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Catalytic effects of Ag,0 additives on
microstructure and recrystallization
in borate glasses
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A substitution of Ag,O for B,O3; in a 35Ba0O-25Fe,05(40 — X)B,05;-xAg,0, x=0.0, 0.5, 1.0
and 3.0, glass series modifies the B,O; network and changes infrared frequencies in the
1600-600 cm ' region. Four bands at 1440, 1280, 1180 and 1120 cm ™" appear in glass
containing no Ag;0 additive. On adding the Ag;0, the 1120 cm ~'band (which belongs to the
BO; —» BO,modified group in the B,O; network) no longer appears, and the other three bands
(belonging to the B-O stretching vibrations in the interconnected boroxol rings) shift
15-40 cm~ " to higher frequencies expected in the reduced structural defects of BO; — BO,
modified groups and non-bridging oxygens. This modified glass crystallizes (at 500—850 °C)
into acicular BaFe,;;0,9 microcrystals of a higher coercivity of ~5000 Oe, suitable for high

energy-density magnets and other devices.

1. Introduction

The structure of pure and substituted borate glasses
has been a topic of discussion over the last several
years [1-5]. Infrared or Raman spectroscopy unam-
biguously confirms the fact that the vitreous v-B,0;
forms a network structure of planar six membered
boroxol rings of BOj triangles. The v-B,O3 spectra
(Raman) contain four distinct B-O stretching vibra-
tion frequencies at 1475, 1325, 1260 and 1210 cm ™ * at
room temperature [4]. X-ray diffractometry and other
similar structural techniques do not directly take into
account these short-range structures and do not apply
here.

These studies were devoted to understanding and
modelling the v-B,O;5 glass structure and its changes
on heating the specimen through the glass-transition
temperature, T, or on partially substituting the B,O;
by alkali or other oxides. A knowledge of these pa-
rameters is important to design glasses and glass-
ceramic products with particular physical properties.
The configuration of the structural units of the glass,
which, of course, changes on heating the specimen,
determines the nucleation and growth (and governs
the morphology of the crystallites) which maintains
the equilibrium between crystallites and the glass
matrix. For example, thin platelets of 1-2 mm thick-
ness of 35BaO-25Fe,03;—40B,0; glass, if annealed
between 500 and 850 °C, crystallize acicular-shaped

BaFe,,0,4 microcrystals [6, 7], with an aspect ratio
< 20. These acicular particles are geometrically con-
venient to cut down further (by milling) their size in
single domain particles of ~1 pm.

A small, 0.5-3.0 mol %, addition of Ag,O as a nu-
cleation catalyst to this particular glass has been
shown to improve crystallization yield of BaFe;,O4
by a factor of ~2 on annealing between 575 and
795°C [6]. In an attempt to understand the crystalli-
zation phenomena, we report infrared spectra of these
glasses and those in which BaFe;,0;, microcrystals
crystallized. The results are discussed in the light of the
magnetic properties of BaFe;,0,4 microcrystals.

2. Experimental procedure

The glasses of 35BaO-25F¢,03+40 — x)B,05—xAg,0
compositions (mol %), with x = 0.0, 0.5, 1.0 and 3.0,
were prepared from the mixtures of anhydrous
BaCO;, a-Fe,O3, B,O; and Ag,0O. In each case,
a 10-20 g batch of the mixture was put into a plati-
num crucible, covered with a lid, and melted between
1200 and 1300 °C (by intermediate stirring of the melt
with a thin quartz rod) for 15 min in an electric fur-
nace. The liquid was then poured on to a copper plate
(of sufficient volume and size to act as a heat sink) and
quickly pressed by another similar plate to form
1-2 mm thick platelets. Several batches were prepared
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TABLE I Structural and magnetic properties of virgin and recrystallized BaO-Fe,03;-B,0; glasses with finely divided BaFe;,0,

microcrystals.

Sample Crystallization Magnetic properties
yield (wt %)
Memu.g™ ') H(Oe) Tc(°C)
35BaO-25Fe,03;-40B,0; glass
1. Virgin glass - 0.1 50 -
2. Sample 1 annealed
(i) 760°C/2h+795°C/25h 18 13 2500 462
(i) 575°C/2h+795°C/25h 21 15 3100 457
(ii1) 575°C/5h+795°C/58 h 21 15 3000 -
3. Sample (iii) milled, washed and
annealed 3 h at 1000°C* - 71 4500 -
35Ba0O-25Fe,03-39B,0;-1Ag,0 glass
4. Virgin glass - 0.05 20 -
S. Sample 4 annealed
575°C/5h+795°C/58 h 37 27 1800 439
6. Sample 5 milled, washed and
annealed 3 h at 1000°C* - 71 5000 435

#The magnetic BaFe;,0,, particles were separated by milling the specimen to ~ 1 um particle size under acetone followed by washing in
hydrofluoric acid. The recovered powder was finally annealed at 1000 °C to have the improved magnetic properties.

in order to confirm that the sample is reproducible. All
of the samples so prepared were found to be reason-
ably amorphous as analysed by X-ray diffractometry.
These amorphous samples were recrystallized by ther-
mal annealing at elevated temperatures as sum-
marized in Table 1.

Infrared spectra (300-4000 cm ™) of the various
amorphous and recrystallized specimens were meas-
ured as pellets in a KBr matrix using a Perkin—Elmer
783 IR spectrophotometer. The reported frequencies
of the sharp bands of BaFe,,0,4 or B,O3 network are
accurate to +2cm~ ' but the broad bands of the
B,O; network in the 1000-1800 cm ~ ! region have an
accuracy of +10 cm ™! in ascertaining the peak posi-
tions. These accuracy values were determined by aver-
age values of the errors in measuring the data under
selected experimental conditions.

The saturation magnetization, M, and intrinsic
coercivity, H.;, were measured on a vibrating sample
magnetometer (aerosonic limited model VSM-3001).
The Curie temperature, T,, was determined from the
thermomagnetogram, which was measured by heating
the specimen (with a heating rate of 10°C min 1)
between 25 and 600 °C, at a magnetic field of 1-2 kOe,
using a similar magnetometer in conjunction with a
high-temperature oven assembly to control and vary
the temperature, as reported earlier [6, 7].

3. Results

3.1. Infrared spectra of virgin glasses

Fig. 1 summarizes the infrared spectra of virgin
35BaO-25Fe,0;—40 — x) B,O3;—x Ag,0 glasses, with
(a) x =0, (b) x =0.5, and (c) x = 3.0. Spectrum (a),
which is measured on the pure glass using no additive,
has a broad absorption between 1580 and 1050 cm ™1,
which apparently comprises four different bands (in-
dicated by the dashed A, B, C and D curves). These
bands overlap one another but could be identified by
the variation of the intensity in the spectra recorded
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Figure I Infrared absorption spectra of 35BaO-25Fe,O;—
(40 — x)B,03—xAg,0 glasses, (a) x =0, (b) x = 0.5 and (c) x = 3.0.
The dashed curves A, B, C and D represent approximate positions
and shapes of the overlapping bands in the resultant experimental
curves.

at a two to five times magnified scale of absorption
and/or the frequency between 1000 and 1800 cm 1.
Also, in the magnified spectrum, the involved bands
are not resolved separately, but the signatures of all
four bands are better reproduced. For example, the
bands A, B and C are clearly shown up at ~1480, 1315
and 1195 cm ™! in a typical spectrum shown in Fig. 2
for the glass with x ~ 3.

The half-bandwidth, ~450 cm ™!, in the total ab-
sorption between 1580 and 1050 cm ™1, is large, but
the intensity rather sharply decreases on either side,
demonstrating the presence of at least three overlap-
ping bands in it. The fourth band, i.e. band D, is
clearly shown by a small, but distinct, asymmetry in
the drop of the intensity in the total absorption in the
higher frequency side. A deconvolution of the meas-
ured infrared profiles (assuming the Gaussian shape of
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Figure 2 Infrared spectrum of the glass in Fig. 1c recorded at an
expanded scale of the y-axis. The background is subtracted to show
the realistic spectrum of the sample. The dashed curves are the same
as in Fig. lc.

the bands) using a standard fit and plot program (for
the curve fitting) with help of a computer provided the
positions and shapes of these bands, as shown by the
dashed curves A, B, C and D in Fig. 1. The total area
in the analysed bands fits the area under the observed
spectrum within a difference of 20%. A better fit of the
results is not feasible, in this example, in a large and
monotonically increasing background absorption
over the range 1800—400 cm 1.

On adding Ag,0O in glasses (b) and (c), the band
D either disappears or shifts to lower frequencies,
causing less of a dip in the involved region. Moreover,
the broad absorption extends ~120 cm ™! to higher
frequencies, shown by the onset of zero absorption
(defined by the intersection of two straight lines in the
involved spectrum in Fig. 1) of the highest frequency
band shifted from 1580 cm™! in spectrum (a) to
1660 cm ! in spectrum (b), and 1700 cm ! in spec-
trum (c) in Fig. 1. Thus the bands A, B and C are
positioned at 1480, 1315 and 1195 cm ™! in the Ag,O
catalysed glass (c). These bands have 15-40cm !
higher values than those in glass (a) using no Ag,O
additive, and compare well, within a difference of
5-15cm™ !, with three characteristic B-O stretching
vibrations observed in pure v-B,0Oj; at 1475, 1325 and
1210 cm ! in the Raman spectrum [4].

It is noticed that the relative intensity of the infra-
red background absorption, especially in the
1050-400 cm ™! region, is two to three times enhanced
in the BaO-Fe,03;-B,0; ternary glasses than that
reported in pure v-B,O3 or other typical binary or
ternary borate glasses [8—13]. The enhanced back-
ground absorption does not allow resolution of the
characteristically weak bands expected in the B-O
bending vibrations and Fe—O stretching vibrations in
the associated species in the glass. The total intensity
and the relative intensity distribution in these bands
are not influenced by the addition of Ag,0 in these
glasses, but it clearly leads to a regular decrease in
position of the band group at 800-600 cm~!. For
example, this band group appears at 740 cm ~ ! in glass
(a), having no Ag,O additive, and that is shifted at

723 cm ™ !in glass (b) and at 718 cm ~ ! in glass (c) after
0.5 and 3 mol% Ag,O additions, respectively.

3.2. Thermal treatments and crystallization
of the glasses in separated magnetic
BaFe,,0,¢ particles

When annealed between 500 and 850 °C, these glasses

crystallize BaFe;,0, ¢ microcrystals, which were iden-

tified by X-ray powder diffractometry. These micro-
crystals are homogeneously dispersed in the glass
matrix, as is evident from the optical micrograph

[6, 7], and have relatively sharp infrared bands be-

tween 640 and 320 cm ! (Figs 3 and 4). The BaFe;,0;,

characteristic bands have been easily identified by
comparison with the infrared spectrum of pure

BaFe;,0,, ceramic powder measured under the same

conditions [11]. The positions (marked over the asso-

ciated bands in Figs 3 and 4) of the bands marginally

vary depending on (i) the BaFe,O,, particle size, (ii)

the BaFe,,0,4 volume fraction, and (iii) the fraction(s)

of the secondary crystalline phase(s), if any.

The Ag,O catalysed glasses crystallize into separ-
ated magnetic particles of BaFe;,0; between 500
and 850°C (cf. TableI). These crystallites were re-
covered by washing away the glassy part in hydro-
fluoric acid (which dissolves the glass and allows re-
covery of the crystallites). They result in a maximum
~37wt% (~21 wt% otherwise) crystallization yield
of the total specimen (against a theoretically expected
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Figure 3 Infrared spectra of recrystallized glasses in the present
series at 760 °C for 2 h followed by 2 h at 795°C: (a) x = 0.5, (b)
x = 1.0 and (¢) x ~ 3.0.
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Figure 4 Infrared spectra of recrystallized glasses. (a) 35BaO-
25Fe,03;—40B,0; annealed 2 h at 760 °C and 25 h at 795 °C. (b) and
(c) contain 1mol% Ag,O additive. These were annealed at
795°C for (b) 2 h and (c) 25 h after 2 h at a common temperature of
575°C. The intensities of the characteristic peaks (the positions
are written over the peaks) of recrystallized BaFe;,0,, particles
are considerably enhanced on prolonged annealing of 5 h at 575°C
and 58 h at 795 °C in (d). () Peaks due to v-B,O3 or barium borates.

value of 37.6 wt% if all iron oxide in the glass is
utilized to form BaFe;,0;,) in the glass having
1 mol% Ag,O additive and crystallized 5 h at 575°C
and 58 h at 795 °C. This total specimen, along with the
BaFe,,0,, magnetic particles, measures a total satu-
ration magnetization of M, =27em.u.g ! and an
intrinsic coercivity of H,; = 1800 Oe, as measured on
a vibrating sample magnetometer (using a magnetic
field to 20 kOe), at room temperature. The glass, using
no Ag,0, crystallized under these optimized condi-
tions had a total M; = 15em.u.g” !, but a consider-
ably larger H,; = 3000 Oe value, probably due to a
peculiar microstructure developed with considerably
larger volume fractions of non-magnetic particles of
barium borates precipitated in the BaFe;,0;4 grain
boundaries.

These grains are much bigger than the single do-
main size 0.2—-1.0 um for M-type (such as BaFe;,014)
hexagonal ferrites [14, 15]. They were therefore cut,
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crushed and finally milled to ~1 um size using an
attrition-type machine. The powder obtained was
carefully washed in hydrofluoric acid and a purely
magnetic BaFe;,0;9 powder was recovered. At this
stage, the specimen had several structural imperfec-
tions (introduced by the milling) and did not exhibit
a high H,; value. These imperfections are removed on
thermal annealing (3 h) of the specimen at 1000 °C
(insufficient to cause unwanted grain growth [15]),
leading to an increase in H; from 1800 Oe to 5000 Oe,
with M, =71 em.u.g !, at room temperature. The
present H,; valueis ~1.5 times larger than that usually
measured for A-grade M-type ferrites [15]. Similar
refined BaFe;,0;9 powders, obtained without the
Ag,0 addition in the primary glass, have the same M;
value, but H; = 4500 Oe.

4. Discussion

4.1. IR bands in the B,O5; network

In the pure v-B,Oj;, the boroxol rings are bridged
together through the so-called “bridging oxygens” and
result in a locally ordered network configuration, as
discussed by several authors [1, 16, 17]. This ideal
structure is modified in binary or ternary borate
glasses, as in the present example, where part of the
B,0; is replaced by Fe,O3 and other oxides, which
alone usually do not form a glass. In this case, these
non-glass-forming oxides are irregularly bridged (or
trapped) in the locally ordered B,O3 network, and the
network configuration often adds non-bridging oxy-
gens (NBOs). The distribution of the oxygen over the
boron atoms no longer remains so uniform, and part
of the boron atoms adopt modified co-ordination
structure from BO; to BO,4 [10, 11]. A BO, group in
the boroxol ring can be generated in several ways and
it results in new diborate or triborate structural units,
providing a modified spectrum of pure v-B,O; of
interconnected boroxol rings [9, 10, 18].

Thus, the bands A and B observed at 1480 and
1315cm ™~ ! in glass (c), in Fig. 1, using 3 mol % Ag,0O
additive, and which compare very well in position
with the Raman bands at 1475 and 1325 cm ™! of pure
v-B,05 [4], are unambiguously assigned to two differ-
ent B-O stretching vibration modes in a boroxol ring,
as we recently discussed in detail elsewhere [19]. In
principle, the six-membered boroxol ring (with the
effective molecular formula B3O, 5) exhibits six differ-
ent B—O ring stretching vibrations, including the one-
ring breathing-vibration mode, which is a totally sym-
metric and non-degenerate vibration, and therefore
characteristically appears as a sharp and intense
Raman band at ~808 cm ™! in pure and substituted
borate glasses [1,4,8]. These vibrations (of which, of
course, two are doubly degenerate) have characteristi-
cally strongly mixed characters and therefore were not
resolved even in a crystalline B,O5. In the glasses,
they are further modified (broadened by overlapping
one over the other) in enhanced local interactions in
irregular bridging of boroxol rings in the network in
a random fashion. In this case, the lower frequency
bands (here, bands C or D) are attributed to the
B-O stretching vibrations involving (i) the oxygens



bridging two boroxol rings or bridging a ring to the
network, and/or (ii) the oxygens in locally modified
BO; — BO, groups in the rings. The 1120 cm ™! band
observed in the ternary glass, using no nucleation
catalyst, thus represents the B—O stretching vibration
in the BO; — BO, modified group in the boroxol ring.

Whatever the assignments of the individual bands,
an overall shift of the total absorption (i.e. ~40 cm™!
in the peak maximum and ~120 cm ™! in the onset of
the zero absorption, Fig. 1) to higher frequencies, ob-
served in the Ag,O catalysed glasses, clearly demon-
strates a reordering of the B,O; network structure
by considerably improved connectivity between the
boroxol rings by effectively reduced numbers of
BO; — BO, modified groups and free NBOs. In this
model, the increase in the magnitude of the B-O
stretching frequencies, as observed here, is likely to be
due to a decrease in the effective mass of the boroxol
ring as the mass of the bridging oxygens is now shared
with the adjoining units. When these units are de-
coupled into free boroxol rings, with one or more
NBOs, the mass of the NBO(s) is confined to the
associated boroxol ring, and that exhibits an increased
effective mass. Hence, the NBO free boroxol rings
always exhibit a lower effective mass (and higher B-O
stretching frequencies) than the boroxol rings with one
or more NBOs.

The band group observed at 800600 cm ™! is as-
signed to the BOB angle bending vibration [1, 10]. It
is shifted to lower values, i.e. in the opposite trend to
the frequencies in the B—O stretching vibrations, from
740 cm ™! to 723 cm ! and 718 cm ™! subsequent to
adding 0.5 and 3 mol% Ag,O, respectively, in the
glass series. Of course, a change in position or mass of
the bridging oxygens sensitively reflects in these two
sets of frequencies with a linear relation

Vn
’an = Yn <_> (1)
Vin/A,B

where v, and v, are the frequencies in the bending
and stretching vibrations, respectively, in the NBO-
free boroxol ring (i.e. n = 0), and those vy, and v, are
for the boroxol ring with n NBOs, with the feasible
values of n = 1,2 or 3 in a pure boroxol ring of pure
BOj; groups. The v, and v¢, measure almost the same
ratio of v,/vg, = 0.973 in the B-O stretching bands
A and B in two glasses a and ¢ in Fig. 1. This ratio,
with the observed value of v, = 740 cm ™~ ! in glass a, in
Equation 1, yields a value of the BOB angle bending
frequency v¢, = 720 cm ™! in glass ¢. The results pro-
vide an internal consistency of the present assignments
that the B—O stretching bands A and B belong to the
same structural units, i.e. the pure boroxol rings, and
the band group at 718-740 cm ~ ! represents an aver-
age position of the corresponding bending vibrations.
The improved bridging between the boroxol rings
in a locally ordered network in the Ag,O catalysed
glasses does not resolve the overlapping structures
of the bands, but it clearly caused, as expected, the
bending vibration band to be sharper with a half-
bandwidth ~60 cm ™! (~75 cm ™! otherwise).

The network of the interconnected basis structural
units in these substituted borate glasses provides an

interconnected wetting layer to the reaction species
(Ba’* and Fe®**) of BaFe;,0,, so that they easily
grow and precipitate in the stable BaFe,,0,4 crystals
over the network. In the other case, these reaction
species are irregularly trapped in between the small
domains of the B,O5; network, unable to react to-
gether to yield the complete reaction at these temper-
atures. As expected, they rather locally crystallize in
the separated domains and usually contain the by-
product impurities of the recrystallized Fe,O5, bar-
ium borates, and other similar phases [6].

4.2. Infrared bands in BaFe;,044
microcrystals

The first doublet band-group of nearly equally intense
components at ~595 and 560 cm ™! (in Figs 3 and 4)
represents two resolved Fe®*—O?2~ stretching vibra-
tions in the tetrahedral (FeO,) sites while the second
doublet band-group observed at ~448 cm ™! is due to
the Fe**~O?~ stretching vibrations in the octahedral
(FeOyg) sites of Fe** in the BaFe;,04, crystal lattice
[11,19]. Another band-group appeared at 350-
360 cm ™!, which is considerably sharper than any of
the above two band-groups, and it is assigned to one
of the FeO, deformation vibrations according to the
force field over the Fe**-O2~ bonds [19]. Other
components of the FeO, or FeO4 band-groups are at
lower frequencies not studied here.

The BaFe;,0,4 belongs to a P6;/mmc hexagonal
crystal structure [10, 20], with Z = 2 formula units
per primitive unit cell, i.e. with a total of 24 Fe*™
cations, which occupy two different tetrahedral (in-
cluding the pseudo-tetrahedral) and octahedral sites,
ie.

24 Fe3* (total) = 6 Fe®* (tetra) + 18 Fe** (octa)  (2)

The ratio of Fe** cations in these two sites is Fe**
(octa)/Fe3* (tetra) =3 [20,21], but the infrared
peaks in the two groups exhibit similar intensities for
particles as large as 20 um or larger (Fig. 4a and d),
achieved by prolonged annealing at 795 °C, as sum-
marized in Table I. This means that the FeO, tetra-
hedron has an enhanced infrared intensity value,
particularly in the small-sized particles of micrometre
order, caused by distortion in it by expected micro-
scopic and macroscopic (electromagnetic) interactions
between the crystallites and the glass matrix [22].
The distortion in the FeO, group in the BaFe,,0,4
crystal lattice is evident by removal of the Ty sym-
metry of the distortion-free FeO, group, which has
four fundamental modes of vibration [19], one sym-
metric stretching v4 (A ), one asymmetric stretching v
(F,), and two deformation modes v,(E) and v4(F5).
The vibration A; is non-degenerate while the vibra-
tions E and F, are doubly and triply degenerate,
respectively. All four vibration groups are allowed in
the Raman spectrum but only v; and v, are allowed in
the infrared. Obviously, the distortion has removed
the degeneracy of the v; mode, in this example, pro-
viding the two resolved bands of 560 and 595 cm ! in
it. It is this distortion-induced electric dipole moment,
U, which accounts for the intensities in these bands.
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The Fe3*-02?~ (FeO,) bond oscillation eventually
exhibits an ~ 1.7 times larger p. value per Fe** cation
(as can be calculated from square root of the inte-
grated intensities) over that in the FeOg group.

5. Conclusion

A small, <3 mol%, Ag,O additive in these glasses
plays a crucial role in modifying local ordering of the
boroxol rings by inhibiting BO; — BO, group trans-
formation with a reduced number of non-bridging
oxygens in the structural units (boroxol rings) in the
B,O; network. These locally ordered glasses of regu-
larly interconnected boroxol rings readily crystallize
magnetic BaFe;,0,4 microcrystals, which have a
higher coercivity H,; ~ 5000 Oe (after finishing and
thermal treatments of the final crystal sizes of ~1 um),
compared to the value for similar crystals prepared by
other processes, with an usual value of the saturation
magnetization M; = 71 em.u.g”~ !, at room temper-
ature.
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