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Crystallization behaviour and magnetic properties of sodium-silicate glasses
containing iron and manganese oxide
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Abstract. Oxide glasses and nanocrystalline glass-ceramics, containing large amounts of transition metal ions,
exhibit novel and unusual electrical and magnetic properties and find various applications in magnetorheology,
electronics, magnetic resonance imaging and sensor technology. The present work is dedicated to the study of the
crystallization behaviour, phase formation and the resulting magnetic properties of the synthesized products in the
system Na,O/MnOQ/SiO,/Fe,03. Two glasses with 15 mol% Fe,Oz-concentration and different MnO concentrations are
prepared by melting under oxidizing or reducing conditions. Further, the glasses are annealed by applying different
time/temperature programs in order to precipitate nano-scale magnetic crystals. The phase composition and
microstructure of the glass-ceramics are studied by X-ray diffraction and electron microscopy. The obtained data are
used to reveal the crystallization kinetics. The magnetic properties of the selected samples, measured on a vibrating
sample magnetometer, vary from para- to superparamagnetic.
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1. INTRODUCTION

There are numerous reports on the synthesis and
application of oxide glasses containing 3d-
transition metal ions [1-14]. These glasses and the
corresponding glass-ceramics have interesting and
promising electrical and magnetic properties
especially if nanocrystals are formed by appropriate
heat treatment [15, 16] and find applications as
components of ferrofluids in electronics, as solder
materials or in magnetorheology. Depending on the
phase composition, size and volume fraction of the
magnetic particles, the obtained crystals can be
used as components of contrast agents in magnetic
resonance imaging and in biomagnetic sensors for
the detection of different chemical and biochemical
substances [17, 18]. Many authors report the
synthesis of nanosized magnetic crystals by means
of wet chemical routes, i.e. by precipitation of
magnetite (Fes0,) [19-22] but also of Cos0, and
MnFe,O, [22, 23] from aqueous solutions. Another
preparation route is the controlled crystallization of
glasses containing relatively large amounts of
transition metal ions which, however, results in
higher tendency for spontaneous crystallization [2,
7, 24-28]. The spontaneous crystallization can be
suppressed or even avoided by either adjusting the
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glass composition (decreasing the transition metal
concentration) or increasing the cooling rate [10,
11, 25]. Thermal annealing of the obtained glasses
enables the precipitation of nanosized ferrimagnetic
or superparamagnetic particles with tailored size-
distribution [10, 11]. In literature, the effect of iron
oxides combined with a second transition metal
oxide, on the phase composition and microstructure
of glassy materials, synthesized by conventional
melting techniques, is already reported [7, 25], but
attempts to precipitate nanoscale crystals in such
complex systems are scarcely performed.

This paper presents a study on the precipitation
of nanosized spinel phases from glasses in the

system  Na,O/MnO/SiO,/Fe,0; by wusing a
conventional  glass-melting  technique  and
subsequent  thermal annealing.  Vibration

magnetometry permits to determine the magnetic
properties of the obtained glass-ceramic materials.

2. EXPERIMENTAL

Within the system Na,O/MnO/SiO,/Fe,O; two
glasses with the following compositions, given in
mol%, were prepared:

- glass A: 13.6Na,0/8.5Mn0/62.9Si0,/15.0Fe,05;
(reduced by using FeC,0,4.2H,0 as raw material).

- glass B: 16Na,0/10Mn0O/59Si0,/15F¢,03 (Fe,04
used as raw material).

The samples prepared using FeC,O, as raw
material are further denoted as “reduced”, while
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samples melted using Fe,O; are designated as
“oxidized”. Reagent grade raw materials: Na,CO3,
MnCQO;, SiO,, Fe,O50r FeC,0,4.2H-,0 are used for
the preparation of the glasses. The batches (100 g)
are homogenized and melted in SiO,-crucibles
using a MosSi,-furnace at melting temperatures in
the range from 1400 to 1450°C (kept for 1.5 h in
air). The melts are cast into a pre-heated graphite
mould, transferred to a muffle furnace and kept at
480°C for 10 min. Then, the furnace is switched off
and the samples allowed to cool down to room
temperature. Further, the glasses A and B are
annealed at temperatures in the range from 510 to
700°C, according to the determined T-values, for
times from 10 min to 100 h in order to precipitate in
them nanocrystalline phase containing 3d-metals .
The heating rate from room temperature to the
desired annealing temperature was always
10K/min. The annealing temperatures were always
clearly above the glass transition temperatures: T4 =
490 °C for glass A and Ty = 494 °C for glass B,
[25]. The phase compositions are determined by X-
ray diffraction (XRD: Siemens, D 5000), using
Cug,-radiation; the 26-values were in the range
from 10 to 60° The obtained microstructures are
studied by scanning electron microscopy (SEM:
JEOL 7001F), the samples are cut, polished and
coated with carbon. Secondary (SE), as well as
backscattered electrons (BSE) are used for imaging.
The magnetic measurements are performed on a
vibrating sample magnetometer.

3. RESULTS AND DISCUSSION
3.1 Results

Information about the characteristic
temperatures and microstructure of glasses A and B
is already given in [25]. After annealing of glasses
A and B, they are examined by X-ray diffraction
and the results are shown in Fig. la for the
crystallized samples A and in Fig. 1b — for the
samples of type B. It is seen from the XRD patterns
that the annealing at 550°C for times up to 24 h
results in formation of only one crystalline phase in
both glasses A and B. The X-ray reflexes of this
phase are similar to the reflexes of the phases
(Mnge, Feos)(Mng4,Fe;6)0, (JCPDS 88-1965) and
Fe;O, (JCPDS 87-2334). However, the relatively
broad peaks and the proximity of the main reflexes
of the two phases (difference in main peak
positions ~ 0.7°), do not allow an exact
determination of the chemical composition of the
formed crystals only by means of XRD. Possibly,
the precipitated phase is a solid solution of a mixed
spinel type (Fe**, Mn*)(Fe*", Mn®*"),0,.
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Fig. 1a XRD-patterns of samples A annealed at 550
and 600°C for different times- formation of mixed
crystals MnFe,O, (A) and Fe;0,4 (B)
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Fig. 1b XRD-patterns of samples B, annealed at 550
and 600°C for different times — formation of mixed
crystals MnFe,O4 (A) and FesO, (B), as well as of
NaFE(Sio:g)z (C)

The observation of one morphological type of
crystals is also done while examining the annealed
at 550°C samples A by scanning electron
microscopy — see Fig. 2a. The average size of the
formed spinel crystals is about 50 nm for 3h
annealing time, as shown in Fig. 2b (see insert).
Similar results are obtained from the SEM
micrographs (not shown) of glasses B heat treated
at 550°C.

The heat treatment of glasses A and B at 600 °C
leads to the formation of two types of crystals:
nanosized spinel crystals and micron-sized
elongated crystals. This is seen on Fig. 3 for sample
A and on Figs. 4a and 4b for sample B. The second
crystalline phase is attributed to aegirine,
NaFe(SiO3), (JCPDS 34-0185), as shown in Fig.
1b. The average sizes of the formed nanocrystals
for the glasses A, annealed at 550°C for times from
40 min to 24 h, are studied in order to investigate
the Kinetics of crystallization.
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Fig. 2: (a) SEM (SE) image of C-covered sample A,
annealed for 3 h at 550°C — uniform distribution of the
nanosized (Fe, Mn)-based crystals; (b) Gauss-fitted chart
with the size distribution of the nanocrystals, precipitated
in sample A, annealed for 3 h at 550°C — maximum
centred at about 54 £ 1 nm

X 22,000

Fig. 3 SEM (SE) image of C-covered sample A,
annealed for 24 h at 600°C — uniform distribution of (Fe,
Mn)-based nanocrystals and formation of a second
crystalline phase which corresponds to the large
ellipsoidal crystals

The data are shown in Fig. 5. Here the hollow
symbols represent data for the mean size obtained
by SEM images processing. The solid square
symbols are taken from [29] and are obtained by
anomalous small-angle X-ray scattering (ASAXS)
experiments. It is seen in Fig. 5 that the size of the
crystals varies from about 144+0.5 nm, [29] to 50+1
nm for annealing times from 40 min to 24 h,
respectively. After annealing for 3h at 550°C the
size of the precipitated spinel nanocrystals does not
change with further increase of the annealing time,
i.e. the crystal growth may be supposed to be
kinetically self-constrained.
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Fig. 4a and 4b SEM (SE) images of C-covered
sample B, crystallized for 12 h at 600°C — two
morphologically different types of crystals, the
nanosized (Fe, Mn)-based crystals and elongated
NaFe(SiOs),, are present
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Fig. 5 Kinetics of crystallization of samples of type
A, annealed at 550°C for different times — solid symbols
represent ASAXS data taken from [29] and hollow ones
are from processing of SEM images

The magnetic properties of selected bulk
samples from type A annealed for different times at
different temperatures above the glass transition
temperature are measured on a vibrating sample
magnetometer. As an example, Fig. 6 shows the
magnetisation curve of glass A heat-treated for 24 h
at 600°C. The nanosized spinel crystals found in
this sample display superparamagnetic behavior
while the larger aegirine crystals are paramagnetic
at room temperature and do not influence the
results of the magnetic measurements.
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Fig. 6 Magnetization versus intensity of an external
magnetic field for a sample A annealed for 24 h at 600°C
— superparamagnetic-like behaviour observed

3.2 DISCUSSION

The different crystallization behaviour of the
oxidized sample B and the reduced sample A could
be attributed to the different incorporations of Fe**
and Fe* ions in the glass-network, as observed for
Fe,O3 concentrations < 2 mol%, [30-40] and is
already pointed out and discussed in [25, 29]. 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.
Sample A has a higher SiO, concentration and a
lower alkali concentration and is thus assigned a
higher acidity of the glass-matrix, according to the
acidity-basicity concept, [32, 37]. At the same time,
the oxidized sample B has a higher Na,O
concentration and a lower SiO, content, i.e. higher
basicity. This determines the higher concentration
of Fe** ions in comparison to the concentration of
Fe® ones, as suggested by Duffy [32]. The latter
implies that crystallization of phases containing
mainly ferric ions should be easier in the annealed
samples B, which is supported by Figs. 1a and 1b,
where the aegirine phase appears at lower annealing
times in sample B compared to sample A. For the
formation of MnFe,O, or rather a mixed spinel
phase of the type (Fe**, Mn®")(Fe*, Mn®*"),0,, (as
already suggested in Ref. [19]), the valence state in
which Mn occurs in the glass is of great
importance. In the case of Mn containing oxide
glasses, similar redox equilibrium to that described
above for Fe is also formed and was already
discussed in our previous work, [29]. Thus, the
addition of both Mn and Fe oxides enables the

crystallization of a spinel phase from the type (Fe**,
Mn?*")(Fe*", Mn*"),0,. The data from Figs. 1 to 4
show that the addition of reducing agents does not
change the type of the crystallizing spinel species.
It, however, affects the crystallization of the
NaFe(SiO3), (aegirine) phase. For the crystallized
samples B, the formation of aegirine is observed in
larger amounts and for smaller annealing times in
comparison to the samples A. The latter can be
explained by the higher concentration of Fe**-ions
in the case of B. Actually, as shown in Figs. 3 and
4, in the sample B, annealed for 12 h at 600°C,
nanocrystals of the (Fe,Mn)-spinel and aegirine
crystals of oval shape are present in notable
quantities, while in the A type sample crystallized
for 24 h at 600°C the same phases but in smaller
quantities are found. So, it may be suggested that in
the annealed samples A, where the SiO,
concentration and hence, the Fe*/Fe -ratio is
larger, the formation and the crystal growth of
aegirine are suppressed for temperatures up to
600°C and annealing times up to 16 h, (see Figs. 1,
3 and 4).

The average particle sizes, as recently
determined from SEM images and SAXS [29] and
seen here in Fig. 5, are in the range from 14 to 50
nm and do not change if the annealing time is
longer than 3 h. It is suggested in [29] that only the
volume fraction of the nano-sized crystalline phase
increases  while increasing the annealing
temperature, which can further have impact on the
magnetic properties of the annealed samples [10].
This type of crystallization kinetics shows that the
growth of the spinel phase in the reduced samples
A is kinetically self-constrained, cf. Fig. 5 and [10,
11, 41, 42]. As described in [29], during the
annealing process, the concentration of Fe and Mn
ions decreases in vicinity of the growing spinel
crystal. So, a silica-rich shell with rapidly
increasing viscosity is formed around the growing
Fe, Mn-based crystals. When the glass transition
temperature of this shell approaches the annealing
temperature the crystal growth is decelerated and
finally stops for kinetic reasons.

The magnetic measurements show paramagnetic
behaviour and absence of hysteresis for the sample
of type A, annealed for 3h at 540°C, though in this
sample nanocrystals are contained. The reason for
this magnetic behaviour is not clear and needs
further investigation. In contrast to the
paramagnetic behaviour of the sample annealed for
3 h at 540°C, the sample, crystallized for 24 h at
600°C, possesses superparamagnetic properties at
room temperature and no hysteresis — as seen in
Fig. 6. The same is already observed in other glass-
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ceramic systems containing nanosized spinel
crystals [10, 15]. However, here, due to lower
intensities of the applied external magnetic field as
compared to the data in [10], we suppose that no
saturation of the mass magnetization is reached. So,
further investigation is needed in this direction in
order to better elucidate the magnetic behaviour of
the studied glass-ceramic materials.

4. CONCLUSION

Crystalline spinel phase of the type (Mn*,
Fe?")(Fe** ,Mn*"),0, is precipitated in the two
investigated compositions with 15 mol% Fe-oxide
for temperatures up to 600°C, while for longer
annealing times at 600°C a second crystalline phase
— aegirine, NaFe(SiO3), - is also formed. The
precipitation of hematite is avoided in the whole
temperature interval investigated for both reduced
and oxidized compositions. For crystallization
times from 40 min to 24 h and annealing
temperature of 550°C, kinetically self-constrained
growth of the spinel nanocrystals is observed, with
average crystallite sizes of about 50 nm which does
not further increase for times longer than 3 h. The
magnetic measurements on a sample annealed for
24h at 600°C show superparamagnetic behaviour at
room temperature.
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KPUCTAJIM3ALIMOHHO TIOBEJEHUE I MATHUTHU CBOMCTBA HA HATPUEBO-CUJIMKATHU
CTBKIIA, CbABPXAIIIM OKCUIU HA XKEJIA30TO U MAHI'AHA

'p. XapuzaHoBa, 1I/I.FyTOB, 2K, Procen

Xumuxomexnonoeuuen u Memanypeuuen ynusepcumem, oyn. “Ku. Oxpuocku” Ne 8, 1756, ngmﬂ,Eszeapuﬂ
20Omo Llom uncmumym, ®pudpux lunep yuusepcumem, yi. “®payrxopep” Ne. 6, 07743, Hena, I'epmanus

[ocrenuna Ha 24 sayapu, 2012 r.; kopurupasa Ha 5 mapr, 2012 r.

(Pesrome)

OKCHIHNTE CTBHKJIA U HAHOKPHUCTAIHH CTHKJIOKEPAMHUKH, ChABPXKAIIN HOHN HA NPEXOAHUTE METAIH C BUCOKA
KOHLICHTPALWS, MPOSBABAT aBaHTapAHU M HEOOMYalHHM EIEKTPUYHM M MAarHUTHU CBOICTBAa M HAMHPAT Pa3HOOOpPa3HU
MIPWIOKEHNS] B MAarHUTOPEOJIOTUATA, €IEKTPOHNKATa, MarHUTOPE30HAHCHUTE U3CJIECABAHMS M CEH30PHHUTE TEXHOJIOTHH.
Hacrosmara paboTa € moCBeTEHa Ha HW3YYaBaHETO Ha KPHCTAIM3ALMOHHOTO MOBeAEHHE, (azooOpasyBHETO H
MarHUTHHUTE CBOWCTBA Ha MPOAYKTHTE Ha cuHTe3 B cuctemara Na,O/MnO/SiO,/Fe,05. Cunresupanu ca aBe CThKIA €
15 mon % Fe,O; u pasnuunHa kxoHueHTpauuss Ha MnO, CTONEHW NPH OKHUCIUTEIHH WIU peryLUpaniyl YCJIOBHSL.
BrnocnencTBue crpkiaTa ca TEMIIEPUpAaHU uYpe3 NpHJIaraHe Ha Pa3dyHU NpOorpaMu TeMIepaTypa-Bpeme, IesInu
MOJIy4aBaHETO Ha HAHOPa3MEPHM MAarHUTHU KpucTaiau. @a30BUAT ChCTaB M MUKPOCTPYKTypaTa Ha CTBKIOKEPaMUKHUTE
ca M3YYeHH C U3IOJI3BaHE HA PEHTI'CHOBa AM(PAKLUS U eIEeKTPOHHA MUKpocKonus. [lonyueHnTe qaHHU ca U3MOJI3BaHH
3a M3ClIeBaHe Ha KMHETHKATa HA KPUCTaIu3alus. MarHUTHUTE CBOMCTBA Ha M30paHH MPOOH, U3MEPEHH C M3I0JI3BAHE
Ha BUOpallMOHHAa MarHUTOMETPHS, BApUPAT OT Mapa- A0 cyneprapaMarHuTHU.
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