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Amorphous ribbons of approximate composition 0.13Na20-0.30BaO-0.30Fe203-0.27SiO2 
were successfully fabricated using roller-quenching, after melting at 1400 ~ Devitrification of 
the amorphous phase by annealing at 710~ for 2 h formed a uniform distribution of barium 
ferrite (BaFe12019) particles with a mean diameter of 55.88 nm. Other crystalline phases 
formed on heat treatment were BaFe204 and Na2Ba2Si207. Devitrified ribbons showed a satu- 
ration magnetization (Ms) of 24.41 emu g-1 and a coercivity (Hc) of 3.06 kOe. 

1. I n t r o d u c t i o n  
The glass-crystallization method has been used in 
the synthesis of nanometre-sized barium ferrite 
(BaFe12019) powder, since it has the advantage that 
no aggregates are formed. Crystallization of barium 
ferrite from a borate-based glass matrix was first 
attempted by Tanigawa and Tanaka [1], and has 
subsequently been reported by others [2, 3]. Borate- 
based glasses have a low resistance to moisture attack. 
This is advantageous when using this method for 
manufacture of particulate recording media, where the 
amorphous phase must be leached out. However, for 
thin film applications where the magnetic phase is 
dispersed in a glassy matrix, the matrix phase should 
not be vulnerable to moisture attack. These systems 
have also shown a propensity for inhomogeneous 
melting; haematite (0~-Fe203) has formed in quenched 
ribbons when there was inadequate mixing during 
melting [4]. Haematite formed during quenching fos- 
ters growth of more haematite during devitrification 
heat treatment, suppressing nucleation and growth of 
barium ferrite. Barium ferrite can also crystallize on 
the surface of the ribbon during quenching. Under 
these conditions the particle size of surface-nucleated 
crystals is large, and a bimodal particle size distribu- 
tion is observed after devitrification heat treatment of 
the quenched amorphous ribbons. 

Phosphate-based glasses are known to be quite 
stable but do not form ferrites on devitrification. 
Various silicate, aluminosilicate and alumino-borosi- 
lieate-based compositions can be crystallized readily 
to form ferrites, partly during quenching and partly by 
annealing. This results in a crystal size and distribu- 
tion dependence on sample geometry and dimensions 
[5]. Since the silicate-based compositions were selec- 
ted using other intermediates, e.g. A13 +, it is perceived 
that iron ions could not be easily accommodated into 
the amorphous structure, causing glass devitrification 
during quenching. Glass formation has been shown in 
the N a 2 0 - F e O - S i O 2  system when the silica content 
is high (e.g. ~ 75 wt %) [6]. 

In this study, the feasibility of controlled crystalliza- 
tion of barium ferrite in the silicate system 
NazO-SiO2-BaO-Fe203  was investigated, and the 
results are compared with those in borate-based glass 
systems. In order to enhance the feasibility of iron ion 
incorporation in the quenched glass, no competing 
intermediate cations were added. 

2. Experimental procedure 
ACS grade Na2CO3, Ba(OH)2, Fe20 3 and SiO 2 were 
used as raw materials. These chemicals were mixed 
with distilled water using a steel ball in a plastic bottle 
for 12 h. The selected batch compositions are sum- 
marized in Fig. 1 and Table I. Using a silicon carbide 
heating-element furnace, specimen compositions were 
melted in a Pt crucible, heated at 5 ~  -1 to 
1400~ (or 1450~ for compositions j and k), and 
held for 4 h in a static air atmosphere. No mechanical 
stirring was used during melting. Amorphous samples 
were prepared by splat-cooling of the melt using two 
steel rollers, rotating at several hundred r.p.m. With 
this process, homogeneous amorphous ribbons were 

TABLE I Chemical compositions chosen for study (initial mixing 
compositions) 

Sample Chemical composition (tool %) 

Na20 BaO Fe203 SiO2 

a 20 10 30 40 
b 17 20 30 33 
c 13 30 30 27 
d 10 30 40 20 
e 13 20 40 27 
f 17 10 40 33 
g 13 10 50 27 
h 10 20 50 20 
j 7 30 50 13 
k 7 20 60 13 
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Figure 1 Selected chemical compositions in the N a 2 0 - S i O  z -  
BaO-Fe203  system (refer to Table I). By X-ray diffraction: (A) 
amorphous,  (B) hematite and bar ium ferrite, (C) barium monoferrite 
and bar ium ferrite. 

produced, as confirmed by X-ray diffraction (XRD) 
and transmission electron microscopy (TEM). 

The thermal behaviour of the quenched ribbons was 
analysed by simultaneous thermal analysis (STA) 
combining differential thermal analysis (DTA) and 
thermogravimetry (TG) (Model 409, Netzsch Inc., Ex- 
ton, Pennsylvania and Innovative Thermal Systems, 
Atlanta, Georgia) in a flowing air atmosphere with a 
flow rate of 100 cm 3 min -1. Crystallization thermal 
schedules entailed heating in a static air atmosphere at 
10 ~ min- 1 from room temperature to 10 ~ below a 
specified soak temperature, followed by heating at 
2 ~ min-1 to 610, 660, 710 and 760 ~ holding for 
2h. 

The iron content and ferrous/ferric ratios were de- 
termined by wet chemical techniques with an accuracy 
of ___ 0.1%. Crystallized samples were characterized 
using XRD, TEM and vibrating sample magneto- 
metry (VSM). For XRD measurements, ground pow- 
der was distributed on the surface of a zero-back- 
ground holder. XRD patterns were obtained (Philips 
Model 12405) using a step size of 0.02~ and 
2 s/step using CuK~ radiation. TEM samples were pre- 
pared by dimpling the divitrified ribbon with an oil- 
base diamond paste, and then ion milling with an 
argon plasma beam. A conductive carbon layer was 
then deposited on specimen surfaces. Particle size and 
aspect ratio were determined (Jeol JEM 2000-FX) by 
measuring the length and thickness of the particles 
showing lattice image fringing in TEM micrographs. 
It is expected that these fringes appear when the 
particle c-axis is nearly parallel to the imaging plane. 

Magnetic properties of the crystallized samples 
were analysed using VSM (Model 155, E G & G  
Princeton Applied Research, Princeton, New Jersey). 
Specimens were loaded in a Pyrex tube of 3.0 mm i.d. 
and 4.0 mm o.d. In order to inhibit particle movement 
during measurement, particles were tightly packed 
and the tube was capped. Prior evaluation of the 
magnetization showed that the saturation magnetiza- 
tion was reached below 1500 Oe. Hysteresis loop be- 
haviour therefore was determined by varying the field 
to 1500 Oe. 

3. Results and discussion 
3.1 Amorphous nature of quenched ribbons 
Ribbons prepared by the roller-quenching method 
had a thickness range of 40 to 80 gm. Homogeneous 
amorphous ribbons were obtained by melting at 
1400~ when the amount of Fe20 3 was 30 wt %, 
which was confirmed by XRD and TEM analysis. The 
stable glass forming region is shown in area A in 
Fig. t. The relative amount of BaO did not show any 
noticeable influence on the glass-forming tendency. 
However, the relative amount of Fe20 3 was crucial. 
Crystalline phases appeared in quenched ribbons if 
the amount of Fe20 3 was 40% or more. This range is 
comparable to that observed in a borate-based system, 
where 33 wt % Fe20 3 was the maximum content 
which Still permitted stable glass formation upon 
quenching [2]. 

XRD results are summarized in Table II. In the 
iron-rich region (compositions f and g), haematite was 
present with a small amount of barium ferrite. With 
increasing barium content, barium monoferrite 
(BaFe204) and barium ferrite crystallized during 
quenching. Barium ferrite was present in most cases 
where the amorphous phase was not stable during 
quenching. 

Wet chemical analysis showed that 4.3 mol % of 
iron ions were in the ferrous (Fe 2§ state, with the 
remainder in the ferric state, in as-quenched glass c. 
By comparison, in the borate-based system 
0.100Na20-0.312BaO-0.258B203-0.330Fe20 3, the 
quenched glass had 6.0 mol % of iron in the ferrous 
state [4]. Fe2+or Fe 3+ ions, which fall in the "inter- 
mediate" category in glass-forming, can function as 
either network-formers with a coordination number 
of 4 (tetrahedral), or network modifiers with a co- 
ordination number of 6 (octahedral), depending on the 
glass composition. Since iron ions have a higher field 
strength than Na § or Ba 2 § [7-9], iron is prone to be 
a network-former rather than a modifier in this com- 
position system, although a relatively small modifying 
contribution may be possible. In silicate glasses, Fe 3 + 
functions as a network-former in conjunction with 

T A B L E  II Crystalline phases forming in the quenched ribbons 
before and after devitrification at 760 ~ (all samples melted at 
1400 ~ except j and k which were melted at 1450 ~ 

Sample Crystalline phases in Crystalline phases for 
glass a devitrified sample a 

a None s N2Ba2S, s Ba6F, 
b None s N2Ba2S, m Ba6F, w unin2 
c None s N2Ba2S, s Ba6F, s unin2 
d s unin 1 s N2Ba2S, m Ba6F, tr F 
e w Ba6F s N2Ba2S, m Ba6F 
f m F, w Ba6F w Ba6F, tr N2Ba2S 
g s F, w Ba6F s F, m Ba6F, tr N2Ba2S 
h s BaF, tr Ba6F s N2Ba2S, m Ba6F, m BaF 
j m Ba6F, w N2Ba2S s N2Ba2S, s Ba6F 
k s BaF, s Ba6F s N2Ba2S, s Ba6F 

a Peak intensity is a relative comparison amongst  amorphous  and 
devitrified samples, separately: (s) strong, (m) medium, (w) weak, (tr) 
trace; (F) ~-Fe203, (BaF) BaFezO~, (Ba6F) BaFex2019 , (N2Ba2S) 
Na2Ba2Si207, (unin) unidentified phase(s). 
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modifying Na + or Ba 2+ ions. However, Fe 2+ adop- 
ting a network position requires two monovalent 
modifiers. In borate glasses iron can either be a net- 
work former by direct substitution of Fe 3 + for B 3 +, or 
Fe z + can be a glass-former in conjunction with either 
Na + or Ba 2 +. During quenching, ferrous iron tends to 
oxidize to the ferric form. The greater stability of Fe z + 
in a borate-based system might be expected to trans- 
late into a higher percentage of this ion remaining in 
the quenched glass (compared to a silicate-based 
system), as was observed. 

No ferrous ions were found after crystallization in 
either borate- or silicate-based systems, which implies 
that ferrous iron in the glass was fully oxidized during 
the crystallization heat treatment. Thermogravimetric 
analysis of a borate system confirmed that reoxidation 
occurred at about 500~ [2]. The presence of the 
ferrous ion in the as-quenched glass is thus not ex- 
pected to influence devitrification. 

3.2. Devitrification behaviour 
STA analysis (2 ~ rain -1) of the quenched ribbon 
of composition c showed a glass transition (Tg) of 

520~ XRD analysis of samples heat-treated to 
various temperatures indicates that sodium barium 
silicate (Na2Ba2Si2Ov) formed first after heat treat- 
ment at 610 ~ Then, barium ferrite (BaFetzO19) and 
an unidentified phase formed after heat treatment at 
660 ~ Finally, barium monoferrite (BaFe204) form- 
ed after heat treatment at 710~ The BaFel/O19 
crystallization temperature of composition c was higher 
than in the borate system (0.100Na20-0.312BaO- 
0.258B/O3-0.330Fe203), which was below 600 ~ [4], 
but lower than that after using chemical co-precipit- 
ation [10, 11], where ferromagnetic behaviour became 
evident only after heat treatment at 740 ~ For the 
chemical co-precipitation case [11], haematite formed 
first, then barium ferrite devitrified at higher temper- 
ature. 

The crystalline phases formed after devitrification at 
760 ~ for various silicate based compositions, deter- 
mined by XRD, are listed in Table II. Regardless of the 
relative amount of chemical constituents, and of the 
crystallinity of the starting quenched ribbons, in most 
compositions, barium ferrite and sodium barium silic- 
ate were the predominant devitrified phases. This 
contrasts with the borate-based system in which 
barium ferrite formed only in a limited phase field, and 
haematite or magnetite (Fe304) were major crystalline 
phases [1]. Haematite appeared in this silicate-based 
system when the amount of Fe20  3 was high (region B 
in Fig. 1). Barium monoferrite or sodium barium silic- 
ate became prominent as the BaO, Na20  and SiO2 
contents were increased. 

For  a magnetic glass ceramic, a homogeneous 
amorphous state in the quenched ribbon and a large 
amount  of magnetic crystals after devitrification are 
desirable. Composition c in this study, which showed 
three crystalline phases (barium ferrite, sodium 
barium silicate and an unidentified phase) best fitted 
this criterion. 

Devitrification studies involved heating to specified 
temperatures with a two hour soak period. 
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No noticeable crystal growth was found after heat 
treatment of composition c at 610 ~ However, after 
treatment to 660 ~ the mean devitrified crystal size 
was 48.58 nm with an aspect ratio 8.02. Crystallization 
heat treatment at 710 and 760 ~ showed mean crystal 
sizes of 55.88 and 52.35 nm with aspect ratios of 7.36 
and 7.55, respectively. These values, however, are all 
located within a standard deviation of the measure- 
ments taken. These results imply that crystallization 
largely terminated at ~ 660 ~ and that further heat 
treatment did not alter the microstructure. 

In the case of devitrification of crystalline species of 
different composition to that of the parent glass, crys- 
tal growth occurs via diffusion of constituents from 
the surrounding glass. The depletion of required con- 
stituents ultimately limits crystal growth, often prior 
to mutual impingement. Because individual crystals 
are separated by a vitreous silicate matrix, no grain 
growth would occur as when thermally treating a 
polycrystalline mass. The dissolution of small crystals 
and coarsening of large crystals would be a mech- 
anism of abnormal crystal growth in the glass-crystal- 
lization method. However, this is not expected 
because of the high viscosity of the matrix and the 
corresponding low atomic solubility and diffusivity of 
chemical species from the small crystals in this temper- 
ature range. 

A representative TEM micrograph of the devitrified 
microstructure is shown in Fig 2. The figure shows a 
uniform distribution of barium ferrite crystals after 
devitrification at 710~ for 2 h. The optimum size 
range for use in data storage applications is ,-~ 50 nm, 
with an aspect ratio of 3 to 7 [12]. The size range 
obtained in this work is therefore, within the optimum 
range, although a somewhat larger aspect ratio was 
measured. 

Figure 2 TEM microstructure of a quenched ribbon of composition 
c after crystallization at 710~ for 2 h. 



3.3. Magnet ic  properties 
Fig. 3 summarizes the magnetic properties obtained 
from compositions b and c devitrified at 610, 660, 710 
and 760~ for 2h. Both samples heat-treated at 
610 ~ showed paramagnetic properties, while those 
crystallized at 660 ~ or above, demonstrated ferro- 
magnetic properties. Saturation magnetization and 
coercivity values did not show an apparent change 
with crystallization temperature above 660 ~ which 
matches well with that expected based on their micro- 
structures. Typically, the samples crystallized at 
710~ had a saturation magnetization (Ms) of 
24.41 emu g- 1, a coercivity (Hi  of 3.06 kOe, and a 
squareness (M,/M,) of 0.51. A typical hysteresis loop 
behaviour of a sample of composition c heat-treated at 
710 ~ is shown in Fig. 4. 

Coercivity increases with particle size in barium 
ferrite for diameters under 1 rtm. Saturation magnet- 
ization depends not only on particle size and shape, 
but on the amount of magnetic phase relative to that 
of non-magnetic phase [13]. Therefore, saturation 
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Figure3 Saturation magnetization and coercivity of the crystallized 
samples depending on the devitrification temperatures: ((3, o) com- 
position b (E3, a) composition c. 
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Figure 4 Typical hysteresis loop behaviour of the crystallized com- 
position e, heat-treated at ( ) 610 ~ and ( . . - )  710 ~ 

magnetization can be a measure of the relative 
amount of barium ferrite in the glass-ceramic. Kubo 
et al. [3] reported that the saturation magnetization of 
pure barium ferrite is 58 emu g- 1 with a coercivity of 
0.9 kOe. This specimen was prepared using the glass- 
crystallization method with a borate-based system 
where the amorphous phase was removed by acid 
leaching. Average particle dimensions were 80 nm in 
diameter and 30 nm in thickness. Based on their satu- 
ration magnetization, the glass-ceramic of composi- 
tion c studied herein is calculated to contain 

41 wt % of barium ferrite. 

4. Conclusions 
Formation of amorphous ribbons and subsequent 
devitrification behaviour was studied in the 
NazO-SiO2-BaO-Fe203 system. A homogeneous 
glass was formed for compositions in the range of 
0.13NazO-0.27SiO2-0.30BaO-0.30FezO 3. After de- 
vitrification at 760~ the predominant crystalline 
phases formed were sodium barium silicate 
(Na/BazSizOv) and barium ferrite (BaFe12019). Crys- 
tallization of the quenched ribbon with the above 
composition at 710 ~ for 2 h gave a uniform distribu- 
tion of barium ferrite crystals, having an average size 
of 55.88 nm and an aspect ratio of 7.36, which is 
appropriate in applications for particulate magnetic 
recording. This glass-ceramic showed a saturation 
magnetization of 24.41 emu g- 1 and a coercivity of 
3.06 kOe. 
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