grown by Czochralski method. The
averaged data are presented in Table 6. Czo-
chralski grown spinel crystals have higher
values of miecrohardness and fracture tough-
ness to compare with that of crystals,
grown by Verneuil method. This could be
explained by the absence of blocks in speci-
mens and more perfect structure at atomic
level, particularly, the lower degree of in-
version.

Our data on the fracture toughness of
spinel crystals grown by Verneuil method
are consistent with measured K, for dif-
ferent planes of single crystals (100), (110),
and (111) which was equal to 1.18, 1.54 and
1.90 MN/m3/2, respectively [19]. Data for
nominally pure spinel crystals K;o=
1.30 MN/m3/2 are somewhat average value
of fracture toughness, but for crystal doped
with Mn the value K;o = 1.90 MN/m3/2 co-
incide with that for (111) plane. To explain
the much higher values of fracture tough-
ness in Czochralski grown spinel crystals we
need to provide further investigations.

Thus, in the magnesium aluminate spinel
crystals grown by Verneuil methods there
was observed the variation of composition
from center to periphery of crystal which

Table 6. Fracture toughness of stoichiometric magnesium aluminate spinel crystals grown by

Czochralski method

Concentration Mn, mass. ¢, um d, pm H, kg/mm2 K. MN/m3/2
%
Nominally pure 18.8 7.8 1914 2.5
0.02 17.7 7.6 2019 2.7
0.04 15.8 7.9 1845 2.8
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caused by non-uniform evaporation of MgO
from the surface of melted particles of pow-
der and from the thing film of melt at the
surface of growing crystal. This effect
could be due changes of radial temperature
in the torch of furnace of crystallization.
Micro blocks in these crystals are formed
due to cellular growth caused by instability
of crystallization front, by the high rate of
crystal growth, and by non-uniform distri-
bution of magnesium along of radius of
growing crystal. The magnesium aluminate
spinel crystals grown by Czochralski method
have more perfect structure. The micro
blocks in these crystals are absent and com-
position of crystals is constant along of ra-
dius. The fracture toughness measured by
using indentation method of nominally pure
Verneuil grown spinel crystals is equal to
K,.=13 MN/m3/2. Doping of these crystals
with transition metals ions of Mn and Fe to
concentration of 0.01 wt.% leads to the higher
resistance to the crack development in doped
crystals. The fracture toughness of spinel crys-
tals grown by Czochralski method has much
higher values of K, = 2.5 + 2.8 MN/m3/2,
Acknowledgemenis. This work was sup-
ported in part by Science and Technology
Center in Ukraine (STCU) Project #2058,
and in part by Ministry of Education and
Science of Ukraine Project #7-13-03.
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MAaTHIiM-aJIOMiHi€BOI IINMiHeJNi, BUPOIIEHUX METOJqaMu
Bepneiiaa Ta YoxpajabChbKOro

r.I.Beaux, B.T.'puyuna, JI1.A.Jlumeunoé, B.6.Konvnep

ITpoBeneno penrtremiBchbKi gudpariiiiini mociaimieHHs KpucraaiB MmMar"ii-aasmominieBoi
mirigenai crexioMeTpHMYHOro Ta HECTEeXiOMeTPUUYHOIO CKJIALY, BUPOIIEHHX MeTomaoM Bepueii-
asa. 3uaiigeno smentenus micty MgO na mepudepii Kpucranis mopiBHsHO 3 #0TO EHTPOM.
3HalizeHo OJOUHY CTPYKTYPY IIUX KPUCTaJTiB Ta 0OTOBOPIOIOThLCA YyMOBHU Ii cTBopeHHsA. [o-
caiyKeHi KpucTasu TUIMTiHeN i, BUpOIleHi MeTogoM YoXpaabCbKOTO, K HOMiHAJIbHO UMCTI,
Tak i akTWBOBAHi iomamMm Mapramiio o Koumenrpariin 0,02, 0,04, ra 0,1 mac% . Coocrepi-
rajacda BifCyTHICTH BMIiHM CKJaLy B3IOBMK paxiyca kKpuctaniB. Binbim Bucoxi Mexamiuni
XapaKTePUCTUKN OTPUMAHO IS KPUCTAJTIB, BUPOMIEHNX MeTOZOM Y0oXpalbChbKOTO.
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