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Crystallization of acicular platelet particles of 
W-type hexagonal strontium ferrite for 
magnetic recording applications 
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Department of Materials Science and Engineering, McMaster University, Hamilton, 
Ontario L8S 4L7, Canada 

Acicular platelets of the W-type hexagonal strontium ferrite (SrFe18027) have been crystallized 
from the borate glass system with the aid of ~ 1 tool% SiOz and Bi=O~. It was found that 
particle size and morphology of the system can be effectively altered by proper use of the 
additives and the thermal treatment of the samples. Addition of SiO2 induces growth of ferrite 
as fine grains (average size ~ 0.1 #m), while Bi203 with the acicular-shaped particles (which 
are platelets) with an aspect ratio of ~10  are formed. The system also exhibits a relatively 
sharp particle size distribution compared to that for the samples containing no additive. 
Detailed magnetic and microstructural measurements of all the useful samples were carried out 
to characterize them for applications in magnetic recording devices. 

1. In t roduct ion 
The recent advances of hexagonal ferrites in magnetic 
recording heads, microwave devices and most other 
technological applications demand the development 
of specimens with discrete (and homogeneous) micro- 
crystalline particles grown specifically in acicular- 
shaped platelets [1-5]. These platelets are easily coated 
with the plastic or rubber base (while making the 
particular device) and ensure better reliability than do 
thin films, and will definitely replace the use of the 
latter in the near future. The acicular nature of the par- 
ticles induces a magnetic shape anisotropy, H b = 
4rcM~ (Hb = �89 for spherical particles), which 
helps alignment of the particles in the direction of the 
crystalline axis by the applied magnetic field [4], where 
M~ is the saturation magnetization. 

During the last decade, several investigations 
including material processings have been carried out 
to fabricate the acicular platelets of ferrites [4-8]. The 
crystallization of hexagonal ferrites (M- and W- type) 
based on calcium and barium compositions in a borate 
glass matrix have been reported [8-10], From the 
viewpoint of particle shape and dispersibility, this 
process has been found ~o be one of the most superior 
methods for production of the ferrites. However, 
using the ordinary glass crystallization method, it was 
found difficult to produce platelet particles with good 
reproducibility whose average size was less than 1 ,urn. 
The particle distribution was often not very sharp. 
Therefore, in order to improve the particle size charac- 
teristics we continued the experiments using several 
additives, such as Ag20, SiO> Bi~O3, P 2 0 5 ,  e t c .  

The present article reports the results obtained on 
W-type hexagonal strontium ferrite precipitated in the 
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SrO-Fe203-BzO 3 system with the aid of I tool % S i O  2 

and Bi203. The influence of the additives on micro- 
structure and intrinsic magnetic properties of the 
material are discussed. 

2. Experimental  details 
The compositions of the glasses studied in this work 
are given in Table I. Glass batches were melted using 
reagent grade chemicals in alumina crucibles at a 
temperature ~ 1650K. The molten glass was poured 
between rotating twin rolls [9], and quenched into 
flakes at 77 K by using liquid nitrogen as a coolant. 
Tile specimens with all compositions were completely 
amorphous as confirmed by X-ray diffractometry. 

The glass transition (Tg) and crystallization tem- 
peratures were estimated from differential thermal 
analysis (DTA) [8]. The specimens then were heat- 
treated in order to induce crystallization (cf. results 
in Table II). The particle size and morphology of 
the resulting crystallites were analysed using a Zeiss 
optical microscope, a Phillips TEM-301 electron 
microscope and a Bausch and Lomb image analyser 
(model 500), 

Magnetization measurements of the various samples 
were made using a Varian V-7200 magnet in conju- 

T A B  L E l S u m m a r y  o f  the  glass  c o m p o s i t i o n s  

Series C o n s t i t u e n t s  (mol  % )  

S r O  F % O  3 B2O 3 SiO 2 Bi203 

A 35 25 40 - - 

B 40 25 35 - - 

C 47 25 28 - 

D 47 25 27 l - 

E 47  25 27 - 1 

F 47 25 26 [ 1 
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Figure 1 X-ray diffraction patterns show- 
ing crystallization of different crystallite 
phases in glass composition series A. 

gation with a PAR Vibrating Sample Magnetometer 
(model 150A). A high-temperature oven assembly 
(model 151) coupled with the magnetometer was 
employed for the temperature-dependence studies of 
the magnetization. A homemade dewar containing 
liquid nitrogen as the coolant was used for measure- 
ments below room temperature. 

3. Resu l ts  and  d iscuss ion  
3.1. Crystallization of ferrite particles 
The typical glass composition series given in Table I 
show completely amorphous behaviour. Their X-ray 
diffractograms also do not reveal any diffraction line 
characteristic of a crystalline phase. The samples 
readily crystallize out with ferrite magnetic phases 

when subjected to thermal treatments. The results of 
crystallization, magnetic properties and the heat- 
treatment schedule of the samples are summarized in 
Table II. 

Formation of the crystalline phases in the SrO- 
FezO3-B203 glass system appears to be a strong 
function of the glass composition (Table I) used in the 
initial and heat-treatment schedule. The various crystal- 
line phases found to precipitate in the system were 
(i) y-Fe203, (ii) e-Fe203, (iii) Sr2Fe2Os, (iv) Sr2FeO 4 
and (v) hexagonal strontium ferrites. The typical 
X-ray diffractograms shown in Fig. 1 clearly demon- 
strate the crystallization of these phases in different 
samples of composition series A. The W-type (SrFe~ + 
Fe~-O27 ) hexagonal ferrite is precipitated as the only 

T A B L E I I Crystallization, microstructure and magnetic properties of W-type (SrFe~O27) ferrite in the various glass systems 

Series Heat-treatment Crystallites Magnetization, Coercivity, 
M~ (e.m.u.g E) Hc(Oe) 

~(K) 

A l 4 l0 K/5 h Sr 3 Fe~5025 7.5 310 840 
510 K/12 h y-F%O 3 

A2 590 K/5 h Sr 2 FeO 4 6.0 295 840 
630 K/I 2 h Sr 3 Fe15025 

A3 725 K/2 h Sr 2 F%O 5 5.0 415 525,825 
810K/12h 

A4 885 K/5 h Sr 4 FegOt7 6.7 305 450,840 
935K/12h 

A5 885 K/5 h W-phase 7.5 385 850 
l120K/12h 

A6 1100 K/2 h 7-Fe203 2.1 2450 630 
1120 K/20 h 

B5 885 K/5 h W-phase 8.5 400 850 
1120 K/12h e-F%O3 

C5 900 K/2 h W-phase 9.5 4300 830 
1135 K/20 h ~-Fe203 

C6 1100 K/2 h SrFel20 m 5.4 3200 650 
1135 K/20 h 

D5 900 K/2 h W-phase 17.0 4200 820 
1 130 K/20 h 

E5 900 K/2 h W-phase 25.0 2500 820 
1130 K/20 h 

F5 900K/2 h W-phase 30.8 4100 810 
1130 K/20 h 
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crystalline phase in sample A5. Fe ~+ ~ Fe 2+ reduc- 
tion reaction usually takes place in the system and 
making the ferrite crystal lattice thermally unstable 
[1 I]. A Sr  3 Fe~sO25 ferrite (hexagonal crystal structure) 
phase observed in samples A I and A2 eventually 
forms the Sr 2+-stabilized W-type ferrite as follows 

SrFe2+Fe~;~O27 + 2SrO 
(W-phase) 

Fe3 + ~ Fe 2 + 
. Sr3Fe2+ [] 3+ - Fel4 025 + FeO 

reduction 

where [] denotes an Fe 2§ vacancy. Likewise, Sr4Fe90~7 
crystallizing out in sample A4 is another Sr 2+ stabilized 
M-type (SrFe~20~9) ferrite. The content of SrO (Table I) 
in the glass composition series imparts an important 
role in thermal stability of these ferrites. As a conse- 
quence, an increase in SrO to more than 35 tool % in 
composition series B and C appears to limit the 
Fe 3+ ~ Fe 2+ reduction, and W-type ferrite occurs as 
the predominant crystalline phase in most of the heat- 
treatments. It is now also thermally stable. No forma- 
tion of oxygen deficient ferrites occurs even after a 
further annealing of the system to ~ 1500K for 
several hours. 

It is interesting that the W-type ferrite crystallizes 
out as the only magnetic phase in composition series 
C; however, the crystallization yield is still not very 
satisfactory. A major fraction of the reactants SrO 
and Fe203 is not utilized in the ferrite formation reac- 
tion. Addition of 1 mol % SiO2 or Bi203 to this par- 
ticular composition series markedly increases the 
nucleation of W-phase ferrite, thus showing a crystal- 
lization yield of ~ 21.5 and 32.0 wt % (estimated using 
the crystallization volume fraction in microstructure 
and the bulk density of the system), respectively. The 
results obtained for the various samples are given in 
Table III. A surprisingly large yield, i.e. ~ 40 wt %, is 
found to crystallize out in the system when 1 mol % of 
both SiO2 and Bi20 J are used together in sample F5. 
This is larger by ~ 1.8wt % than the theoretically 
calculated yield (cf. Table III), assuming a 100% util- 
ization of the Fe203 contents in the formation of 
W-phase ferrite. The discrepancy eventually indicates 
a participation of some foreign mass, i.e. B203 or the 
additives (SiO2 and Bi203), in the reaction. These 
impurities could be incorporated in place of Fe 3+ 
vacancies in the ferrite interstitial lattice sites [12, 13]. 
This is the reason why the relative intensities of the 

T A B LE 111 Maximum crystallization yields of W-phase ferrite 
obtained for the various glass-composition systems 

Composition Crystallization M, (e.m.u. g ~) 
series yield (wt %)* 

Obs. Calc. 

A 13.0 41.14 57.7 
B 12.0 40.48 70.8 
C 12.9 40.33 80,0 
D 21,5 40.37 79,I 
E 32.0 38.19 78,0 
F 40.0 38.22 77.0 

*The theoretical yield is estimated 
stoichiometric masses of  FeeO~ and 
of the iron oxide in the reaction. 

for the ferrite phase using the 
SrO assuming 100% utilization 
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Figure 2 Effect o f  SiO 2 and Bi20 ~ additives on the diffraction pat- 
terns for W-type ferrite precipitating in composition series D and E, 
respectively. The samples were heat treated at 900 K/2 h followed by 
I130K for (a) 2, (b) 5 and (c) 20h. 

characteristic diffraction lines of ferrite phase [ 14] vary 
by a reasonable amount in the case of these samples 
(for example cf. Fig. 2). 

3.2. Effect of the additives on microstructure 
of the ferrite systems 

The ferrite particles in the present systems are usually 
crystallized out as acicular platelets. This has been 
confirmed by microstructure and measurement of the 
X-ray diffraction patterns of powder and bulk samples. 
The diffraction patterns reasonably differ in the two 
cases, i.e. the diffraction lines corresponding to the 
lattice planes parallel to the c-axis in general exhibit 
enhanced intensities in the case of the bulk. The 
features are very similar to those reported for barium 
or/and calcium ferrites in detail [8-10]. The micro- 
structure indicates the particle size of the samples 
varies over a wide range, i.e. from a few nanometres to 
micrometer order. The addition of Bi203 (I mol %) to 
the system favours the growth of ferrite phase with a 
large aspect ratio of acicular particles. A typical elec- 
tron micrograph shown in Fig. 3a (samples E5) clearly 
reveals these platelets (black) of average size ~ 3 gm. 
The corresponding electron diffraction patterns (Fig. 
4) exhibit lattice reflections characteristic of single 
crystals of W-type ferrite. These crystal particles are 
essentially grown along the c-axis (marked by the 
arrow in Fig. 3a). 

SiO~ (1 mol %), on the other hand, inhibits grain 
growth and the acicular shape of the particle. As a 
result, sample D5 (Fig. 3b) comprises mostly fine 
particles ( ~  0.1 ktm size) due to the strontium ferrite. 
The particle size and particle distribution appear rela- 
tively sharper than those obtained without additives 
or with Bi203 addition in the sample series C. 

More interesting microstructure is observed when 
the two additives are used together, as in sample F5. 
As shown in Fig. 5, the particles (white) grow as 
regular platelets of length ~ 1 #m and width ~ 0.1/~ln. 
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Figure 3 Transmission electron photographs of (a) large acicular platelets (samples E5), and (b) fine particles (sample D5) of W-type ferrite 
showing the precipitation effect of Bi203 and SiO2 additives on the system. The arrow indicates orientation (c-axis) of a typical acicular 
particle. 

The single particle characteristics of the samples are 
confirmed by analysing the image structure for inter- 
cepts. The samples appearing as discrete and isolated 
particles in the microstructure do not show an inter- 
cept; they are the single crystal particles of ferrite. 
Also, the microstructure studied after etching the 
surface of the samples with weak acetic acid does not 
differ significantly. It should be noted that no such fine 
distribution of ferrite platelets with this large crystal- 
lization volume fraction has been reported by any 
other method [4-6]. The material in this respect 
appears to be quite suitable for use in perpendicular 
magnetic recording (it is believed to provide ultra- 
high recording density [1]). A problem which has yet 
to be solved is the particle size, which remains larger 
than the standard size of ~<0.2/tm [4]. 

3.3. Magnetic results 
The specific magnetization (M), coercivity (H~) and 
remanent magnetization (Mr) for the different samples 
were studied by measuring the hysteresis loop in 
the applied magnetic field H. The as-prepared glass 
samples, as expected, show very low magnetic moments 
(~<0.1e.m.u.g -j) and coercive fields Hc ~ 20Oe. 
The magnetic moment as well as H~ rapidly develops 
when the specimens are heat-treated as given in 
Table II. This indicates crystallization of magnetic 
particles within the glass matrix by the thermal treat- 
ments. We are interested in the magnetic properties of 
these particles. 

Fig. 6 shows the magnetization behaviour of typical 
heat-treated sample measured as a function of H. 
Most of the samples do not usually show a magnetic 
saturation. This is often probably due to a small 
presence of superparamagnetic particles in the system. 
A wide variation of particle sizes from 0.01 to 5gin 
is evident from the microstructure. The particles 
~< 0.01 #m size could impart superparamagnetic behav- 
iour [15]. Absence of the saturation could also have an 
effect due to co-precipitation of c~-Fe~O3 phase and/or 
the presence of Fe cations in different oxidation/ 
co-ordination states [8]. The particle sizes evidently 
increase and the system shows considerably enhanced 
crystallization yields and a relatively sharp size distri- 
bution of magnetic phase in the samples containing 
Bi203/SiO 2 additives. The M - H  plots (Fig. 6), in fact, 
give the magnetic saturation at reasonably smaller 
magnetic fields, H ~< 20kOe, in these particular 
samples. The value of M~ (the saturation magnetiza- 
tion) for the other samples we have estimated by 
extrapolating the experimental data following the law 
of approach to saturation [16]. These values are up to 
20% larger than that observed at H = 20kOe. The 
results for M~ and other magnetic data of coercivity 
(He) and the Curie transition temperature T~ obtained 
on the useful samples are also included in Table II. 

Values of M, (cf. Tables III) were also estimated for 
the ferrite particles (excluding the glassy part of the 
bulk) precipitated in the various composition series. 
These were obtained simply dividing 34, for the bulk 

Figure 4 Electron diffraction patterns of the acicular platelets in 
Fig. 3a. The electron beam was incident normal to the c-axis. 
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Figure 5 Optical micrograph showing the hexagonal platelets 
(white) of W-type ferrite precipitated after addition of 1 tool % SiO 2 
and Bi203 in sample F5. 
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Figure 6 Plot of magnetization, M, as a function of the applied 
magnetic field, H, for the selected glass-ceramic samples. 

specimen by the crystallization yield (given in the same 
table). The maximum value of Ms = 80e.m.u.g -I 
thus observed in composition series C is very con- 
sistent with that reported for the synthesized W-type 
ferrite [9, 17]. The other composition series exhibit 
significantly smaller Ms values, possibly due to the 
incorporation of some nonmagnetic ions (i.e. B 3+ , 

Si 4+ or Bi 3+) impurities as evident by the X-ray dif- 
fraction and microstructural analyses. Some incipient 
growth of iron oxidelM-type ferrite seems responsible 
for the low estimated A4~ values in composition series 
A and B. 

Fig. 7 shows the hysteresis loop obtained for sample 
F5 which revealed a maximum Ms = 30.8 e.m.u, g- 
(77 e.m.u.g-~ in ferrite particles) for the bulk. This 
sample also gives rise to a large coercivity, H~ = 4100 
Oe. The skewness of the M-H loop as measured per- 
pendicular to the platelet samples (cf. Fig. 5) is found 
to be Mr/M~ = 0.8; it is high enough for perpen- 
dicular magnetic recording media, and also seems 
useful for other magnetic device applications [1, 2]. 
Moreover, the specimens containing Bi203 additives 
exhibit feasibly smaller MdM~ (~ 0.7) and Arc (,--2500 
Oe) values. 

The coercivity is a complicated function of several 
factors, such as the particle size and morphology, the 
nonmagnetic impurities incorporated in the interstitial 
sites, the multidomain nucleation formation, and the 
strain defects produced in the system during thermal 
treatments [10, 18-19]. The sample series A and B that 
do not contain nucleating additives show an order of 
magnitude lower coercivity (/70 ~< 400 Oe) compared 
to sample series C and laters. Such small values of H: 
for the W-type ferrite phase are possibly predominant 
due to the multidomain nucleation formation in the 
system [18, 19]. In later experiments [19] we have 
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Figure 7 A typical hysteresis loop for the glass-ceramic 
sample F5. 
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Figure 8 The temperature dependence of 
the saturation magnetization, M~,. The 
samples ccmtaining SiO, or Bi203 exhibit a 
relatively steady fall of M~ with tempera- 
ture, as shown by a representative example 
of sample F5 in the inset. 
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observed values of Ho as low as ~< 100 Oe for similar 
ferrites synthesized by high-temperature (~  1650K) 
thermal treatments of the stoichiometric composition 
through ceramic methods. This also demonstrates that 
the use of Bi203 and SiO2 additives in the investigation 
prevents the multidomain nucleation formation of the 
ferrite particles. 

Examples of our temperature dependence studies of 
Ms are portrayed in Fig. 8. Ms decreases with increas- 
ing temperature and sharply falls to zero at the charac- 
teristic Curie transition temperature (To) around 
830 K for the W-phase ferrite. Sample A6, which does 
not exhibit X-ray diffraction lines due to the ferrite 
phase, clearly demonstrates a distinct To ~ 630K. 
Moreover, a marginal variation of To (around 830 + 
20 K) also noted for the ferrite phase samples, is in 
agreement with the nonmagnetic impurities being 
incorporated into the ferrite particles [17]. Sample F5, 
which is believed to contain SiO2 or Bi203 impurities, 
reveals a Tc ~ 810K. 

Most of the magnetic device applications also 
require a small magnetization coefficient of tempera- 
ture (OMs/OT), at least for the working-temperature 
range. The ferrite samples which crystallized out with 
the aid of Bi203/SiO2 additives appear quite beneficial 
in this view. This material series evidently follows a 
much steadier decrease in Ms (#M,/#T ~ 0.005 e.m.u. 
g- J K-i for T ~< 400 K) as shown for a representative 
sample, F5, in Fig. 8. 

4. Conclusions 
Acicular platelets of W-type hexagonal strontium 
ferrite (SrFe~802v), useful especially for magnetic 
recording applications, were obtained by crystalliz- 
ation in the glass system on addition of 1 tool % SiO2 
and Bi203. Both additives are found to influence 
significantly the intrinsic magnetic properties of 
the material through microstructural developments 
subjected to the thermal treatments of the specimens. 
The crystallization yield is also considerably enhanced 
and the samples show a fairly sharp distribution of 
particles. 
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