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Abstract In this investigation, glasses from the system
Na,O0/MnO/Si0,/Fe,0O5 are prepared using a conventional
glass-melting technique. During annealing the glass, a
nanocrystalline (Fe, Mn)-based spinel phase is precipitated.
The phase composition and microstructure of the formed
glass—ceramics are studied using X-ray diffraction and
electron microscopy. Anomalous small-angle X-ray scat-
tering experiment is used to gather information on the size,
composition and element distribution for the precipitated
(Fe, Mn)-based nanocrystals. The sizes of the formed spi-
nel crystals, as determined by scanning electron micros-
copy and anomalous X-ray scattering, are in the range from
12 to 50 nm for annealing temperatures in the range from
550 to 700 °C. Annealing for a longer period of time at
temperatures >600 °C results in the formation of a second
crystalline phase, NaFe(SiO3), (aegirine). The ASAXS
data show the formation of core—shell structure for the (Fe,
Mn)-based crystals with core consisting mostly of iron
oxide and a shell, depleted of Fe and Mn. The growth of the
spinel crystals is assumed to be kinetically self-constrained.
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Introduction

In the past few decades, numerous reports on the synthesis
and application of oxide glasses and glass—ceramics con-
taining 3d-transition metal ions were published [1-20].
Oxide glasses with high concentrations of 3d-metals and
glass—ceramics derived hereof containing magnetic nano-
crystals are of both fundamental and practical interest due to
their novel electrical and magnetic properties [21, 22]. The
possibility to precipitate magnetic phases with crystallite
sizes varying from some nanometres to some hundred
nanometres enables a wide range of possible technical
applications. They are, e.g. used as parts of cooling or
shielding devices for various electronic components, as well
as a component of ferrofluids used as solder materials [21].
Furthermore, they possess advantageous elastic properties
if combined with appropriate polymer materials [22].
Depending on the phase composition, size and volume
fraction of the magnetic particles, the precipitated crystals
are used as parts of ferrofluids in magnetic resonance
imaging and in biomagnetic sensors for the detection of
different chemical and biochemical substances [23, 24].
The synthesis of nano-sized magnetic crystals is usually
achieved by using wet chemical routes, i.e. by the preci-
pitation of magnetite (Fe;O4) [25-28] but also of Co;04
and MnFe,0,4 [28, 29] from aqueous solutions. Further-
more, the synthesis of oxide glass—ceramics containing
nano-sized ferrimagnetic or superparamagnetic particles is
reported in the literature [16, 17]. The main problem
associated with the synthesis of oxide glasses with high
concentrations of transition metals using standard melting
techniques is that the corresponding products may crys-
tallize spontaneously [2, 3, 13, 30-34]. This may result in
uncontrolled crystallite sizes and sometimes, phase com-
position [32-34]. The spontaneous crystallization during
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cooling can be avoided or reduced by adjusting the glass
composition (e.g. by decreasing the transition metal con-
centration) or by increasing the cooling rate [16, 17, 30].
Thermal annealing of the obtained glassy products enables
the precipitation of crystalline phases with tailored size
distribution of the particles [16, 17]. Furthermore, glassy or
glass—ceramic materials containing large concentrations of
transition metal oxides may be produced from natural
minerals or wastes. Such glass—ceramics might be used as
building materials, refractories and for the preparation of
pigments [1, 2].

The effect of iron oxides, as well as the presence of a
second transition metal oxide on the phase composition and
microstructure has been reported [13, 31]. Whereas mag-
netite and hematite can easily be distinguished using X-ray
diffraction (XRD), nanocrystals, e.g. of solid solutions
containing two or more transition metals are difficult to
characterize. In some cases, XRD does not allow the
trustful separation of the main diffraction peaks of two
nanocrystalline phases due to the relatively low intensity of
the peaks and their significant broadness. The latter prob-
lem can be solved if advanced X-ray scattering techniques
such as anomalous small-angle X-ray scattering (ASAXS)
are used, [35—41]. ASAXS is an element-sensitive analysis
technique, which allows to extract information about the
dimensions of nanoparticles with sizes in the range from
about 1 nm to some 100 nm. Simultaneously, the chemical
composition of the crystals could be determined. This
facilitates the phase recognition in complex multicompo-
nent systems [35-38].

This article provides a study on the precipitation of
nano-sized spinel phases from two glasses in the system
Na,O/MnO/Si0,/Fe,O5 by using conventional glass-melt-
ing technique and subsequent thermal annealing. ASAXS
enables to determine the size, the chemical composition
and phase composition of the obtained nanocrystals.

Experimental procedure

The procedure used for the glass preparation and the used
raw materials are the same as already described in Ref.
[31]. Within the system Na,O/MnO/SiO,/Fe,O5 two glas-
ses with the following compositions, given in mol%, were
prepared:

— Glass A: 13.6Na,0/8.5Mn0/62.9510,/15.0Fe,05_s
(reduction achieved by using FeC,04-2H,O as raw
material).

— Glass B: 16Na,O/10Mn0O/59Si0,/15Fe,05 (Fe,05 used
as raw material).

The samples prepared using FeC,0, as raw material are
denoted in the following as ‘reduced’, while samples
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melted using Fe,O; are designated as ‘oxidized’. After
pouring the melts into a pre-heated graphite mould, the
resulting glasses were transferred to a muffle furnace and
annealed at 480 °C for 10 min. Then the furnace was
switched off and the glass was allowed to cool down with
furnace velocity to room temperature.

In order to precipitate manganese and/or iron-containing
crystals, glasses A and B were thermally annealed at
temperatures in the range from 510 to 700 °C. The heating
rate from room temperature to the desired annealing tem-
perature was always 10 K/min. After annealing the sam-
ples for the desired time at the corresponding temperature,
they are taken out of the furnace and let to cool down in
air to room temperature. The annealing temperatures
were clearly above the glass transition temperatures:
T, = 490 °C for glass A and T, = 494 °C for glass B,
[31]. Annealing times in the range from 10 min to 100 h
were used.

The phase compositions were determined by XRD
(Siemens, D 5000), using Cug,-radiation; the 260-values
were in the range from 10° to 60°. The microstructures
were studied by scanning electron microscopy (SEM:
JEOL 7001F), the samples were cut, polished and coated
with carbon. Secondary (SE), as well as backscattered
electrons were used for imaging.

Furthermore, information on the chemical and phase
composition, as well as the average size of the precipitated
nanocrystals was gathered by means of ASAXS. Small-
angle X-ray scattering (SAXS) is a method widely used in
the analysis of internal nanoscale structures [42] The
technique provides a number of structural parameters such
as sizes, volume fraction, or shape of particles, as well as
their correlations in the case of a denser particle system.
The scattering intensity from a dilute system of spherical
particles embedded in a matrix and surrounded by a shell of
different composition and/or density is described by

1(g,E) =N, / [F(q.R, A) — F(q,vR, An(1 — )]
N(R)dR + B (1)
where

sin(q-R) — (g R)cos(q - R)
(q-R)’

4
F(q,R,An) = §7'CR3A17 -3

is the normalized particle form factor, Ay is the scattering
contrast between the shell and the matrix, Ayu the contrast
core—matrix, R is the outer radius of the shell, and vR is the
core radius, i.e. the inner radius of the shell. Here, ¢ means
the scattering vector length. Its magnitude is defined as
q = 4nsin(0)/4, where 0 is the half scattering angle and A
the wavelength. N(R) denotes the particle size distribution,
assumed to be lognormal, and N, is the total number of
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particles per unit volume. In addition to SAXS, ASAXS
allows element specific contrast variation between different
phases in the sample and hence the possibility to determine
phase compositions [43-46]. The scattering contrasts Ay
and Anu depend monotonically on the X-ray energy. The
contrast variation in ASAXS is due to energy dependency
of the atomic scattering factor f(E), in particular, in the
vicinity of X-ray absorption edges. The atomic scattering
factor f(E) can be written as:

f(E) =fo +f(E) +if"(E) (2)

with the atomic form factor fy = Z (atomic number)
f(E) and f’(E) being additional anomalous contributions.
The factors f(E) and f’(E) are connected to each other via
Kramers—Kronig relations. Both factors can be calculated
for free atoms using the method of Cromer and Liberman
[47]. The effective electron densities np and ym are linearly
correlated with the atomic scattering factor f{E) in Eq. 2. In
this study, chemical compositions of the nanocrystals and
the remaining glass matrix were determined by means of
ASAXS. The ASAXS measurements were performed at
7T-MPW-SAXS beamline at Helmholtz Zentrum Berlin
(BESSY 1I). The study was performed in transmission
geometry. The sample thicknesses were between 100 and
200 pm. Five or six X-ray energies close, but below the
K-absorption edges of Fe and Mn, 7112 and 6539 eV,
respectively, were used. The data were recorded with a
position sensitive multi-wire proportional counter gas
detector. A gassy carbon was used as a secondary standard
for calibrating of the scattered intensity into absolute
scattering units. Corrections for the detector sensitivity,
scattering background, detector dead time, solid angle
correction, primary beam intensity, and absorption nor-
malization were done with a beamline dedicated software.

Results

The oxidized glass B with composition 16Na,O/10MnO/
59Si0,/15Fe,03 and the reduced glass A with the com-
position 13.6Na,0/8.5Mn0/62.9S5i10,/15.0Fe,05_s showed
the formation of a nanocrystalline spinel phase, after
annealing at temperatures above T,. Figures 1 and 2 show
that after annealing at temperatures up to 600 °C, the for-
mation of (Mngg, Feg4)(Mng 4,Fe; )04 (JCPDS 88-1965)
or Fe;04 (JCPDS 87-2334) is observed for both samples A
and B. Actually, the precipitated phase may be described as
a solid solution of a mixed spinel type (Fe**, Mn*") (Fe’**,
Mn**),0,. However, with respect to the relatively broad
peaks and the proximity of the main reflexes of the two
phases (the difference in the main peak positions is ~0.7°),
an exact determination of the chemical composition of
the formed crystalline phase only by means of XRD was
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Fig. 1 XRD patterns of samples from the composition A (13.6Na,O/
8.5Mn0/62.9Si0,/15.0Fe,03_5), annealed at 600 °C for different
times (formation of mixed crystals MnFe,O,4 (A) and Fe;O4 (B))

3-24h-600°C
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Fig. 2 XRD patterns of samples from the composition B, annealed at
600 °C for different times—formation of mixed crystals MnFe,O,
(A) and Fe;0,4 (B), as well as of NaFe(SiO3), (C)

impossible. As seen in Fig. 2, for the sample B also a
second crystalline phase, aegirine, NaFe(SiO3), (JCPDS
34-185) is detected by the XRD.

In the microstructure of the sample A annealed at a
temperature of 550 °C, only one morphological type of
crystals is observed by SEM for all supplied annealing
times (see Fig. 3a, b). The formed phase, according to the
XRD patterns, is the spinel phase (Fe”, Mn”) (Fe”,
Mn>*),0,. The image analysis of Fig. 3a revealed a rela-
tively broad size distribution of particles, centred at
about 50 = 1 nm. Two types of crystals are formed after
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Fig. 3 a SEM (SE) image of C-covered sample from composition A,
annealed for 3 h at 550 °C—uniform distribution of the (Fe, Mn)-
based crystals, which are the only crystalline phase present. b SEM
(SE) image of C-covered sample from composition A, annealed for
3 h at 550 °C—higher magnification of the nearly round-shaped
nanocrystals

annealing of glass A for 16 h at 600 °C. The SEM
micrographs of this sample are shown in Fig. 4a and b. The
population of small crystals with mean size of about
50 £ 1 nm is similar to those in Fig. 3a and b. Here,
however, large elongated crystals with sizes up to
1,000 nm are formed too. The volume fraction of this
phase is relatively low and, hence, the reflexes at the XRD
patterns of the precipitated NaFe(SiO3), phase are not so
pronounced as in the case of annealed samples B (cf.
Figs. 1, 2).

The crystallization of glass B follows a similar scenario.
The comparison of Figs. 1 and 2 as well as of Figs. 4 and 5
shows that, however, a larger volume fraction of aegirine is
formed here for shorter annealing times and at lower
annealing temperatures.

It should be noted that aegirine is neither ferro- nor
ferrimagnetic. Figure 6a shows that a further increase in
the annealing temperature or time for the samples with
composition B leads to formation of NaFe(SiOj3), crystals
with predominantly ellipsoidal shape and sizes in the range
from 5 to 20 £ 0.1 pum. In between the large crystals still
tiny spherical crystals, corresponding to the spinel phase,
are observed—as seen in Fig. 6b.

Due to the difficulties in the phase identification using
conventional XRD, we also applied ASAXS technique to
samples A, annealed at 550 °C for different periods of
time. This was done, to get additional information on the
phase composition, the volume fraction and the size dis-
tribution of the particles. Conventional XRD simply
reveals the formation of Fe- or Fe and Mn-based spinel
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Fig. 4 a SEM (SE) image of C-covered sample from composition A,
annealed for 16 h at 600 °C—uniform distribution of the nano-sized
(Fe, Mn)-based crystals and formation of a second crystalline phase
which corresponds to the large ellipsoidal crystals. b SEM (SE) image
of C-covered sample from composition A, crystallized for 16 h at
600 °C—higher magnification of the two types of crystalline phases
formed, showing their morphological differences

phases during the thermal annealing of the glasses. Using
normal SAXS, the scattering factor is independent of the
photon energy and equal to the atomic number Z. By
contrast, for ASAXS, the energy dependent scattering
factors play an important part. Each element has its own
characteristic absorption edge, and hence, the variation of
the photon energy near the absorption edge provides a
selective way to change the contribution of a particular
chemical element to the total intensity scattered by the
samples. The atomic scattering factors are known and
tabulated in a number of available sources. The variation of
the second power of the real part of the complex atomic
scattering factors of Fe and Mn are shown in Fig. 7. The
symbols mark the X-ray energies at which measurement
was performed.
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Fig. 5 SEM (SE) image of C-covered sample B, crystallized for 10 h
at 600 °C—uniform distribution of the nano-sized (Fe, Mn)-based
crystals and clearly pronounced formation of a second crystalline
phase, obviously corresponding to the NaFe(SiO3),

We performed the ASAXS experiments on several
annealed glass samples at the Fe and Mn K-edges. Figure 8
shows typical ASAXS effect at the Fe K-absorption edge of
a sample of type A annealed at 550 °C for 60 min. The
analysis shows that while approaching the absorption edge,
the scattering intensity decreases because the real part of
the atomic scattering factor belonging to Fe atoms
decreases as depicted in Fig. 7. The same experiment was
performed at the Mn-edge and shows similar, but much
smaller ASAXS effect. The presented curves provide
information on the particle size, distribution and the con-
tent of the resonant element in the particle, as already
observed for other multicomponent systems [37, 38]. The
experimental data were analysed by applying the models of
homogeneous sphere and spherical core—shell particle by
assuming lognormal size distribution. The homogeneous
sphere model was unable to fit the scattering curves. Thus,
the core—shell model, which represents inhomogeneous,
but spherically symmetrical particles, was applied. Such
particle may consist of two different phases one repre-
senting the core, and another representing the shell or a
single phase particle which composition and/or density
varies along its radius. The spherical shape is proved by the
SEM observations—Fig. 3a and b. The current data pro-
cessing shows particle average core radius between 5 and
23 nm and mean shell thickness around 1-2 nm, as well as
average particle size, for samples annealed at 550 °C for
periods between 40 and 180 min—data given in Table 1.

In case of ASAXS the squared scattering contrasts, i.e.
the second power of the effective electron density differ-
ence between two phases is a fit parameter while fitting
simultaneously a set of all scattering curves of a sample

Fig. 6 a SEM (SE) image of C-covered sample B, crystallized for
24 h at 650 °C—prevailing formation of large ellipsoidal shaped
NaFe(SiO3), crystals. b SEM (SE) image of C-covered sample B,
crystallized for 24 h at 650 °C—formation of nano-sized crystals
between the large ellipsoidal shaped NaFe(SiOs), crystals
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Fig. 7 The squared scattering contrast determined by fitting of 11
scattering curves of a sample of type A annealed for 1 h at 550 °C
compared with the squared real part of the atomic scattering factors of
Fe and Mn
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Fig. 8 ASAXS close to the Fe-K absorption edge (7112 eV) of a
sample of type A annealed for 1 h at 550 °C

measured near both absorption edges. The squared scat-
tering contrasts for a sample annealed for 1 h at 550 °C are
also shown in Fig. 7. Since the magnitude of the anoma-
lous scattering effect depends on the difference of both the
content of the resonant elements (Fe and Mn) and the mass
density difference between the pairs of phases (core—shell
and matrix—shell), the composition of the phases can be
assessed only qualitatively. Thus, from Fig. 7 and from the
fit model we conclude that the shell contains less Fe than
the matrix and the core, while the core contains more Fe.
The same applies also for Mn, but the difference is much
smaller. Keeping in mind that the amount of Mn is only
half as large as the content of Fe in the glass and that the
depth of the Mn absorption edge (Fig. 7) is nearly the same
as that of Fe one may conclude that Mn is more homoge-
neously distributed between the three phases, particle core,
shell and glass matrix. The content of Fe in the particle
core is much larger than that of Mn. Thus, according to the
ASAXS results, the particles have compositions close to
Fe;0,4 with only small amount of Mn atoms replacing the

Fe atoms. A shell devoid of Fe and probably Mn is formed
around the particle. The results suggest that the mass
density of the shell only slightly differs from the density of
the glass matrix. Thus, the shell is actually a depleted of Fe
diffusion zone. A nonmagnetic shell around magnetic
magnetite particles in glass was described earlier by com-
bining X-ray and neutron small-angle scattering [48].

The volume fraction of the particles is a variable cou-
pled with the particle composition and cannot be deter-
mined without thorough quantitative analysis. From the
decrease of the scattered intensity at very small angles, as
in Fig. 8, one may conclude that the volume fraction is
over 6-7%. Only for the sample annealed for shortest
time—20 min at 550 °C—such intensity decrease at
smallest angles is not present.

Discussion

The glass formation for the oxidized sample B and the
reduced sample A might be explained with the different
incorporations of the Fe** and Fe*" ions in the glass net-
work as observed in the case of iron oxide concentrations
up to 2 mol%, [49-55] and is already discussed in [31]. As
described in [31], the oxidized sample with the composi-
tion of sample A already contains some quantity of nano-
crystals. The ability to form glasses might also be affected
by the redox ratio Fe*"/Fe** which is supposed to be
different in the oxidized and reduced samples. The sample
A is attributed to a higher acidity of the glass matrix, i.e.
here the SiO,-concentration is higher and the alkali con-
centration is lower, according to the acidity—basicity con-
cept, as suggested by Duffy, [51] and Duffy and Ingram,
[56]. At the same time, the sample B has higher alkali
concentration and lower SiO, content, i.e. this sample is
with higher basicity. The latter determines the higher
concentration of the ferric ions in comparison to the

Table 1 Phase formation and crystal size in the samples A and B, according to the applied time—temperature annealing programs

Time-temperature program Sample A

Phases formed and crystal size

Sample B
Phases formed and crystal size

550 °C 40 min Spinel —SAXS: 14 + 0.5 nm

1h Spinel—SAXS: 24 £ 0.5 nm -

3h Spinel—SEM: 50 + 1 nm; SAXS: 4440.5 nm —

7h - -
550 °C 1024 h Spinel—SEM: 50 = 1 nm Spinel
600 °C 3-7h Spinel Spinel, aegirine (SEM data)

Spinel —SEM: 40 £+ 1 nm

600 °C 1024 h Spinel—SEM: 40 + 1 nm, aegirine (SEM data) Aegirine, spinel (SEM, XRD data)
650 °C 324 h Spinel, aegirine (SEM, XRD data) Spinel, aegirine (SEM, XRD data)
700 °C 3-24 h Spinel, aegirine (SEM, XRD data) -
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concentration of the ferrous ones [51]. The iron ions,
depending on both their oxidation state and concentration,
can be incorporated in the silicate glass matrix either in
tetrahedral or in octahedral coordination. In the case Fe’"
is incorporated in the glass matrix in tetrahedral coordi-
nation, i.e. as FeO}, the formally negative charge must be
compensated preferably by Na'-ions. With decreasing
concentration of Na™, the stabilisation of FeOj -tetrahedra
decreases and as a result, the formation of iron-rich clusters
occurs [57]. Due to the higher acidity, the number of Na™-
ions which may compensate the charge of FeO, -tetrahedra
is smaller in the sample A. Thus, the number of sites for the
Fe**-ions which can be incorporated homogeneously in the
glass network is smaller and the tendency for clustering
increases. Clustering has also been described for silicate
glasses solely doped with Fe-ions [49-53, 55]. As a result,
in the sample with the composition 13.6Na,0/8.5MnO/
62.9510,/15.0Fe,05, the formation of nano-sized crystals
during cooling of the melt is observed [31], while the
sample B with the same Fe,03-concentration and cooled
applying the same parameters is still amorphous. It is
known, that at high temperatures, Fe*", Fe’" and the
physically dissolved oxygen are in equilibrium, [52, 53]
and the equilibrium is shifted to the reduced state, with
increasing temperature, as described for similar iron-con-
taining silicate systems [52-54, 57-59]—the same we
expect in our system. Additionally, we established in our
investigation, that as already observed for other composi-
tions from the system Na,O/MnO/SiO,/Fe,03, [31] the raw
materials, i.e. oxidizing or reducing components of the
batch are decisive and the furnace atmosphere has only a
minor effect on the Fe?*/Fe®"-ratio. The latter is also seen
from data in Table 1 for the crystallization behaviour of
samples A and B, where the aegirine phase appears at
lower annealing times in sample B compared to sample A.
However, despite the high melting temperature, the con-
centration of ferric ions (Fe’") is considerable—as sug-
gested in literature for smaller iron oxide concentrations,
[49, 50, 53-55] and hence, the formation of the NaFe
(S103), phase becomes possible. As shown in [57] at an
oxygen activity of the melt in the range from 0.21 (air) to
1 bar (oxygen), only 10-25% of the total iron occurs as
Fe’t at the maximum melting temperature supplied
(1400-1500 °C). An oxygen activity of 1 bar means that
the melt is in equilibrium with an atmosphere of 1 bar
oxygen. For the formation of MnFe,O, or rather a mixed
spinel phase of the type (Fe**, Mn*") (Fe**, Mn®>1),0, (as
also suggested in Ref. [25]), the valence state in which
manganese occurs in the glass is very important. Also in
the case of manganese containing glasses, a similar redox
equilibrium to that described above for Fe is also formed.
In contrast to the Fe”/Fe”-equilibrium, the oxidized

species, Mn>** occurs only in minor quantities ([Mn“]/
[Mn**] > 20) as, e.g. reported by Gravanis et. al. [54, 58,
59]. Thus, the addition of both manganese and iron oxide
enables the crystallization of a solid solution of the spinel
(Fe, Mn);0,4 phase or more precisely, of a phase from the
type (Fe**, Mn?") (Fe*", Mn*"),0,, in which the corre-
sponding quantities of di- and trivalent ions are incorpo-
rated. The addition of reducing agents, i.e. FeC,0,4 does not
change the type of the crystallizing spinel species, as
shown in Figs. 1, 2, 3,4, 5, 6 and in Table 1. This addition,
however, affects the crystallization of the NaFe(SiO3),
(aegirine) phase.

For the crystallized samples with the composition B, the
formation of aegirine is observed in larger amounts and for
smaller annealing times in comparison to the samples with
the composition A, see Table 1. The latter can be explained
by the higher concentration of Fe**-ions in the case of B.
Actually, as shown in the SEM-micrograph in Fig. 5, in the
sample B, annealed for 10 h at 600 °C, nano-sized crystals
of the iron-manganese spinel and additionally crystals of
ellipsoidal shape are present in notable quantities. The
ellipsoidal phase, according to the XRD data, should be
attributed to aegirine. In the annealed samples A, where the
SiO, concentration and Fe*™/Fe*'-ratio is larger, the
crystallization of NaFe(Si0O3), is suppressed for tempera-
tures up to 600 °C and annealing times up to 16 h (see
Figs. 3a, b, 4a, b; Table 1).

The sizes of the spinel nanocrystals, determined from
the XRD line broadening for the set of samples A range
from 12 to 17 & 1 nm which is much smaller than the sizes
of 50 & 1 nm found by SEM and ASAXS for samples
annealed for 3 h at 550 °C. The line broadening in these
samples mainly results from the overlapping of the reflexes
of the two spinel phases: (Mng g, Feg4) (Mng 4,Fe; 6)O4 and
Fe;04. The particle sizes as determined from the SEM
images, as well as from the ASAXS, are in the range from
12 to 50 nm and do not change if the annealing time is
longer than 3 h. It is observed that only the volume fraction
of the nano-sized crystalline phase increases while
increasing the annealing temperature. This type of crys-
tallization kinetics suggests the idea that the growth of the
spinel phase in the samples A is kinetically self-con-
strained, as already observed for other, non-iron contain-
ing, glass—ceramics [17, 60-62]. As seen from the ASAXS
data, the concentration of iron and manganese ions
decreases in vicinity of the growing spinel crystal. This
information, allows to assume that around the crystals a
silica-rich shell with rapidly increasing viscosity is formed.
Further, it is expected: if the glass transition temperature of
this shell approaches the annealing temperature, the crystal
growth is decelerated and finally stops for kinetic reasons.
As it is seen in Figs. 4a and b; 5 and 6a and b the silica
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containing aegirine phase has much smaller nucleation rate
and much higher crystal growth velocity in comparison to
those of the spinel phase.

The formation of core—shell crystals revealed from the
ASAXS studies could be explained as follows: an iron enri-
ched core spinel phase nucleates homogeneously and starts
growing. At some point, the rising concentration of manga-
nese in the surrounding melt causes heterogeneous nucle-
ation and growth of manganese enriched spinel phase. The
heterogeneous nucleation and the subsequent epitaxial growth
are facilitated by the proximity between the lattice constants of
both spinel phases. A viscous shell, depleted in both iron and
manganese is formed around the growing crystal.

Conclusion

Crystalline spinel of the type (Mn®"t, Fe®")
(Fe** Mn*"),0, is precipitated in the two investigated
compositions with 15 mol% Fe-oxide for temperatures up
to 600 °C, while at 600 °C for longer annealing times also
a second crystalline phase—aegirine, NaFe(SiO3),—is
formed. The precipitation of hematite is avoided in the
whole temperature interval investigated for both reduced
and oxidized compositions. For crystallization times > 3 h
and temperatures lower than 600 °C, the size of the formed
nanocrystals hardly changes with time and varies from 12
to 50 nm. The elemental composition and the size of the
obtained nanoparticles, as studied by ASAXS for the
sample annealed for 60 min at 550 °C, show formation of
Fe-rich nanocrystals containing small amount of Mn with
radii varying from 6 to 25 nm and surrounded by shell
devoid of both Fe and Mn. Kinetically self-constrained
growth mechanism of the spinel crystals is assumed in the
obtained glass—ceramic materials.
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