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A study of the evolution of the constituent phases
and magnetic properties of hydrogen-treated
Sr-hexaferrite during calcination
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A hydrogen treatment followed by calcination, has been developed in order to enhance the
intrinsic coercivity of Sr-hexaferrite (SrFe12O19). Fully hydrogen-treated Sr-hexaferrite
consists of a mixture of 73%, by weight, of αFe and 27% of Sr7Fe10O22 phases. Calcination
of this material to reform the SrFe12O19 phase occurs in two stages. Between room
temperature and 600 ◦C, oxygen was absorbed resulting in a large increase in weight with
the formation of a mixture of SrFeO3−x and Fe2O3 (α and γ ). During the second stage, the
intermediate phases reacted to form SrFe12O19 at a temperature of between 700 and 800 ◦C.
A partial desorption of oxygen occurred until calcination reached completion at 1000 ◦C.
The magnetization at 1100 kA m−1 and the remanence were similar to those of the untreated
material, but, because of a much refined grain size, the intrinsic coercivity was considerably
larger, with values around 400 kA m−1. Grain growth occurs at temperatures >1000 ◦C,
resulting in a decrease in the intrinsic coercivity. C© 1999 Kluwer Academic Publishers

1. Introduction
A novel process, which consists of a treatment (in hy-
drogen, nitrogen or carbon) followed by calcination,
has been established in order to enhance the intrin-
sic coercivity of Sr-hexaferrite [1]. This work showed
that significant improvements were obtained with ei-
ther conventionally or hydrothermally synthesized Sr-
hexaferrite powders due to grain size refinement [2, 3].
Furthermore, if isotropic powder is required then one
of the advantages of this new process is that the milling
stage after conventional synthesis, widely used in the
industrial production of ferrites, can be avoided [4].

During the hydrogen treatment, for instance,
SrFe12O19 decomposes into a mixture that contains
Sr7Fe10O22, FeO andαFe [3]. However, the complete
reduction of the Fe depends on the particular process-
ing conditions, and optimum magnetic properties can
be obtained when the H2-treated material consists of
only Sr7Fe10O22 andαFe [4]. In the present study, the
sequence of reactions involved in the production of the
hexaferrite phase from the fully reduced mixture during
the calcination stage has been determined.

2. Experimental procedure
In the present study, the initial Sr-hexaferrite material
was supplied by Magnefabrik Schramberg (Germany),
and consisted of black, unmilled, spherical agglomer-
ates of powder. The composition was the stoichiomet-
ric SrO· 6Fe2O3 compound. The material was treated
in a flow of hydrogen at 700◦C for 3 h [4]. One of
the hydrogen-treated agglomerates was retained as a

reference. The final calcination stage consisted of heat-
ing the samples in air at 5◦C min−1 in a muffle furnace.
The samples were taken out of the furnace at temper-
atures of between 100 and 1200◦C. It was assumed
that the composition was stable when the samples were
cooled from the calcination temperature to room tem-
perature in air.

The weight of every sample was measured before
and after the calcination treatment in order to determine
the weight change,1m, with respect to an uncalcined
sample.

The magnetic properties, such as intrinsic coerciv-
ity, remanence and magnetization at 1100 kA m−1,
were measured at room temperature with a vibrating
sample magnetometer (VSM) on magnetically un-
aligned solid or powdered samples. The VSM mea-
surements were not corrected for self-demagnetizing
factors. Crushing was not necessary for the samples
that were calcined to 100, 200, 300 and 350◦C, as these
samples consisted of solid agglomerates. The samples
that were calcined to temperatures higher than 400◦C
were friable, and the VSM samples were produced by
hand-crushing with a mortar and pestle and then setting
in molten wax.

The phases within the samples were identified by
X-ray diffraction (XRD) analyses using CoKα radia-
tion on powdered samples. The intensity was normal-
ized to 100% with respect to the most intense peak.
The XRD patterns were indexed using JCPDS cards.
No significant diffraction peaks were obtained from
phases that represented less than 10%, by volume, of the
samples.
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Figure 1 VSM traces of an “as-received ball” and after optimum H2-
treatment (—•—): M , magnetization;H , applied field.

3. Results and discussion
3.1. Hydrogen-treated material
The optimally hydrogen-treated material still consisted
of the original spherical agglomerates, but they now
had a greenish/brown colour. The initial material ex-
hibited isotropic magnetic properties with an intrinsic
coercivity of 281± 8 kA m−1, a remanence of 35.9±
2 J T−1 kg−1 and a magnetization at 1100 kA m−1

of 66± 2 J T−1 kg−1. The optimally hydrogen-treated
material exhibited a much larger magnetization at 1100
kA m−1, of 158± 2 J T−1 kg−1 (Fig. 1), as reported
by Ataie et al. [1, 2]. Furthermore, both the intrinsic
coercivity (approximately 3± 8 kA m−1) and the re-
manence (3± 2 J T−1 kg−1) were very low compared
with those of the starting material. This change in mag-
netic properties was attributed to the decomposition of
SrFe12O19 into a mixture containing a high proportion
of αFe [3].

XRD analyses showed that the H2-treated material
consisted ofαFe and Sr7Fe10O22 phases (see the room
temperature (r.t.) XRD pattern in Fig. 3). No FeO phase
was identified, indicating a further degree of decompo-
sition compared with the study described by Ebrahimi
et al. [3]. The complete decomposition can be summa-
rized by Equation 1

7(SrO· 6Fe2O3)+ 111H2

→ 7(SrO· 5Fe2O3)+ 74αFe+ 111H2O(g) (1)

which also indicates that the proportions should be ap-
proximately 73%, by weight, ofαFe and approximately
27% of Sr7Fe10O22. As the Sr7Fe10O22 phase is para-
magnetic then the ferromagnetic properties of the H2-
treated material can be attributed toαFe. Therefore,
the proportion ofαFe in the mixture can also be esti-
mated by comparing the magnetization at 1100 kA m−1

with the saturation magnetization of pureαFe (σs=218
J T−1 kg−1 at 20 ◦C [5]). The estimated value is ap-
proximately 73%, by weight, and this is in excellent
agreement with the value calculated from Equation 1.

3.2. Calcination
The samples that were calcined to 100, 200, 300 and
350◦C still had the greenish/brown colour and spheri-

Figure 2 Variation in weight,1m, with calcination temperature.

cal shape, of the H2-treated samples. However, the sam-
ples that were calcined to temperatures>400◦C were
black and friable. Equation 2 summarizes the complete
calcination stage

Sr7Fe10O22+ 74αFe+ 55.5O2→ 7SrFe12O19 (2)

3.2.1. Weight changes
According to Equation 2, the weight increase on com-
plete calcination was estimated to be 31.4%. Fig. 2
shows the variation in weight with the calcination
temperature. No change was observed between r.t.
and 200◦C, indicating that the mixture ofαFe and
Sr7Fe10O22 was stable within this temperature range,
while heating at 5◦C min−1. A large increase occurred
between 200 and 600◦C resulting in a total increase
of +32.5%. From 600 to 1000◦C, the relative weight
decreased gradually to 31.4%, which is in excellent
agreement with the value obtained from Equation 2.
This behaviour shows that calcination did not consist
of a single reaction as represented in Equation 2 but
consisted of, at least, two stages.

3.2.2. Evolution of the constituent phases
Fig. 3 shows the XRD patterns of the samples from the
H2-treated sample (r.t.) to the fully calcined sample.
Only the patterns of the samples that had different phase
compositions are represented. The expected phases,
which areαFe (cubic [6]), Sr7Fe10O22 (orthorhombic
[7, 8]) and SrFe12O19 (hexagonal [9]), were identi-
fied. However, intermediate phases were also found.
These were SrFeO3−x (cubic [10]), and two types of
Fe2O3, maghemite (γ , tetragonal [11]) and hematite
(α, rhombohedral [12]). The existence of intermediate
products shows that calcination is a multistage process,
as suggested above by the weight changes. This pro-
cess can be compared with the two-stage calcination
of SrCO3 andαFe2O3 to produce SrFe12O19. This pro-
cess was characterized by Haberey and Kockel [10],
who reported the existence of the intermediate phase
SrFeO3−x (with perovskite structure) above 660◦C in
air. They also observed the formation of the SrFe12O19
phase at 810◦C, and concluded that the formation of
this phase from pure SrCO3 with six parts ofαFe2O3,
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Figure 3 XRD patterns of Sr-hexaferrite samples that were first hydro-
gen treated and then calcined by heating at 5◦C min−1 up to the tem-
perature indicated.

in air, proceeded partially or totally via the intermediate
phase, SrFeO3−x.

The XRD pattern of the sample obtained at 300◦C
is the same as that of the fully reduced material (r.t.).
Nevertheless, the weight had increased by 0.8% show-
ing that the sample had started to react with air, but
the proportion of the new phase(s) was too small to be
identified by XRD.

Some maghemite was identified in the diffrac-
tion pattern of the sample obtained at 350◦C.
The maghemite phase,γFe2O3, was reported to be
metastable above 300◦C with respect to the hematite
phase,αFe2O3. However, according to Takei and
Chiba [13], maghemite can be stabilized up to a temper-
ature of approximately 700◦C when grown on an ap-
propriate substrate. In the present study, it was identified
in the samples calcined to temperatures of between 350
and 700◦C, suggesting that this phase might be stabi-
lized by another phase. The peak intensities ofγFe2O3,
relative to αFe, increased from 350 to 550◦C. At
400◦C, the predominant Sr-containing phase changed
from Sr7Fe10O22 to SrFeO3−x. The hematite phase
(αFe2O3) was first identified at 500◦C.

The (1 1 0) peak ofαFe was the most intense in the
XRD patterns of the samples, which were calcined to
temperatures of between 100 and 500◦C, but was rel-
atively weak in that of the sample which was calcined

to 550◦C. No αFe was identified in the 600◦C sam-
ple, indicating that most of it had completely disap-
peared. Fig. 2 indicated a maximum in the weight gain
for the sample that was calcined to 600◦C. This result
might indicate thatαFe was fully oxidized into Fe2O3
(α andγ ). Although it is probable that at least two re-
actions occur concurrently between approximately 300
and 600◦C, the reaction can be summarized by Equa-
tion 3. The corresponding increase in weight would be
32.4% (assumingx= 0 in SrFeO3−x), which is in very
good agreement with the experimental value obtained
at 600◦C. Thus, SrFeO3−x represents approximately
18%, by weight, and Fe2O3 82% in the mixture.

Between r.t. and 600◦C

Sr7Fe10O22+ 74αFe+ (114.5− 7x)

2
O2

→ 7SrFeO3−x + 38.5Fe2O3 (3)

The (1 1 9)γFe2O3 peak was the most intense between
550 and 700◦C. The sample that was calcined to 700◦C
gave an XRD pattern similar to that of the sample which
was calcined to 600◦C. This might indicate that no fur-
ther reaction happened between 600 and 700◦C, un-
less the proportion of new product(s) was too small
to be detected. No maghemite was identified and the
αFe2O3 (1 2 1) peak was most intense in the sample that
was calcined to 800◦C. This observation suggested that
maghemite may have either reacted to form SrFe12O19
or transformed into hematite. The Sr-hexaferrite phase
was identified in samples that were calcined to 800, 900
and 1000◦C, and the intensity of the SrFe12O19 peaks
indicated that the proportion of this phase increased
with increasing calcination temperature at the expense
of the SrFeO3−x andαFe2O3 phases. Therefore, it ap-
pears that SrFeO3−x andαFe2O3 react, with a loss of
oxygen, to produce SrFe12O19, as shown in Equation 4

SrFeO3−x + 5.5αFe2O3

→ SrO· 6Fe2O3+ (0.5− x)

2
O2 (4)

In addition, the weight change showed a small decrease
from 600 to 1000◦C related to the small loss of oxygen.
These observations indicate that the reaction is the “B-
step” given by Haberey and Kockel [10]. Only the Sr-
hexaferrite phase was identified in the samples that were
calcined to 1100 and 1200◦C.

3.2.3. Magnetic properties
The magnetic properties of iron and its different iron
oxides, which were identified in this study, were ob-
tained from the literature. Alpha iron is ferromagnetic
and exhibits a saturation magnetization of 218 J T−1

kg−1 at 20◦C [5]. Hematite (αFe2O3) is antiferromag-
netic at r.t. with a weak ferromagnetism that persists
up to 680◦C [14], its saturation magnetization is much
lower than that ofαFe, with a value of 0.4 J T−1 kg−1,
and its intrinsic coercivity is approximately 0.52±
0.08 kA m−1 [15]. Maghemite (γFe2O3) is fer-
rimagnetic and has a saturation magnetization of
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Figure 4 Changes in magnetization at 1100 kA m−1 with calcination
temperature (◦C).

approximately 83 J T−1 kg−1 [13]. Finally, according to
Shimony and Knudsen [16], SrFeO3−x is paramagnetic
at room temperature.

3.2.3.1. Saturation magnetisation.Fig. 4 shows the
variation of magnetization at 1100 kA m−1 with
calcination temperature. The initial value (146±
2 J T−1 kg−1) was lower than that given in Section 3.1
(158± 2 J T−1 kg−1) showing some evidence of partial
oxidation at r.t. in air since the sample from Section
3.1 was measured within a week after the H2-treatment
(representative value) and the series of calcinations
were carried out a month later. However, the propor-
tion of oxide formed was too small to be identified by
XRD analysis under the conditions used. Since the only
magnetic phase in the H2-treated mixture isαFe, the de-
crease in magnetization was probably due to the partial
oxidation of Fe.

The samples calcined to 100 and 200◦C exhib-
ited a large saturation magnetization (approximately
150 J T−1 kg−1), comparable with that of the uncal-
cined sample, indicating that no significant change in
composition occurred. This is in agreement with the
weight change and XRD analyses.

The magnetization at 1100 kA m−1 started to de-
crease after calcination up to 300◦C indicating that
some reactions had started. A significant decrease in
M occurred between 300 and 550◦C due to the disap-
pearance ofαFe and the formation of iron oxides, both
α- andγFe2O3, which have much lower magnetization
than that ofαFe. The samples that were calcined to
between 550 and 800◦C exhibited low values of mag-
netization (approximately 25 J T−1 kg−1) because of
the large proportions of iron oxides. The magnetization
increased from 800 to 1000◦C because of the forma-
tion of SrFe12O19 and the disappearance of hematite.
It remained constant between 1000 and 1200◦C be-
cause calcination had reached completion, andM was
the same as that of the starting material (approximately
65± 2 J T−1 kg−1).

3.2.3.2. Intrinsic coercivity and remanence.The sam-
ples that were calcined to 100 and 200◦C exhibited
intrinsic coercivities and remanences comparable with

Figure 5 Changes in intrinsic coercivity,HIC, (a), and remanence, Br
(b), with calcination temperature.

those of the H2-treated sample (Fig. 5). This is be-
cause no significant change in phase composition had
occurred, as indicated by the weight change measure-
ments and magnetization at 1100 kA m−1.

After a calcination up to temperatures between 300
and 700◦C, the samples had slightly larger intrinsic co-
ercivities and remanences than those of the samples that
were calcined to temperatures below 200◦C. Although
these changes are within the experimental error, maxi-
mum values were obtained for the samples calcined to
500 ◦C. This might indicate that both magnetic prop-
erties were constant between r.t. and 200◦C, increased
slightly from 300 to 500◦C and decreased from 500
to 700◦C. This temperature range corresponds to that
where a dramatic weight increase occurred and both
iron oxides (maghemite and hematite) were formed.
Thus the magnetic properties of these samples depend
on the proportions ofαFe,αFe2O3 andγFe2O3. At r.t.,
the intrinsic coercivity and remanence ofγFe2O3 are
significantly larger than those ofαFe andαFe2O3. In
the sample calcined to 400◦C, the magnetic proper-
ties are due toαFe andγFe2O3; the relative intensities
shown in the XRD pattern indicate that the proportion
of αFe is much larger than that of maghemite and hence
the coercivity and remanence are similar to that of the
samples containing justαFe and Sr7Fe10O22. Accord-
ing to the XRD pattern, the sample that was calcined
to 500 ◦C, containedαFe,αFe2O3 andγFe2O3, and
the proportion of maghemite was comparable with that
of αFe and significantly larger than that of hematite.
This result suggested that between 400 to 500◦C, the
amount of maghemite and hematite increased at the
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Figure 6 VSM traces of the samples calcined between 800 and 1100◦C:
H , applied field,M , magnetization.

expense ofαFe. It appears therefore, that the propor-
tion of maghemite in the sample was large enough to
enhance both the coercivity and the remanence. The
sample that was calcined to 600◦C contained both
iron oxides but no Fe, and the relative intensities on
the XRD pattern showed similar proportions of both
maghemite and hematite. Therefore, the decrease in re-
manence and intrinsic coercivity can be ascribed to the
increased hematite content.

Both properties increased drastically when the sam-
ples were calcined to a temperature≥800◦C due to
formation of the SrFe12O19 phase. Fig. 6 represents the
VSM traces of the samples calcined to temperatures
between 800 and 1100◦C. The initial magnetization
curves indicated that the coercivity was controlled by
the presence of single domain particles. The intrinsic
coercivities were much larger than that of the initial
material because of the submicrometre grain size [2].
However, the remanences of both the samples calcined
to 800 and 900◦C were lower than those of the sam-
ples that were calcined to temperatures≥1000◦C. This
was attributed to the fact that the former were not sin-
gle phase and hence the SrFeO3−x andαFe2O3 phases
acted to dilute the remanence. The sample that was cal-
cined to 900◦C exhibited the largest intrinsic coercivity,
which might be due to the magnetic isolation provided
by these secondary phases. The remanence became
constant with calcination to temperatures≥1000 ◦C,
as did the magnetization at 1100 kA m−1, because the
samples were single phase. On the other hand, the in-
trinsic coercivity decreased from 1000 to 1200◦C prob-
ably because of grain growth at these temperatures. This
can be deduced from the initial magnetization curves
represented in Fig. 6, where the initial magnetization
curves became progressively steeper over this temper-
ature range.

The present work shows that optimum calcination is
achieved by heating at 5◦C min−1 to a temperature of
1000◦C, which is a compromise of coercivity and re-
manence. This is in agreement with previous work on
this subject [3] carried out in these laboratories. The
magnetic properties of the optimally processed sam-
ple were isotropic, as were those of the initial material,
with the same remanence values and magnetization at

1100 kA m−1 values, but with a much enhanced intrin-
sic coercivity.

4. Conclusions
Fully hydrogen-treated Sr-hexaferrite consists of a mix-
ture of 73%, by weight, ofαFe and 27% of Sr7Fe10O22
phases, and exhibits a high saturation magnetization
and low intrinsic coercivity and remanence due to the
large proportion ofαFe. Calcination of this material to
reform the SrFe12O19 phase occurs in two main stages.
Between 300 and 600◦C, oxygen is absorbed resulting
in a weight increase of 32.5%, and a mixture of 18%,
by weight, of SrFeO3−x and 82% of Fe2O3 (α andγ ).
The magnetization at 1100 kA m−1 decreases dramati-
cally because of the formation of iron oxides at the ex-
pense ofαFe. The intrinsic coercivity and remanence
remain low, compared with those of the Sr-hexaferrite
phase, because of the poor permanent magnetic prop-
erties ofαFe, hematite and maghemite. During the sec-
ond stage, the intermediate phases start reacting to form
SrFe12O19 at a temperature of between 700 and 800◦C.
A partial desorption of oxygen occurs when calcina-
tion has reached completion at 1000◦C and the final
weight increase, relative to the hydrogen-treated ma-
terial, is 31.4%. The magnetization at 1100 kA m−1,
intrinsic coercivity and remanence increase with the
formation of the hexaferrite phase. The magnetization
at 1100 kA m−1 and remanence are similar to those
of the untreated material (as-received), but the intrin-
sic coercivity is considerably larger, with values around
400 kA m−1, because of a much refined grain size. Grain
growth occurs at temperatures>1000◦C, resulting in
a decrease in intrinsic coercivity. The complete process
investigated in this work is summarized in Fig. 7.

Figure 7 Summary of reactions occurring during hydrogen treatment
and calcination.
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