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The constituents of BaO'5.5 Fe,O  magnets 
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Because BaO.5.5 Fe203 magnets have higher (BaHa)m values than comparable BaFe,20~, 
products, magnetic phase analyses were made to find the reason for this characteristic 
difference. These analyses led to the discovery of a new complex ferrite, 
BaFeivB = Ba3Fe,2+Fe2s~+O,,. Specimens of this material were found to have the 
following characteristics at room temperature: 4~rMs = 5000 G and H A = 19.3 kOe. The 
Curie temperature is 451 ~ These analyses indicated that BaO-5.5 Fe20~ specimens are 
comprised of �89 part BaFe,~O,, and w part BaFeivB by weight. This explains why BaO'5.5 
Fe~O, magnets have higher (BaHa)m values than comparable BaFe,20,, products. 

1, Introduction 
Ferrite magnets made commercially with the 
composition, BaO.5.5 Fe203, usually have higher 
maximum energy products (BdHa)m, than 
comparable BaFe~O19 specimens. Although this 
can be explained only on the basis of differences 
in the magnetic characteristics of the materials 
comprising these magnets, the constituents of 
BaO.5.5 Fe2Oa products have never been 
established. This may be attributed to the 
extreme complexity [1 ] of the BaO-Fe~O3-FeO 
system and to the lack of adequate analytical 
methods. 

X-ray analysis can usually be employed to 
determine the materials comprising a magnet, but 
when all of the magnetic particles in the speci- 
men have the magnetoplumbite structure, as is 
the case with the barium ferrites; it is difficult to 
identify these particles on a quantitative basis. A 
special procedure [2] using X-ray diffraction to 
differentiate the magnetic barium ferrites was 
used to derive the phase diagram for the 
BaO-Fe203-FeO system [3] and still most of the 
eleven magnetic barium ferrites listed [1] were 
overlooked. Moreover, this diagram indicates 
that when specimens of BaFeIIW = BaF% 2+ 
Fe163+O27 are fired in air the resultant product 
consists of BaFe12019 and Fe203. This, of course, 
is a variance with the findings of others [4]. 

When only standard methods of X-ray 
analyses were used to establish the phase 
diagram [5], none of the complex ferrites were 
identified. However, this diagram shows that 
certain amounts of BaO dissolves in BaFe120~9. 
Obviously, this could also be interpreted as 
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indicating that these compositions contain 
BaFel~O19 and a complex ferrite with the 
hexagonal structure whose BaO content is 
greater than that found in BaFe120~9. 

Under the circumstances it is not surprising to 
find that methods to analyse mixtures of 
BaFe12019 and BaFeIIU = Ba~Fe22+ F%63+ 060 
are unknown. Nevertheless, this is a deplorable 
situation; because BaFeIIU is "nearest neigh-. 
bour" of BaFel~O19 on its BaO rich side of the 
BaO-F%O3-FeO phase diagram. As a conse- 
quence BaFe~U or its oxidation product would 
be expected to be found in BaO-5.5 F%O3 speci- 
mens to preserve stoichiometry, since it is 
common knowledge that these magnets contain 
only materials with the magnetoplumbite struc- 
ture. 

A careful consideration of these facts led to the 
use of magnetic phase analysis to determine the 
constituents of commercial type BaO.5.5 F%Oa 
magnets. The results of these analyses are given 
in this report to explain why these magnets have 
higher (BdHa)m values than comparable 
BaFea20~9 products. 

2. Outline of the experimental procedure 

Since the saturation magnetic moment per cm 3, 
Ms, or the saturation magnetization as it is 
usually called, is a structure insensitive property 
of materials [6]; it is well suited to magnetic 
phase analysis. Thus, it is found that when phase 
changes occur in magnetic alloys or when 
compounds are formed sharp breaks are 
observed in the plots of Ms versus composition [7 ]. 
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On the other hand, when solid solutions are 
formed the saturation magnetization changes 
smoothly with composition [8]. 

A careful consideration of these phenomena 
led to the use of magnetic phase diagrams to 
identify the constituents of BaO.5.5 F%Oa 
magnets. It was recognized, however, that the 
saturation magnetization of some alloy speci- 
mens is changed by the heat treatment it receives 
[9] and; consequently, a supplementary 
analytical method was needed. It was apparent 
also that the standard powder method of X-ray 
analysis had little quantitative value in a system 
as complex as that of BaO-F%Oa-FeO and, 
consequently, could not satisfy this need. 

It was found, however, that by using the 
standard powder method in conjunction with 
the procedure given [2] to identify some of the 
hexagonal ferrites, a satisfactory method was 
derived to supplement magnetic phase analysis. 
This method is based on the procedure used 
[10] to identify substances by the powder 
method, but dual X-ray diffraction patterns of a 
specimen are employed instead of the single 
pattern normally used. One of the patterns 
required by the method is obtained from a 
powdered non-oriented sample of the specimen. 
The second pattern, however, is derived from a 
powdered sample in oriented form. 

The analytical procedures indicated, magnetic 
phase and dual X-ray diffraction, were applied to 
specimens whose compositions were as follows: 
BaO.5.5 F%O3; BaM = BaFel~O 19; BaFeIIU -- 
4BaO.19 Fe~O3; BaFeIIW = BaO.9 FelOn; and 
3BaM.(1-3)BaFenU. In these symbolic formulas 
for the complex ferrites, the Roman numeral 
subscript indicates the number of ferrous ions 
normally ascribed to the compound [11 ]. 

Specimens with these compositions were 
chosen for the investigation to satisfy both the 
stoichiometric requirements of BaO.5.5 F%O 3 
magnets and the conclusions drawn from X-ray 
analyses. The BaFe~IU and BaFeixW specimens, 
understandably, received preference over other 
complex ferrites that could have been selected 
because of their positions in the BaO-Fe2Oa-FeO 
phase diagram. Thus, it was theorized that, if 
necessary, BaFeIIX = 2BaO-15 Fe203, could be 
synthesized from calcines of BaM and BaFeIIW 
mixed together in the proper proportions. Simi- 
larly, it was reasoned that BaO.5.5 F%O a 
magnets could be made from calcines of BaM 
and BaFeIIU. The 3BaM.(1-~)BaFeIIU speci- 
mens were prepared to prove this point. 
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3. Preparation of the specimens 
The specimens for the investigation were made 
using procedures and materials commonly 
employed by the ferrite industry to ensure 
production of commercial type BaO.5.5 F%O3 
magnets. Technical grade BaCO 3 was first dry- 
mixed with M-25 iron oxide [12] in the propor- 
tions required to produce calcines of BaO.5.5 
F%O3, BaM, BaFeIIU and BaFeIIW, respectively. 
After thorough mixing, water and binders were 
added to a given mix and the resultant product 
extruded. The extruded material was dried, then 
calcined in air at 1385~ with a 2 h soak period 
at peak temperature. The heating and cooling 
rates of the periodic kiln used were set at 100~ 
h -1. 

Samples of the calcines produced were taken 
for chemical and X-ray analyses and for micro- 
scopic examinations. Inspections showed that 
each calcine consisted of a single detectable phase 
and that only materials with the magneto- 
plumbite structure were present. The impurities 
found by chemical analyses, after allowances are 
made for the addition of fluxes, are reported as a 
footnote of Table I. 

The specimens of ~BaM.(1-~) BaFeIIU were 
produced from mixtures of BaM and BaFelIU 
calcines blended together in the desired propor- 
tions. In all cases the magnets were made by 
charging calcined products and small quantities 
of PbO and SiO2 into individual jar mills and wet 
ball-milling the resultant charges until the 
average size of the ferrite particles approached 
1 gin. The PbO and SiO2 were used as fluxes 
following accepted industrial practice. After the 
milling operation, binders and lubricants were 
added to the jar mills. The resultant charges were 
then thoroughly mixed by additional milling 
before discharging the mills and drying the 
products. 

Moulding powders were made from the dried 
products and these were pressed into the form of 
rectangular bars using pressures of 460 kg cm -~. 
These bars were sintered in air at 1200 to 1285~ 
with soak periods at peak temperature of 2 and 
48 h, respectively. The heating and the cooling 
rates of the periodic kiln were set at 100~ h 1. 

The calcining procedure and the sintering 
schedule employed with the specimens held at 
peak temperature for 2 h correspond to the 
industrial practice followed to obtain BaO.5.5 
Fe20~ and BaFelzO19 magnets with the highest 
attainable (BaHa)m values. They were, therefore, 
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adopted for the investigation after verifying their 
values. 

Chemical analyses showed that neither the 
calcines nor the magnets produced contained 
more than trace amounts of ferrous iron. These 
results confirmed previous analyses [5]. X-ray 
diffraction data indicated, however, that only 
materials with the magnetoplumbite structure 
were present in these products. It was concluded, 
therefore, that the complex ferrite calcines and 
specimens produced were metal deficient com- 
pounds. This conclusion coincides with the 
opinion formed by others [4] who showed that 
crystallographically pure BaFeuW can be pro- 
duced with varying ferrous iron contents and no 
other divalent metal present. It was claimed [4] 
that the ferrous iron content of this metal 
deficient compound had little effect on its 
saturation magnetization. Thus, it was reported 
that, Ms = 318 G, for this material. This com- 
pares well with, Ms = 314 G, given [13] for 
single-crystal BaFenW at room temperature. 

4. Magnetic measurements 
The magnetic characteristics of the specimens 
prepared were determined by means of a 
Magnemetrics Hysteresisgraph with pole coils. 
Full intrinsic hysteresis loops, as well as second 
quadrant demagnetization curves were obtained 
with an accuracy within 4- 1.0%. Portions of 
typical hysteresis loops displayed by BaFe~IW 
specimens are portrayed in Fig. 1. This figure 
illustrates the method used [14] to establish the 
values of 4~rMe, 47rMh and H~a/2 for the 
magnets. These Me and Mh terms will be used 
later to calculate the 47rMs value for the speci- 
men. 

The hysteresis loop for the easy direction of 
magnetization of the rectangular specimen is 
first obtained in fields of 4- 10 kOe, maximum. 
The specimen is then removed from the equip- 
ment without changing the distance between 
pole pieces appreciably. Next the base line is 
established. By repeating this procedure for the 
hard direction, the hysteresis loop and the base 
line for the hard direction are obtained. 

Fig. 1 shows that the intrinsic hysteresis loop 
for the easy direction of magnetization becomes 
parallel to its base line at the point indicated by 
the arrow. Since the field at this point, H = 
HiA/2, corresponds very closely to the published 
value [13] of Hal2, where H a is the anisotropy 
field; H~ a is referred to as the "indicated" 
anisotropy field. The hysteresis loop for the hard 
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Figure 1 Portions of typical intrinsic hysteresis loops of 
BaFenW specimens. 

direction does not exhibit this behaviour. This 
is illustrated dramatically by Fig. 2 which 
reproduces portions of the intrinsic hysteresis 
loops of an oriented BaFe12019 magnet. 

47rMe equals the difference in values of 4~rM at 
the intrinsic hysteresis loop for the easy direction 
of magnetization and its base line when H = 
Hia/2. This is illustrated by Fig. 2. The value of 
4~rMh at H = Hi~/2 is obtained in the same 
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Figure 2 Port ions o f  the intr insic hysteresis loops of" an 
oriented BaFe12019 magnet. 
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TABLE I The properties of the specimens* 

Type BaM-~ Density 47rMe 4~rM~ (BaHa)m Br Hie 
specimen (wt ~) (gcm -3) (G) (G) (MG-Oe) (G) (Oe) 

BaM (a) 100 5.00 3215 3085 0.93 2240 1610 
BaM (b) 100 5.02 3220 3160 0.63 2040 1320 
BaFelIW (a) -0-  4.89 2570 2540 0.60 1650 2370 
BaFelIW (b) -0-  5.00 2655 2560 0.58 1690 1910 
BaFeIIW (c) -0-  5.07 2630 2620 0.58 1500 1900 
BaO'5.5Fe208 (a) - -  4.97 3290 3160 1.07 2280 2180 
BaO'5.5Fe203 (a) - -  4.99 3310 3190 1.06 2270 2180 
BaM-BaFeIIU (a) -0-  5.03 3160 2920 0.87 2060 2300 
BaM-BaFeIIU (a) 25 5.02 3210 3100 1.02 2200 2380 
BaM-BaFeIIU (a) 50 495 3310 3200 1.06 2240 2240 
BaM-BaFeIIU (a) 67 4.96 3310 3140 1.08 2220 2250 
BaM-BaFelIU (a) 75 5.03 3290 3180 1.08 2270 2200 
BaM-BaFeHU (a) 100 4.91 3200 3010 0.96 2200 1950 

(a) 2 h at 1250~ (b) 48 h at 1250~ (c) 48 h at 1285~ 
*Contain 2.8 ~ non-magnetic impurities; t impurity content not considered. 

TABLE II  Comparing the calculated and published values of 47rMs and H A of the specimens 

Type BaM Theoretical Hi A H A 4~rMs 47rMs 
specimen (wt ~) density (kOe) published calculated published 

(g cm -3) (kOe) (G) (G) 

BaM (b) 100 5.28 (5) 17.3 17.1 (17) 4775 4775 (17) 
BaM (c) 100 5.28 (5) 17.3 17.1 (17) 4815 4775 (17) 
BaFeIIW (a) -0-  5.31 (5) 19.0 19.0 (13) 3985 3995 (4) (*) 
BaFeIIW (b) -0-  5.31 (5) 19.0 19.0 (13) 3965 3945 (13) (t) 
BaFe~IW (c) -0-  5.31 (5) 19.0 19.0 (13) 3955 3945 (13) (~) 
BaO-5.5Fe203 (a) - -  5.29 19.3 - -  4925 - -  
BaO.5.5Fe~O3 (a) - -  5.29 19.3 - -  4940 - -  
BaM-BaFenU (a) -0-  5.31 (5) 20.0 - -  4590 - -  
BaM-BaFeIIU (a) 25 5.30 19.3 - -  4780 - -  
BaM-BaFelIU (a) 50 5.30 19.3 - -  5000 - -  
BaM-BaFelIU (a) 67 5.29 19.3 - -  4930 - -  
BaM-BaFeIIU (a) 75 5.29 18.7 - -  4895 - -  
BaM-BaFeIIU (a) 100 5.28 (5) 17.3 17.1 (17) 4785 4775 (17) 

(a), (b) and (c), see Table I 
(*) Polycrystalline sample; (~) single-crystal value. 

manne r  f rom the hysteresis loop and the base line 
for the hard direction. 

Table I gives the observed magnetic  character- 
istics of the specimens including the values of 
4rrMe and  4~rMh obtained as outlined. The 
reported values of (BaHa)m, the residual 
induct ion,  Br, and the intrinsic coercive force, 
Hei, are those obtained parallel to the pressing 
direction and, hence, correspond to those usually 
given for ferrite magnets.  This table also lists the 
density values of the specimens. These were 
obtained by displacement methods and  are 
regarded as accurate to 4- 0.1 ~ .  

5, Deriving the 47TM~ values 
The 4rrMs values of the specimens were calculated 
using the following equat ion and per t inent  
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data f rom Tables I and II  [14]: 

(Me + Mh)/2 

This equat ion is based on finding that the 
theoretical demagnet izat ion curve of an isotropic 
rectangular  shaped BaFe12019 specimen passes 
through the point  (H = HA~2, M = 9Ms/&r), as 
the field strength is reduced from H/H A = 0.8 to 0. It 
is also based on the relationship, (Me + Mh)/2 = 
3Ms/4 for a theoretical, completely oriented, 
rectangular  specimen placed in a field H = HA~2. 
By using these results, Equat ion  1 was derived 
on the assumption that  a l inear relationship 
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exists between the orientation of the speci- 
men and its average magnetization value 
(Me + Mh)/2, at H = HA~2. 

The purity factor, f, in Equation 1 is equal to 
the product of the chemical purity of the speci- 
men, expressed as a decimal fraction, and its 
relative density. The published "theoretical" or 
X-ray densities of BaM, BaFexlU and BaFeuW 
magnets are, therefore, provided in Table II for 
these calculations. This table also gives the 
"theoretical" densities of the BaO.5.5 Fe203 and 
3BaM'(1-~)BaFenU specimens. These values 
were calculated on the assumption that linear 
relationships exist between the compositions and 
the densities of these specimens. 

In deriving the Ms values by means of Equa- 
tion 1, it was assumed that the chemical purity of 
the specimen is equal to the sum of the impurities 
found in the calcines and the combined amounts 
of PbO and SiO2added as fluxes. This assumption 
is reasonable, since the magnetic properties of 
lead and barium ferrites are roughly equivalent 
[15] and consequently mutual metathesis of the 
lead silicates and barium ferrites can have little 
effect on the Ms of the specimen when the 
amount of PbO used is small. The use of PbO 
does introduce a possible error however, since 
lead compounds are volatile at high temperatures. 

Table II gives the calculated values of 4~rMs for 
the specimens as well as those published for 
BaM and BaFenW. It is seen that agreement 
between the calculated and published values is 
excellent. This table also shows that agreement 
between Hi A and H A for these compounds is 
very good. 

The data in Table II indicate that unlike some 
magnetic alloys [9] the Ms values of BaM and 
BaFeltW specimens are not effected by the 
sintering time or temperature used to make these 
products. Unreported results show the same 
effects for 3BaM.(1-~) BaFenU magnets. This, 
obviously, makes it easier to interpret the phase 
diagram. 

6. The magnetic phase diagram 
The magnetic phase diagram of the ~BaM.(1-3) 
BaFelIU system is portrayed in Fig. 3. This 
diagram was constructed by plotting the 4~Ms 
values of the 3BaM-(1-S)BaFenU magnets 
reproduced in Table II against composition. 
Included in this figure, for purposes of compari- 
son, are the 47rMs values of the BaO.5.5 Fe203 
specimens. These values, 4925 and 4940G, 
respectively, are found within the circle cut by 

the left-hand branch of the phase diagram. 
Included in this circle at 4~rMs = 4930 G, is the 
47rMs value of the magnet made from w part 
BaM and 1 part BaFenU calcines by weight. 

The sharp break in the magnetic phase 
diagram at 47rMs = 5000G suggests that an 
unreported compound is formed in the 
BaO-F%Oa-FeO system. For reference purposes 
this hypothetical compound is designated 
BaFelvB. In order to verify its existence, 
specimens of BaM, BaFenU and BaFeivB were 
prepared for dual X-ray analyses. These speci- 
mens were made from reagent grade BaCO3 and 
F%Oa thoroughly mixed together in the propor- 
tions required to produce the respective com- 
pounds. No PbO, SiQ, binders or lubricants were 
used in these preparations. The "green" speci- 
mens prepared were sintered adjacent to each 
other in air to 1385~ with a 5 h soak period at 
peak temperature. The heating and cooling rates 
of the kiln were set at 100~ h -1. 

Powdered samples of the specimens were 
prepared in both oriented and non-oriented 
forms. Diffraction patterns of these were obtained 
by means of Siemens' Crystalloplex IV X-ray 
diffraction equipment employing a 5.73 cm 
Debye-Scherrer camera and CuK~ radiation. 
The data derived from the patterns are shown in 
Table III. 

The formation of the compound, BaFelvB, 
was confirmed by means of these data and the 
procedure used [10] to identify substances by the 
powder method. Its empirical chemical formula 
was then established on the assumptions that the 
composition of BaFelvB is 3BaO.16 F%Oa and 
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Figure 3 The magnetic phase diagram of the 3BaM. 
(1- 3)BaFenU system. 
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T A B L E  I I I  D u a l  X - r a y  d i f f r a c t i o n  d a t a  f o r  s p e c i m e n s  o f  B a M ,  B a F e l v B  a n d  B a F e n U  

d - s p a c i n g  100 I / Imax 
(x) 

N o n - o r i e n t e d  s p e c i m e n s  O r i e n t e d  s p e c i m e n s  

B a M  B a F e ~ v B  B a F e l I U  B a M  B a F e l v B  B a F e l I U  

3 .10  - -  - -  110  - -  - -  60  

2 .89  10 50  10 2 100 15 

2 .77  4 0  50  - -  60 - -  - -  

2.71 - -  - -  50  - -  - -  70  

2.61 - -  80  - -  - -  60 - -  

2 .59  60  - -  50  30  - -  60  

2 .40  30  30 15 10 2 0  20  

2.11 20  10 30  - -  10 15 

2 .04  - -  5 30  - -  - -  15 

1 .80  15 8 2 2 - -  - -  

1 .66 40  80  100 30 50  100 

1 .622  - -  100  100  - -  60  100 

1 .612  100  - -  - -  100 - -  - -  

1 .465  90  95  7 0  80  80  80  

1 . 3 7 9  2 0  10 7 - -  - -  - -  

1 . 2 9 3  50 30  10 30  10 2 0  

1 .249  2 - -  2 0  - -  - -  20  

that its crystallographic structure, in symbolic 
notation [16], corresponds to MYS. The 
composition was derived from the phase diagram 
shown in Fig. 3, while the MYS structure was 
chosen because it meets stoichiometric require- 
ments. 

On the basis of these assumptions, the 
empirical chemical formula, BaaF%2+Fe2s3+O49, 
was assigned to the newly discovered complex 
ferrite, BaFelvB = 3BaO.16F%Os. Specimens 
with this composition are, accordingly, reported 
to have the following characteristics at room 
temperature: 4~Ms = 5000G and Hi A = 19.3 
kOe. The Curie temperature is 451~ 

7. Conclusions 
The magnetic phase diagram of the ~BaM.(1-~) 
BaFelIU system shows no sign of solid solution 
formation. However, it does indicate the 
composition of the newly discovered complex 
ferrite, BaFelvB = BazFe42+Fe2sa+O49 and gives 
its 47rMs value as 5000G at room temperature. 
It shows, too, that linear relationships exist 
between the 47rMs values and the composition of 
specimens of BaM and BaFelvB or of BaFervB 
and BaFelIU. On the basis of these relationships 
and the experimental results that have been 
reported, it is postulated that BaO.5.5 Fe203 
magnets are comprised of �89 part BaM and w part 
BaFervB by weight. This explains why com- 
mercial BaO.5.5 Fe2Oz magnets processed under 
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ideal conditions have higher (BaHd)m values than 
comparable BaFel~O19 products. 
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