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Transformation studies of M-  to W-type 
hexaferrite in BaFe12-2xCo3x019 
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Metullurgical Engineering and Materials Science Centre, Indian Institute of Technology, 
Powai, Bombay 400076, India 

Samples of general formula BaFel 2_2xCO3xO 1 9 ( x =  0.1,0.3, 0.5) have been synthesized by 
ceramic as well as citrate gel routes. The X-ray diffraction patterns indicate that M-type phase 
forms for x=0.1, while W-type phase is favourable for x=0.3 and 0.5. The results for x=0.3 
are particularly interesting. While the X-ray diffraction data show evidence of a monophasic 
W-type hexaferrite, the magnetic, thermal and microstructural investigations indicate a 
secondary phase presumably at grain boundaries. Transformation of M- to W-type hexaferrite 
has been explained in terms of different possibilities such as nucleation of secondary phases, 
formation of vacancies and different site occupation of ions in the structure. 

1. I n t r o d u c t i o n  
M- and W-type hexaferrites have been studied exten- 
sively because of their wide applications and easy 
syrithesis [1-3].  The two structures are closely related. 
While their a-axes are essentially the same, they vary 
in the c-parameter. In W-phase, two successive R- 
blocks (BaFe6Oll)  are interspaced by two S-blocks 
(Me2Fe408) instead of one in the case of M-type 
hexaferrite. It has been recently reported that B a - W  
hexaferrite can be obtained in M - t ype  stoichiometry 
by using a suitable nucleating agent and/or hot- 
pressing technique [4, 5]. We report here an investiga- 
tion of the development of W-type hexaferrite in a 
nominal composition BaFe12_2xCo3xO19 (0~<x 
~< 0.5) by essentially adding excess cobalt in M-type 

stoichiometry. Samples have been synthesized 
through the citrate gel precursor route to enable 
nucleation and growth to occur at reasonably low 
temperatures [6]. By varying the heat-treatment sche- 
dule, conversion of M- to W-type hexaferrite has been 
investigated. For  comparison, the ceramic route has 
also been used. The results based on the structural and 
magnetic characterization are presented here. 

2. Experimental procedure 
AR grade chemicals were used to synthesize 
BaFet2_2xCoaxO19 (0 ~< x ~< 0.5) through the citrate 
gel route. Citrate complexes involving Ba 2 + and Co 2 + 
ions were prepared by adding excess citric acid to the 
barium nitrate and cobalt nitrate solutions. The res- 
ultant solutions were mixed with stoichiometric 
quantities of ferric ammonium citrate solution by 
adding this solution slowly while stirring continu- 
ously. The pH of the solution was maintained at about  
8 by adding ammonia  solution. The mixed solution 
was then refluxed at 340 K for 24 h. Thereafter the 
citrate complex was dried at about 350 K, to obtain 
the precursor. Thermogravimetric analysis (TGA) of 
the precursor was carried out up to a temperature of 

1270 K to determine the decomposition behaviour 
of the precursor. It was found that all the decomposi- 
tion occurs up to about  670 K. Beyond 670 K, the 
precursor exhibits essentially constant weight. The 
precursor was then heated at 870 K for 24 h for its 
decomposition. The obtained powder was ground, 
pelletized and heat treated at temperatures of 1170, 
1370 and 1570 K for 4 h each. The samples obtained 
through the ceramic route were given a final heat 
treatment at 1570 K. Final heat-treated samples were 
characterized for their crystal structure and phase by 
X-ray diffraction (XRD) (Philips PW-1729 X-ray gen- 
erator and PW-1710 diffractometer control). Mag- 
netic measurements were carried out using PAR 150A 
vibrating sample magnetometer.  Scanning electron 
micrographs were taken on Jeol JSM 840A. TGA and 
differential scanning calorimetry (DSC) were per- 
formed with the help of Du Pont  Instruments 910 
(DSC) and 951 (TGA) for a few samples to have some 

TABLE I Sample codes of the various samples synthesized by the 
citrate gel and ceramic routes. Compositions marked * are syn- 
thesized by the conventional ceramic route. The Citrate route sam- 
ples were presintered at 870 K0 while for the ceramic samples the 
calcination temperature was 1370 K 

Sample Heat-treatment Sample 
composition; x in temperature (K) codes 
BaFe12_2xCo3xO19 for 4 h 

1 0.0 1170 G9 
2 0.0 1370 Gll 
3 0.1 1170 1G9 
4 0.1 1570 1G13 
5 0.3 1170 3G9 
6 0.3 1370 3Gll 
7 0.3 1570 3G13 
8 0.3* 1370 3Cll 
9 0.3* 1570 3C13 

10 0.5 1170 5G9 
11 0.5 1370 5Gll 
12 0.5 1570 5G13 
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idea regarding decomposition and phase transition. 
Table I gives the details of heat-treatment schedules 
and codes of the various samples synthesized. 

3. Results and discussion 
Fig. 1 gives the XRD patterns of sample 
BaFetz_2~Co3~Oa9 for x = 0.5 synthesized by the 

citrate gel route and heat treated at different temper- 
atures. Although the as-prepared citrate precursor is 
amorphous, the sample heat treated at 870 K is a 
mixture of crystalline y-FezO 3 and some amorphous 
phase. On the other hand, the sample heated at 
1170 K (5G9) shows the presence of ~-Fe20 3, M-type 
and W-type hexaferrite phases. However, samples 
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Figure 1 X-ray diffraction patterns for samples 5G6, 5G9, 5G 11 and 5G 13. (�9 BaCo 2 Fel602 ?, (*) BaFe12 O19, (O) at-Fe203, ( x ) y-Fe203. 
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5Gll  and 5G13 exhibit only W-type hexaferrite 
phase. The sample with x = 0.3 shows essentially a 
similar behaviour, but for the sample with x = 0.1 
heated to 1570 K, only M-type phase is seen instead. 
Fig. 2 compares the XRD patterns of samples 1G13, 
3G13 and 5G13. Table II compares the d-values for 
the four strongest lines of the samples 3C13 and 3G13 
with the standard values. It is interesting to note that 
the XRD pattern of samples synthesized by the citrate 

ge l  route and heated to 1570 K differ considerably 
from that of the sample synthesized through the cer- 

amic route. For example, the XRD intensity patterns 
of samples 3G13 and 3C13 are quite different. Most of 
the high-angle lines are absent in the diffraction pat- 
tern of the ceramic sample. This would indicate differ- 
ent site occupation of the cations when the material is 
synthesized through different routes. The lattice para- 
meters of the samples calculated from the XRD data 
match those of M-type hexaferrite for some samples as 
given in Table III, but match those of W-type for some 
other samples. It may be mentioned that both M- and 
W-type ferrites have a similar hexagonal structure. 
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Figure 2 X-ray diffraction patterns for samples 1G13, 3G13 and 5G13. (0 )  BaCo2Fe16027, (*) BaFet2019 �9 
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TABLE I1 Comparison of d-values of 3G13 and 3C13 with the 
standard d-values 

3G13 3C13 Standard 

d-values I / I  o d-values I/I  o d-values 
(nm) (nm) (nm) 

I/Io 

0.295 52 - - 0.295 40 
(110) 

0.277 75 0.275 48 0.276 70 
(101 O) 

0.260 100 0.259 54 0.259 100 
(116) 

0 . 1 4 7  47 0 . 1 4 7  96 0 . 1 4 7  N A  

(2 2 O) 
- 0.113 100 0.113 N A  

(2026) 

NA, not available. 

T A B L E  [I I  Magnetic properties, lattice parameters and particle 
size of some of the presently synthesized samples 

Sample Magnet- H~ T~ (K) a(nm) c(nm) Particle 
ization at (Oe) size 

12 kOe (gm) 
(e.m.u. g 1) 

G9 50.6 5170 0.588 2.314 1.7 
G l t  51.8 1950 0.591 2219 1.8 
1G9 37,2 3150 716 0.587 2.313 0.5 
1G13 59.2 130 715 0.582 2.359 0.6 
3G9 43.2 2170 717 0.588 2.318 0.8 
3Gl l  58.0 165 - 0.587 3,302 - 
3G13 53.7 130 533, 713 0.591 3.280 1.5 
3C13 57.3 60 748 0.590 3,294 - 
5Gl l  41,9 1280 - 0.593 3.267 
5G13 63.7 110 763 0.590 ,3.281 - 

The difference between the two lies in different c values 
(c-~ 23.2 and 32.8 nm, respectively, for M- and W- 
type) [7]. The magnetization obtained at a magnetic 
field of about 12 kOe, the coercive field, H~, and 
estimated Curie temperatures from magnetization ver- 
sus temperature data along with the lattice parameters 
calculated for the different samples, are given in Table 
III. Fig. 3 shows a typical hysteresis loop for samples 
3G9 and 3G13. These plots do not show evidence of 
complete saturation. The indication of non-saturation 
in samples could be due to large magnetocrystalline 
anisotropy which needs a higher field for saturation. 
Further, the nonsaturation in sample 3G9 could also 
be due to the presence of 0~-Fe20  3 which is canted 
antiferromagnet and can give rise to this kind of 
behaviour. This could also explain the reduction in 
magnetization values at the maximum field of 12 kOe. 
The coercivity shows a decreasing trend with increas- 
ing heat-treatment temperature which could be due to 
transition from single-domain to multidomain par- 
ticles which is related to magnetization reversal 
changes from coherent rotation to domain wall mo- 
tion. The remanent magnetization is also much larger 
for sample 3G9 than 3G13, indicating some kind of 
orientation effect. 

We have plotted magnetization versus temperature 
for samples 3G9, 3G13, 5G13 and 3C13 in Fig. 4 as 
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Figure 3 Room-temperature hysteresis loops for samples 3G9 and 
3G13. 
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Figure 4 Magnetization versus temperature curves for samples (A) 
3G9, ( x ) 3C13, ( 0 )  5G13 and (�9 3G13. Measurements for samples 
3C13 and 5G13 were taken at fields of 6 and 5 kOe, respectively, 
whereas those for 3G9 and 3G13 were taken at residual fields. 

typical data. All the samples except sample 3G13 
exhibit a single transition between 710 and 760 K, as is 
expected of a single hexaferrite phase. Sample 3G13, 
on the other hand, displays a second transition around 
530 K. It may be pointed out that this sample shows 
the presence of W-type hexaferrite only in its XRD 
pattern. It is also noteworthy that there is fairly a large 
difference in the transition temperature between 3C13 
and 3G13. 

Fig. 5 shows a typical set of microstructures for 
samples 3G9 and 3G13. The presence of very fine 
particles and secondary phases is evident from the 
microstructure of the sample 3G9 which supports the 
XRD and magnetization data. The microstructure for 
sample 3G13 exhibits larger well-formed particles 
with a single-phase W-type hexaferrite. There is some 
indication of a secondary phase along the grain 
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Figure 5 Scanning electron micrographs of (a) sample 3G9, and 

(b) sample 3G13. 

boundaries, which is not detectable by XRD, perhaps 
due to very small volume fraction. 

The evidence of a single-phase W-type hexaferrite 
from XRD and two transitions in M versus T data for 
the sample 3G13 is quite interesting. The initial nom- 
inal composition for this sample corresponds to 
BaFet 1.4Coo.9 Oy which is quite different for a W-type 
hexaferrite, BaCo2Fe16Oz7. The formation of W-type 
hexaferrite would obviously require more cobalt and 
iron cations which are not available. Hence this pos- 
sibility is ruled out. The samples synthesized by the 
citrate route are initially heat treated at 870 K. It has 
been reported that at low temperatures secondary 
phases such as r 3 and BaFe20 4 may nucleate 
which later react at high temperatures to form single- 
phase BaFe12019 [8]. Therefore, a second possibility 
to support the formation of W-phase could be that a 
secondary phase related to BaFe/O4 might nucleate 
at 870 K so that the required ratio ofBa: (Fe + Co)for 
W-phase is available in the remaining material. The 
present XRD results do not indicate the presence of 
any such phase, and show a monophasic W-type 
hexaferrite. However, the magnetic and SEM data 
support the presence of a secondary phase. An addi- 
tional magnetic transition (Fig. 5) is observed at 
around 530 K in addition to one observed at around 
720 K due to the W-phase) which could be attributed 
to a secondary phase along the grain boundaries. DSC 
analysis supports these results. The DSC curve of 
sample 3G13 shows essentially two broad transitions: 
the first one is around 515 K while the other one is 
around 720 K. These transitions correspond fairly 
well with the magnetic transition temperatures ob- 
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served. The additional magnetic transition, however, 
is not found in the ceramic sample of the same com- 
position because the secondary phase might not have 
been nucleated as the samples are heated initially at 
high temperature (1370 K). The situation where the 
citrate route sample forms W-type hexaferrite with 
nucleation of some secondary phases whereas the 
ceramic sample forms W-type hexaferrite without 
nucleation of any such phases, could be explained as 
follows. The high-temperature calcination of the cer- 
amic sample might force some of the Ba 2+ ions also to 
go to the Co 2 + sites in the W-phase as 
Ba[Co2] Fe16027. As mentioned earlier the unit cell 
of W-type phase is closely related to the M-phase. The 
only difference is that the successive R-blocks are 
interspaced by two S-blocks instead of one, as in the 
M-phase. The divalent cations (Ba 2 +) could, in princi- 
ple, replace Co 2+ ions in the spinel blocks [5]. A large 
number of divalent cations have been found suitable 
for this replacement [3, 9-11]. Here the Ba z+ ions 
may distribute themselves between R and S blocks in 
order to obtain a stoichiometry corresponding to the 
W-phase. 

The W-phase obtained by the present method could 
also be due to non-stoichiometry by the presence of a 
number of vacant Fe 3 +/Co 2+ sites in the compound. 
The XRD pattern does not show all the peaks corres- 
ponding to the various interplanar spacings. This-is 
believed to be due to vacancies in such planes [5]. 

The nucleation and growth mechanism of W-type 
hexaferrite for citrate and ceramic samples appears to 
be different. 
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