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Strontium hexaferrite powder synthesized conventionally in-house from strontium
carbonate and hematite (Fe,03) without using additives has been treated in a static
nitrogen atmosphere and subsequently calcined in static air. The phase identification
studies by means of X-ray diffraction (XRD) and thermal magnetic analysis (TMA) indicated
the decomposition of the strontium hexaferrite and the reduction of the resultant iron oxide
(Fe,O3) during the reaction with nitrogen. High-resolution scanning electron microscopy
(HRSEM) studies show that the reduction occurring during nitrogenation results in the
conversion of some of the large grains into much finer sub-grains. Strontium hexaferrite,
Fes0,4, and Sr;Fe 00,2, were the main phases obtained after reduction. However, weak
traces of other phases, such as Fe,03, were also detected. The hexaferrite phase re-formed
on subsequent calcination. The magnetic measurements indicated a significant decrease in
the intrinsic coercivity during nitrogenation due to the formation of Fe30,. However, after a
re-calcination process, the remanence and maximum magnetization (i.e., magnetization at
1100 kA/m) exhibited values close to the initial values before treatment, but the value of the
intrinsic coercivity was higher than that prior to nitrogenation. Examination of the
re-calcined microstructure showed that this could be attributed to the fine grains that
originated from the fine sub-grain structures formed in the powder particles during
nitrogenation.

The optimum time, initial gas pressure, and temperature of nitrogenation and the
optimum temperature of re-calcination were investigated using a vibrating sample
magnetometer (VSM), XRD, and HRSEM. The optimum temperature for nitrogenation was
950 and 1000 °C for re-calcination. The optimum time and initial nitrogen pressure were 5 h
and 1 bar, respectively. The highest intrinsic coercivity obtained after re-calcination was
~ 340 kKA/m. © 1999 Kluwer Academic Publishers

1. Introduction intrinsic coercivity produced [3]. Following these ear-
A novel method of processing hexaferrites to producdier studies, additional work has been carried out to opti-
an increased intrinsic coercivity has been patented anghize the hydrogenation and re-calcination processes for
reported for commercial and hydrothermally synthe-conventionally synthesized strontium hexaferrite pow-
sized materials [1, 2]. By this method, low coercivity der and hence its magnetic properties [4]. The phase
can be produced by heat-treating the powders in th&ransformations and changes in magnetic properties
presence of hydrogen, nitrogen, or carbon. High coerduring the dynamic hydrogenation and subsequent re-

civity can then be achieved by a post-gas treatment cakalcination treatment will be reported elsewhere [5].

cination in air. Subsequently, the effect of hydrogenand This paper describes the research conducted to like-
nitrogen on in-house conventionally synthesized stronwise optimize the nitrogenation and re-calcination
tium hexaferrite was investigated and higher values ofrocesses for conventionally synthesized strontium
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hexaferrite powder to compare the optimized hydro- 80

genation/re-calcination process with the optimized u
nitrogenation/re-calcination process in a subsequer 60

paper [6]. The characterization techniques used inthc 49 : =t
present work were X-ray diffraction (XRD), thermo- 20 ;f F/

magnetic analysis (TMA), vibrating sample magne-
tometery (VSM), and high-resolution scanning eIec-E 0—l--om ; .
tron microscopy (HRSEM). The phase transformationsZ 75
during the nitrogenation and recalcination processes ar= -20
identified. The variations in the magnetic properties al 4
each stage are described in relation to the phase con Jf
position and particle/grain morphology. Finally, the op-  -60 e
timized time, temperature, and initial pressure for the  _gg_{+ 111 TR NS o
nitrogenation process and the optimized re-calcinatior 1500 1000 -500 0 500 1000 1500
temperature have been determined. H (kA/m)

This process provides a wide range of coercivities
as a result of the different steps and step-combinarigure 1 Magnetization curve for the conventionally synthesized start-
tions possible that could increase the use and range @fy powder.

applications.

80

60 22
2. Experimental procedure 40

The starting material was M-type strontium hexaferrite
(SrFg2019) produced in-house conventionally from —~ 20
strontium carbonate (SrGPand iron oxide ¢-Fe,03) g o
without additives. The details of the production of the =
hexaferrite powder have been described previously [4]= _2g
The nitrogenation was carried out in a static atmospher:
employing various initial gas pressures. The amount o -40
powderineachbatchwas 4 g. The nitrogenation proces  _gg
consisted of heating the powder at a rate 6£3min

to different temperatures in a resistance-heated vacuui ~ -80
tube furnace and dwelling for various times before cool- -1500 -1000 -500 0 500 1000 1500

ing at the same rate. H (kA/m)

The subsequent calcination process consisted olj o M . for the initial powder. ni dund
heating the powder in static airto diﬁerenttemperatures_t'gur? it Iagnet'zat'otn ;g&'? O;the'ﬂ't'a- powder. mtrqu?a;e uneer
. g ) ar initial pressure a or , Showing an appreciable aecrease
in a resistance-heated muffle furnace, dwelling for 1 hjn the intrinsic coercivity.
and then cooling. The heating and cooling rates were

5°C/minand 10C/min, respectively. The treateéd pow- yingjc coercivity (H;) of 315 kA/m. After nitrogenation
derwas_subjected to a light milling process prior to theg 950°C for 5 h, under an initial gas pressure of 1 bar,
magnetic measurements. The magnetic properties Wefge magnetic properties changed significantly. Fig. 2
measured at room temperature using a VSM operatingy,, s there to be a significant decrease in the intrinsic
up to a maximum field of 1100 kA/m. The magnetiza- ., rcivity from 315 to 179 kA/m but little change in

tion at this field is referred to as the maximum magne\;  There was a small decrease in the remanence from
tization (My,) in this work. The majority of VSM sam- 38n.1'1 JITkg to 30.8 J/Tkg.

ples were set _in moIten_wax but were not subject_ed 0 \when this powder was re-calcined at 100D for

a magnetic allgnm_ent flgld and so were magnetlcally h in air, the remanence (Mand M, attained values
isotropic. On applying a field, there was no evidence of oy cjose to those of the initial powder, whereas the
a_mlsotropy in the treated powd_e_rs. .XRD (Coradia- intrinsic coercivity attained a value of 340 kA/m, i.e.,
tion) was used for phase identification. TMA was PCFsignificantly higher than the initial value. There was
formed using a Sucksmith balance. Finally, the micro-5 54 5 significant decrease in the slope of the initial
structure and _morphology qf the powders.and themagnetization curve (see Fig. 3).

parnclel grain size were stu@ed by a H|tach| S-4000 e comparative magnetic properties at each stage
FEG high-resolution scanning electron MICTOSCOP€, e indicated in Table 1. The XRD traces for the initial-,

g
7

(HRSEM). nitrogenated-, and re-calcined powders are shown in
Fig. 4a, b, and c, respectively. All the peaks in Fig. 4a
belong to the stoichiometric M-type strontium hexafer-

3. Results and discussion rite, SrFg,019 Or STO6F&03 [7].

3.1. Process explanation The XRD traces in Fig. 4b reveal that some phase

The magnetization curve for the initial powder synthe-transformations had occurred during nitrogenation. Al-
sized conventionally is shown in Fig. 1. Note the steeghough the main phase is still strontium hexaferrite,
initial magnetization behavior and an appreciable in-there are now some other peaks that belong ke
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TABLE | Magnetic properties of the powder in the initial, nitro-
genated, and re-calcined conditions =i(a)
2 g
M, Hei Mm g ~ —
Sample 3%, JITkg) 2%, KA/m) (3%, J/Tkg) > % g
N g Z 8% 2
Initial 38.1 314.6 67.55 = = 92 Q
Nitrogenated 30.8 179.3 66.43 - e :
Nitrogenated and
Re-calcined 36.8 340.1 66.33
80— 3000 -
60" N ~ 2500 'E(b)
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Figure 3 Magnetization curve for the nitrogenated powder calcined at 2 k
1000°C for 1 h in air, shwing an improved intrinsic coercivity. = 1000 4k, . Al}L A
0 i

20 30 40 50 60 70 80

and StFe O (7SrO5Fe03) [8, 9]. This indicates
Degrees (26)

thatthe hexaferrite phase had decomposed partially into
Sr7|:_910022 and FeOs, and then th_e F©s was fequced Figure 4 XRD traces of the powder in the (a) initial state; (b) after
partially to F&O4. The decrease in the magnetic prop- nitrogenation at 950C for 5 h under an initial pressure of 1 bar; and
erties during this step, particularly the intrinsic coerciv- (c) after re-calcination at 1000C for 1 h in air. ¢+ = Fe3O4, V =
ity, (Fig. 2) can thus be attributed to the presence of thé7Few022).

magnetically soft FgO4 (Hei =4 A/m) phase [10]. The
reduction of iron oxide did not proceed to the forma-
tion of FeO and Fe, stopping with magnetite {6g)
formation [11, 12]. In addition to the major and minor
phases indicated in Fig. 4b, a number of low-intensity
peaks attributed to phases such asUze(hematite),
SrFe0s, and FgN [13—-15] were also present.

In Fig. 4c, only the peaks due to the strontium—
hexaferrite could be observed (similar to Fig. 4a). This
indicates that, during re-calcination, the reduction prod;
ucts were again oxidized, leading to a recovery of the
hexaferrite phase. The fact that the values obtained fc
the M and M, in the initial and final powders were
similar (Table I) confirms this finding and reveals that
the reduction reactions occurring during nitrogenatior
are completely reversible. :

The microstructures of the initial, nitrogenated, and 1”
re-calcined powders are presented in Figs 5, 6, and 7,
respectively. Fig. 5 shows that the initial hexaferrite Figure 5 HRSEM micrograph of the initial single-crystal powder with
grains of the initial powder have smooth surfaces and@mooth surfaces, sharp edges, and mean grain size below 500 nm.
sharp edges, i.e., a faceted morphology. Fig. 6 shows
the detailed morphology of the hexagonal grains after
nitrogenation. It can be seen that the formerly smootto have a great influence on the size of the re-formed
edges of the grains have become chamfered, while sonteexaferrite grains formed during re-calcination. Fig. 7
of the large single-crystal particles have been convertedhows the fine grains that result. The mean grain size
into particles with fine sub-grains. i.e., polycrystalline in the initial state (Fig. 5) was below 500 nm, whereas
particles. This re-crystallization phenomenon appearthe mean grain size in the final state was much less.
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Figure 8 Magnetic properties of conventionally synthesized strontium
hexaferrite powders nitrogenated fh under an initial pressure of 1 bar
at different temperatures and then re-calcined at 2@r 1 h in air.
(Typical error: remanencs 3%, coercivity+2%).

Figure 6 HRSEM micrograph of the hexaferrite powder after nitrogena-
tion at 950°C for 5 h under 1 bar initial pressure, showing the uneven
grain edges.
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Figure 7 HRSEM micrograph of the conventionally synthesized stron-
tium hexaferrite powder nitrogenated at 98D for 5 h under an initial
pressure of 1.3 bar and re-calcined at 1000or 1 h, showing polycrys-
talline particles with much finer grains than those of the initial powder.

20 30 40 50 60 70 80
Degrees (20 )

The mcrgase in the_ |ntr|n§|c coercivity On_ r(_a_'calcmatlonFigure 9 XRD traces for the conventionally synthesized strontium hex-

(Fig. 3) in comparison with that of the initial powder aferrite powder nitrogenated under 1 bar initial pressureSid at

(Fig. 1) can be attributed to this finer grain structure.(a) 950°C (b) 1000°C ([] = Sr-hexaferrite+ = Fe3Os, V =

The finer grain size is also consistent with the decreasg7Fei0z2).

in slope of the initial magnetization curve, which can

be attributed to the single-domain behavior of some of

the grains. and then decreased markedly at higher temperatures.
The increase can be attributed to a progressively finer
structure during re-calcination as a consequence of the

3.2. Process optimization fine grains produced during nitrogenation. Thus, as the

3.2.1. Nitrogenation temperature nitrogenation temperature increased, the reduction pro-

The magnetic properties of conventionally synthesizedess proceeded further (Fig. 9) with the formation of

strontium hexaferrite, nitrogenated under an initialeven finer grains. The marked decrease in coercivity at

pressure of 1 bar fdb h at diferent temperatures and temperatures above 90C can therefore be correlated

then calcined at 1000C for 1 h in air are shown in to significant grain growth.

Fig. 8. Note that the maximum magnetization and the Fig. 9a and b show the XRD traces of the Sr—hexafe-

remanence show very little variation and can be contrite powder nitrogenated f&d h at 950 and.000°C,

sidered as remaining essentially constant. respectively. It can be seen that, at a nitrogenation tem-

By contrast, the ki increased gradually from perature of 1000C, the reduction processwas more ad-
227.3 KA/m after heat treatment at 600 to a max- vanced, with the F#, phase replacing the hexaferrite
imum of 340.1 kA/m after heat treatment at 950  phase as the predominant phase. However, the growth

48



—9— Mr (J/Tkg) I l—O—Hci(kA/m) l

—%— Mm( J/Tkg )

70 400
CE G e
60 L350
g 555 r
.g ?/_’—N\O\G F A
3 r 8
g S0+ 300 §
S r =.
S 454 [ <
40 250
35 _‘% i
4+ 7200
0 5 10 15 20
Time ( hr )

Figure 10 HRSEM micrograph of the conventionally synthesized stron- Figure 12 Magnetic properties of the conventionally synthesized stron-

tium hexaferrite powder nitrogenated at 9&Dunder an initial pressure UM hexaferrite powder nitrogenated at 93Dunder 1 bar initial pres-
of 1 bar for 5 h. sure for different times and then calcined at 10@for 1 h in air.

(Typical error: remanencs 3%, coercivity+2%).

Intensity (cps)

4000
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Figure 11 HRSEM micrograph of the conventionally synthesized stron- 1500 -
tium hexaferrite powder nitrogenated at 10@under an initial pressure 1000 -
of 1 barfor5 h. There s clear evidence of partial sintering of the particles. 500

Intensity (cps)

20 30 40 50 60 70 80

of the grains also influenced the properties, so that be- Degrees (28 )
yond 950°C the magnetic properties, notably coerciv- Fioure 13 XRDA orth ionallv svithesized S_hexaferi
ity, were more affected by the grain growth than by ~'9u'e == Zbiracestor e conventionally synesized Srhexaterte

. . 7 powder nitrogenated at 95@ under 1 bar initial pressure for (a) 5 h
the progress in the reduction process and the formatiofyq (b) 15 h [] = Sr-hexaferrite = Fe;0s, V = StzFer0022).
of new fine grains. This resulted in a decrease in the
intrinsic coercivity after recalcination. This change in

grain size can be seen by comparing the microstructure The My, and the remanence Mere almost constant,
.Of ppwders hitrogenated at 950 and 10@) as .ShO\.Nn fluctuating slightly above values of around 65 J/Tkg
in Figs 10 and 11, respectively. The powder in Fig. 1Oand 36 J/Tkg, respectively. ThajHon the other hand,
has a much fine_r structure than that sh(_)wn in Fig. 1_1'increased to a maximum of 340.1 kA/m with increas-
TE”S’ the optimum temperature for nitrogenation isiyg hitrogenation time (up to 5 h) and then gradually
950°C under an initial pressure of 1 bar for 5 h, during gecreased with further increases in time. After nitro-
which time the sample was not reduced fully, as showryenation times longer than 10 h, the decrease in the H
in Fig. 9a. values was more marked.
Fig. 13a and b show the XRD traces for the
Sr—hexaferrite powder nitrogenated at 980under an
3.2.2. Nitrogenation time initial pressure of 1 bar for 5 and 15 h, respectively. In
The results of the magnetic measurements for the strori=ig. 13a, the hexaferrite is the main phase bui(ze
tium hexaferrite, synthesized conventionally and nitro-and SyFe O, are also observed. In Fig. 13b, the main
genated at 950C under an initial pressure of 1 bar for phase is now F£, with the hexaferrite being a minor-
different times and then calcined at 100@for 1 hiin ity phase. Thus, the reduction process proceeds further
air, are shown in Fig. 12. during a longer nitrogenation treatment.
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Figure 14 HRSEM micrograph of the conventionally synthesized stron-
tium hexaferrite powder nitrogenated at 9%Dunder an initial pressure
of 1 bar for 15 h, showing the agglomeration and coarsening of the grains.

Intensity (cps)

A comparison between the appearance of the powder
nitrogenated at 950C for 5 h (Fig. 10) with that nitro-

genated for 15 h (Fig. 14) shows the coarser structure 359
of the latter powder, probably due to the agglomera- __ 3000 4 (©)
tion/coarsening of fine grains. This also resulted in a & 250 -
coarser structure after re-calcination. >, 2000+

Thus, the increase in the intrinsic coercivity with g 1500 4 +
increasing nitrogenation time up to 5 h, as shown in £ 1000 - r*
Fig. 12, can be attributed to the finer grains re-forming ~ 500
as the hexaferrite during re-calcination, while the de- 0
crease after longer nitrogenation times can be ascribed 20 30 40 50 60 70 80

to the coarser structure carried through to the re- Degrees (26)

calcination stage. Therefore, nitrogenation foh (at Figure 16 XRD traces for the conventionally synthesized strontium hex-
950 °C under 1 bar initial pressure) is the optimum aferrite powder nitrogenated at 95 for 5 h under initial pressure of
treatment. (a) 0.3 bar; (b) 1 bar; and (c) 1.3 bdr](= Sr—hexaferrite = Fe304,

V = SrFe;0022).

3.2.3. Initial nitrogenation pressure

The results of the magnetic measurements on the pow- |t can be seen that the Mand the M fluctuated
ders nitrogenated at 95CQ for 5 h under differentinitial  ground 36 and 65 JITkg, respectively. The, Hafter
pressures and then calcined at 1000or 1 hinairare decreasing slightly at 0.5 bar, increased gradually

presented in Fig. 15. with increasing initial nitrogen gas nitrogenation up to
1 bar (340.1 kA/m) and then dropped at higher initial
pressures.
—— Mr (J/Tkgr) I |—o—]—[ci(kA/m) I Fig. 16 shows the XRD traces of the powder nitro-
—%— Mm (I/Tkg) genated at 950C for 5 h under initial pressure of 0.3,
70 400 1, and 1.3 bar, respectively.
654y E In Fig. 16a, the powder is seen to consist almost en-
C 350 tirely of the hexaferrite phase. In Fig. 16b, however the
07 4 . ° . Fe;04 and SrFe O, phases are now present together
§ 55 o C 200 o with the main hexaferrite phase. At 1.3 bar, shown in
2 5 ° I & Fig. 16¢c, FeO4 has become the main phase with the
2 s o &  peaksforthe hexaferrite phase now being weaker. Thus,
C increasing the initial pressure, increased the degree of
40 im reduction and hence the proportion of fine sub-grains,
B S A S — and consequently the coercivity. However, comparing
FP N — 3150 the structure of the powder nitrogenated at 960for
02 04 06 08 1 12 14 5 h under an initial pressure of 1 bar (Fig. 10) with
Pressure ( bar ) that of the powder nitrogenated at 95C for 5 h

. . . . _ under an initial pressure of 1.3 bar (Fig. 17), it can
Figure 15 Magnetic properties of the conventionally synthesized stron-be een that there is more partial sintering and neck
tium hexaferrite powder nitrogenated at 98D for 5 h under different S IS parual si Ing

initial pressures and then calcined at 10@for 1 h in air. (Fpical ~ growth in th_e IaFter tha't resulted in a coarser structure
error: remanence-3%, coercivity=2%). after re-calcination. This would explain the decrease in
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Figure 17 HRSEM micrograph of the conventionally synthesized stron- Figure 19 HRSEM micrograph of the conventionally synthesized stron-
tium hexaferrite powder nitrogenated at 98Dfor 5 h under the initial  tium hexaferrite powder nitrogenated at 98Dfor 5 h under the initial
pressure of 1.3 bar, showing the sub-division of big grains into fine sub-Pressure of 1.3 bar and re-calcined at 11@0for 1 h. This shows the
grains and agglomeration of the particles. coarsening of the grains.

the coercivity as the initial gas pressure was increased All the magnetic properties increase with increas-
above 1 bar (see Fig. 15). ing re-calcination temperature up to 100D and then

Under low initial gas pressures, below 0.5 bar (Seéjecrease slightly. The decrease in the coercivity at
Fig. 16a), the formation of phases other than thgd'€-calcination temperatures above 10@can be at-
present hexaferrite phase was negligible. Thus, the réfiPuted to grain growth. This can be seen by com-

calcination of the samples after nitrogenation at thes®&ring the microstructure of the nitrogenated powder,

pressures is essentially just the re-calcination of the inif€-calcined at 1000C (Fig. 7) with that of the nitro-

tial powder, which results in grain growth and hence agdenated powder re-calcined at 11D (Fig. 19). The
decrease in the coercivity. This would explain the slight2ter shows evidence of grain growth. The decrease in
decrease in the coercivity of the sample re-calcinedn® rémanence and saturation magnetization values at
after nitrogenation under 0.5 bar initial pressure (sed&€-calcination temperatures above 1000might be re-

Fig. 15). Therefore, the optimum initial nitrogenation lated to the partial decomposition of the fe_rrite phase.
pressure seems to be around 1 bar. Thus, it can be deduced that the re-formation of hexa-

ferrite phase was completed at 100D and this tem-
perature is the optimum re-calcination temperature.
3.2.4. Re-calcination temperature
The magnetic properties of the conventionally syn-
thesized hexaferrite powder nitrogenated optimally a##. Conclusions
950°C for 5 h under an initial gas pressure of 1 bar andDuring the nitrogenation process, the strontium hexa-
then calcined at different temperaturesIdh in air are  ferrite decomposes and the resultant iron oxideQizg
shown in Fig. 18. is reduced, causing the hexaferrite particles/grains to be
divided into very fine sub-grains. The extent of this pro-
cess depends on the conditions but even at the higher

—V— Mr (J/Tk —0— Hci (kA/ . . .
| M Mm(u,rig)) I I#l degrees of nitrogenation, the reduction of®g only

resulted in the formation of R®, with no traces of FeO

" - 0 or Fe being observed. In addition toge, Sr;Fe; 0022
65 r was the other main phase formed as a result of nitro-
0 350 genation. The main effect of the process on the mag-

netic properties was a significant decrease in the intrin-

g 57 [300 o sic coercivity because of the magnetically softer nature
;—: 50 ¢ of FesO4. With a subsequent calcination process, the
g s F250 3 reactions were reversed and the hexaferrite phase re-
0 I formed. As a result of this, the maximum magnetiza-
L 200 tion and the remanence showed values very close to
35 V/v/’_v_\ : the initial values, but the intrinsic coercivity exhibited
30 : . , : : : [ 150 a significantly higher value due to the much smaller
800 850 900 950 1000 1050 1100 1150 grain size, which originated from the fine sub-grain
Calcination Temperature ( °C) structure formed during nitrogenation. The finer grain

. . . . . size also influenced the initial magnetization curve that
Figure 18 Magnetic properties of the conventionally synthesized stron- L. Lo
tium hexaferrite powder nitrogenated at 98D for 5 h under the initial ex,hl_blted a d'_mm'Shed S!OPe Compaf‘?d to that of the
pressure of 1 bar and then calcined at different temperaturastian  Original material. The optimized conditions were static
air. (Typical error: remanence3%, coercivity+2%). nitrogenation at 950C for 5 h under 1 bar initial gas
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pressure followed by calcination in static airat 1000 5.
for 1 h. The highest value obtained for the intrinsic co-
ercivity was~ 340 kA/m.
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