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Optimized static hydrogen treated and recalcined (HTR) and static nitrogen treated and
recalcined (NTR) Sr-hexaferrite powders synthesized conventionally in-house are
compared with one another. The phase identification studies and lattice parameter
measurements showed first that the Sr—hexaferrite decomposed, forming iron oxide
(Fe»03), which was then reduced during the static hydrogen or nitrogen treatment, and,
second, that the hexaferrite phase was recovered albeit with a small change in the
composition (as indicated by the lattice spacings) after the re-calcination treatment in static
air. These effects were more pronounced in the hydrogen process than in the nitrogen
process. The main effect of this gas-treatment and re-calcination (GTR) process on the
microstructure of the Sr—hexaferrite was the transformation of the single-crystal particles
into particles with a very fine sub-grain structure during the gas treatment, which resulted
in the formation of polycrystalline hexaferrite particles with a much finer grain size during
subsequent recalcination, compared to that of the initial hexaferrite powder. This finer
structure was responsible for the higher coercivities observed after re-calcination. With
regard to the hydrogen and nitrogen processes, the former resulted in a higher degree of
oxide reduction and hence a higher coercivity on re-calcination. The coercivity of the initial
Sr-hexaferrite increased from 310 kA/m (3.9 kOe) to ~400 kA/m (5 kOe) after HTR and to
342 kA/m (4.3 kOe) after NTR. The initial magnetization behavior was also different for the
HTR- and NTR-processed powders, with the former exhibiting behavior characteristic of
single domains. This was consistent with the grain size being significantly less than the
single-domain size (~1u). © 1999 Kluwer Academic Publishers

1. Introduction cess. Subsequently, optimization of the hydrogen and
A new magnetic properties modification technique in-nitrogen gas treatment, as well as the concomitant re-
volving the heat treatment of hexaferrites in the pres-<calcination processes, was undertaken [4, 5]. The opti-
ence of hydrogen, nitrogen, or carbon has been patentedum hydrogen process, i.e., hydrogen treatment and
and reported for commercial and hydrothermally pro-re-calcination (HTR) was established as hydrogena-
duced Sr-hexaferrite materials [1, 2]. Further investion at 700°C under an initial static gas pressure of 1.3
tigative work on the effect of this technique on in- bar for 1 h, followed by re-calcination in static air at
house conventionally synthesized Sr—hexaferrite ha$000°C for 1 h. For the nitrogen process (i.e., NTR), it
since been conducted [3]. Low coercivities can bewas nitrogenation at 95@ under an initial pressure of
achieved by heattreatmentin gaseous atmospheres (i.&.par for 5 h, followed by re-calcination at 1000 for
hydrogen or nitrogen treatment), while high coercivi- 1 h. The phase transformations and changes in magnetic
ties can be obtained by a subsequent re-calcination prgroperties occurring during the dynamic hydrogenation
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and subsequent re-calcination treatment in static air of 3500

commercially sourced Sr-hexaferrite will be reported 3000 - 53‘:' g (@

elsewhere [6]. & 2500 LS
In this work, the characteristics of the optimum hy- 3 2000 - = P 2 8§

drogen—processed Sr—hexaferrite powder are compared '@ 1500~ . ~ 878 = éi & im -

with those of the optimum nitrogen—processed mate- £ 1000 | £ & 517 2888

rial. Thus, the lattice parameters, phase constitution, ~ 500 -uj__i.. ' i oA

microstructure, and magnetic properties of these pow- 0

ders at different stages in the gas-treatment and re- 3300

calcination (GTR) process were compared. 3000

. 1500
2. Experimental procedure

The starting material was M-type strontium hexafer-
rite produced conventionally in-house from strontium
carbonate and iron oxide {F&,O3) without using addi- 3000
tives. The details of production of the hexaferrite pow- 2500
der have been described previously [3, 4]. The gas treat- g 2000
mentwas carried outin a static atmosphere. The amount 7
of powder in each batch was 4 g. The optimized hydro- ‘g
gen treatment consisted of heating the powder at a rate 2 1000
of 5°C/min to 700°C under an initial gas pressure of ™~ 500+

Intensity (cps)
g
L

1.3 bar, dwelling for 1 h, and then cooling at the same 0
rate in a resistance-heated vacuum tube furnace. In the 20 30 40 50 60 70 80
optimized nitrogen treatment, the temperature, time, Degrees (20)

and initial gas pressure were 980, 5 h, and 1 bar,
respectively. The opt'lmlzed re-calcination process (forg : timally nitrogenated powderg Fe, V — Sr7Fe:00z2, ] — FeO,
both_hyd_rogen_and nltrogen gas treatment) C_OI’]SISted Cﬁ Sr—hexaferrite;+ = Fe304). The Sr—hexaferrite indices are shown
heating in static atmosphere to 10@ dwelling for ;).

1 h, and then cooling in a resistance-heated muffle fur-

nace. The heating and cooling rates wet€Bnin and

10°C/min, respectively. The magnetic pr'oper.ties Wer€:an also be distinguished [10]. In the nitrogenated sam-
measured atroom temperature using aV|bra_t|ng sa_mpl&e (Fig. 1c), the Sr—hexaferrite peaks are still present,
magnetometer (VSM) operating up to a maximum field, 4 the extent of 5©; reduction was limited to the for-
of 1100 kA/m. The degree of magnetization at this field |, o+ion of FgOs, even though the optimum treatment
strengthis referred to as maximum magnetizatioRM e mperature and time are greater than for the hydro-
in this work. The majority of the VSM samples were yonataq nowder [11]. No evidence of Fe or even FeO
m_|xed with a_molten wax but were not mag_netlcall_y was obtained. This means that, as expected, the reduc-
aligned, making the samples magnetically isotropic,;,, process occurs to a much greater degree in the
This aspect of the work requires further investigation.., +.aatment than in the N-treatment.
Qn applying afield, there was no e\_/ldence ofanisotropy |, Fig. 2, the TMA patterns for the samples opti-
in the treate d. powders. An X-ray d|ffractometer'(.XR P) mally hydrogenated and nitrogenated are compared to
(CoK, radiation) was used for the phase identificationy, o+ of the initial powder. Fig. 2a shows the strontium
and Iatfuce parameter measurements. Thermal magneliy aferrite curve with a slope change (i.e., troughin the
analysis (TMA) was performed on a Sucksmith bal- 4y, curve) at 440C (+ 20°C), which is close to the
ance. The particle microstructures and morphologies, ported Curie point of this phase of 4210°C [12]
as well as the particle and sub-grain sizes, were studie nother prominent slope change at around iGOé
using a Hitachi S-4000 FEG high-resolution scanningy e to the magnetic contribution of the sample holder,
electron microscope (HRSEM). which acts as an internal calibration. It can be seen that,
after the hydrogenation process (Fig. 2b), the hexafer-
rite phase was completely absent, whereas after nitro-

gure 1 XRD traces of (a) initial; (b) optimally hydrogenated; and (c)

3. Results and discussion genation, the trough due to the Sr—hexaferrite was still
3.1. Phase transformations distinguishable. These observations are entirely consis-
During the hydrogenation and nitrogenation treatmentent with the XRD studies.

ts, the hexaferrite phase decomposed intd-&§pO,» During the re-calcination treatment that followed

and FeOg, and then the &3 was reduced. In Fig. 1, both the hydrogenation and nitrogenation processes,
the XRD traces of the samples hydrogenated and nitrathe hexaferrite phase re-formed by an oxidation reac-
genated optimally are compared to those of the initiakion. Fig. 3b and c show the XRD traces of the optimum
powder. It can be seen that, in the hydrogenated sample-calcined powders after hydrogenation and nitrogena-
(Fig. 1b), the peaks due to the Sr—hexaferrite are contion, respectively, confirming that after re-calcination,
pletely absent, and the reduction of,Bg has resulted only the XRD pattern for the Sr—hexaferrite phase
in the formation of Fe [7-9]. However, traces of FeO could be observed. These findings are consistent with
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Figure 2 TMA and dM/dT as functions of temperature for (a) initial;
(b) optimally hydrogenated; and (c) optimally nitrogenated powders.
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Figure 4 TMA and dM/dT as functions of temperature for (a) initial; (b)
optimally hydrogenated and re-calcined; and (c) optimally nitrogenated
and re-calcined powders.

the TMA patterns for these two powders, presented in
Fig. 4b and c, which clearly show the Sr—hexaferrite
trough in both samples after re-calcination. Both the
TMA plots indicate that the Curie temperature of the
re-formed hexaferrite was around XD lower than that

of the initial powder, which indicates a possible com-
position shift after HTR and NTR processes.

The lattice parameter measurements for re-calcined
Sr—hexaferrite powder samples after the HTR and NTR
processes are compared to those of the initial pow-
der in Table I. It can be seen that after both pro-
cesses, the lattice parameters had changed significantly,
with the bigger change being observed in the case of
HTR. The c-spacings had increased and a-spacings

@
(=%
Q
2 3000 _ _
] TABLE | Measured lattice parameters for the optimally produced
5 2000 - initial, HTR processed, and NTR processed powders
=
=~ 1000 4 J__i a c
0 | | | Sample £0.0001A) (£0.0001A)
0 % 4 50 60 70 80 Initial 5.8877 23.0348
Degrees (20) Hydrogenated 5.8810 23.1088
) _ . and Re-calcined
Figure 3 XRD traces of (a) initial powder; (b) optimally hydrogenated Nitrogenated 5.8825 23.0594

and re-calcined powders; and (c) optimally nitrogenated and re-calcined ;.4 Re-calcined

powders.
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decreased. These changes in the lattice parameters st
gest a change in the composition, probably in the oxy-
gen content, and are consistent with the small change
observed in the Curie temperature. The bigger change
observed in the case of HTR are consistent with the
greater degree of reduction and complete decompos{i
tion of the hexaferrite on hydrogenation. ;

3.2. Microstructure
The microstructural features of the initial powder are :
compared with those of the optimally hydrogenated anc " ... ..., g
nitrogenated materials in Figs 5 to 7. The comparisor
between the microstructure of the optimum powder pro- _1L

duced by hydrogenatlon (Flg' 6) with that of the optr- Figure 7 HRSEM micrograph of the conventionally synthesized

mum powder prOdUCfEd by mtrqg,e_natl,on (Flg' 7) I’eveal%r—hexaferrite powder after nitrogenation under optimum conditions
that the transformation of the initial single-crystal par- 50°c for 5 h under an initial gas pressure of 1 bar), showing the

ticles into particles comprising very fine sub-grains,uneven grain edges.

which occurs during the gas treatments, is more ex-

tensive as a result of hydrogenation than nitrogenation. L .

While Fig. 6 exhibits an extensive number of fine sub-Of some of the initial particles and the appearance of

grainsin each particle, Fig. 7 shows changes at the edg@&Y @ limited number offine sub-grains in them. This is
consistent with the persistence of the hexaferrite phase

in the nitrogenated powder.

The finer structure resulting from the gas treatments
is due to the formation of fine sub-grains, leading
to a finer structure after re-calcination. It can be ob-
served clearly by comparing the powder re-calcined
optimally after hydrogenation (Fig. 8) with the powder
re-calcined optimally after nitrogenation (Fig. 9), that
the finer structure is exhibited by the former.

3.3. Magnetic properties

The comparative magnetization curves of the Sr—hexa-
ferrite powder before gas treatment and after optimum
hydrogenation and nitrogenation are shown in Fig. 10.
It can be seen that after the optimum hydrogenation
treatment, there is a dramatic decrease in the remanence
and coercivity and a drastic increase in the maximum
magnetization. These effects can be attributed to the
reduction of the iron oxide and the formation of iron,
which is magnetically soft. After nitrogenation, these

Figure 5 HRSEM micrograph of the initial powder showing the particles
to have smooth surfaces and sharp edges.

Figure 6 HRSEM micrograph of the conventionally synthesized
Sr—hexaferrite powder after hydrogenation under optimum conditiongFigure 8 HRSEM micrograph of the conventionally synthesized
(700°C for 1 h under an initial gas pressure of 1.3 bar). Sr—hexaferrite powder after being optimally HTR processed.
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Figure 12 Effects on the intrinsic coercivity of the initial Sr—hexaferrite
powder of the optimum gas treatments and re-calcinations.

Figure 9 HRSEM micrograph of the conventionally synthesized

Sr—hexaferrite powder after being optimally NTR processed. 120 H i : ; |
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Figure 10 Magnetization curves for the optimally produced initial, hy-
drogenated, and nitrogenated powders.

higher and that this increase was more pronounced in
80 ; ; ; the case of the hydrogen processed sample due to its
; i finer structure. The change in the coercivity could also,

60

w© in part, be due to a change in the anisotropy coeffi-
Tpmmmmm— / cient (K1) as result of the composition shift indicated
=~ by the lattice parameter changes. The shapes of the ini-
E o y tial magnetization curves in Fig. 11 also show that the
- re-calcined hydrogenated sample exhibited a low initial
=20 ™ . . .
susceptibility and approached single-domain behavior.
-40 Initial However, the nitrogen-processed sample did not give

Re-calcined after hydrogenation
====m= Re-calcined after nitrogenation

evidence of such behavior.
The comparative magnetic properties of the opti-
mally processed initial, gas-treated (hydrogenation and
00 S0 (k‘;/m) 500 10001500 nitrogenation), plus gas-treated and re-calcined powder
samples are summarized in Figs 12 and 13.
Figure 11 Magnetization curves for the optimally produced initial, hy-  Fig. 12 shows the intrinsic coercivities of the powder
drogenated and re-calcined, and nitrogenated and re-calcined powderpefore and after gas treatment, and after gas treatment
and re-calcination. The decrease in the coercive force
was much more pronounced in the case of the hydro-
variations were much smaller as a result of the very lim-genated powder than in the nitrogenated powder. On
ited reduction of iron oxide to the magnetically softer the other hand, the increase in the coercivities after re-
Fe;O4 phase and the absence of Fe. calcination was more appreciable in the hydrogenated
Fig. 11 shows the comparison between the magnetipowder than in the nitrogenated powder. The highest
zation curves of these two samples after re-calcinationcoercivity obtained was around 400 kA/m (5 kOe).
Itis seen clearly that, although the remanence and max- Fig. 13 indicates the changes in the remanence
imum magnetization of these two samples were veryand maximum magnetization after the gas treatments
close to those of the initial values, the coercivities wereand re-calcinations. Although these properties were

e
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different than those of the initial sample after hydro- highest coercivity obtained after optimized NTR was
genation and nitrogenation, after re-calcination they342 kA/m (4.3 kOe).
showed values very similar to those of the initial
powder.
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