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Abstract In this work, we report a systematic study on the
microstructure and magnetic properties of isotropic M-type
SrNd,Fe; — xOj9 hexaferrites (x = 0.0, 0.1, 0.2, 0.3, 0.4,
0.5) obtained by conventional ceramic process. According to
DRX analysis, a solid solution is formed for Nd contents up
to x = 0.1, while a composite Sr(NdFe);2019/SrFeO3 mi-
crostructure results for x > 0.1. Interesting combinations of
hard magnetic properties were obtained for the whole com-
positional series including increasing coercivity values (up
to 329 kA/m for x = 0.5) with increasing Nd concentration,
together with high Curie temperatures (around 731 K). Re-
sults are interpreted in terms of the Nd incorporation into the
unit cell as well as within the frame of the nucleation con-
trolled mechanism as the coercivity source for this kind of
materials.
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1 Introduction

Hexagonal ferrites are well known as permanent magnet
materials since the 1950s when they were announced for
the first time [1]. The large magnetocrystalline anisotropy
associated with the magnetoplumbite structure characteris-
tic of this kind of materials affords intrinsic coercivity val-
ues between 250 and 350 kA/m, well comparable with the
low rare-earth content nanocomposite Nd—Fe—B hard mag-
nets [2, 3]. Hard ferrites play a predominant role in the per-
manent magnet market because of their low price per unit of
stored energy, which allows competitive large scale produc-
tion, together with the wide availability of the raw materials,
their excellent chemical stability and their high Curie tem-
perature, usually located within the range 700-750 K [2, 4].
Although considered as low performance magnets because
of their rather low maximum energy product (usually below
30 kJ/m?), their use in a wide range of applications includes
anisotropic segments for electric motors, anisotropic rings
for loudspeakers and large anisotropic blocks for ore separa-
tion, among others. In particular, numerous trivalent substi-
tutions for strontium M-type hexaferrites StAFe;>019 have
been reported in the specialized literature including A =
Cr3*, AIPT, having variable effect on their magnetic perfor-
mance, but replacements with rare earth ions such as Nd3*t,
Gd3™* are less known [5, 6]. In this work, we report a sys-
tematic study on the effect of Nd3* replacement for Fe>* on
both the microstructure and magnetic properties of isotropic
M-type StNd,Fe> — ,O19 (x = 0-0.5) hexaferrites.

2 Experimental Techniques

The isotropic hexaferrite StNd,Fej; — yOq9 series with dif-
ferent substitution ratios x (= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5)
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Fig. 1 XRD patterns for the StNd,Fe> — ,Oj9 series

were prepared by means of the conventional ceramic pro-
cess. A mixture of «-Fe; 03, SrCO3 and Nd,O3 powders in
the required stoichiometric ratio was weighted and mixed
for 2 hours at 90 rpm in a centrifugal planetary ball milling
unit and then pre-sintered in air at 900°C for 1 hour;
thereafter the fired powders were pressed into pellets, with
polyvinyl alcohol (PVA) as a binder. The pellets were then
sintered at 1200°C for 1 hour in air. Phase distribution, unit
cell variation and grain size distribution were determined
by means of XRD diffraction in a Bruker AXS D8 equip-
ment. Scanning Electron Microscopy observations in a Le-
ica Stereoscan 440 at 20 kV afforded verification of grain
morphology and mean size. On the other hand, the magnetic
properties at room temperature (saturation magnetization
oMy, remanence (oM, intrinsic coercivity H, and maxi-
mum energy product (BH)max) were determined by means
of Vibrating Sample Magnetometry (VSM) in a LDJ 9600
equipment with Hpyax = 1250 kA/m, while the Curie tem-
perature was established by using Magnetic Thermogravi-
metric Analysis (MTGA) in a TA Instruments Thermobal-
ance up to 850 K.

3 Results

X-ray diffractograms for the whole compositional SrNd,
Fes — +Oq9 series are shown in Fig. 1, for which the main
peaks corresponding to the hexagonal M-type phase are
present for all the patterns. In particular, at x = 0.0 and 0.1,
no extra peaks related to secondary phases are observed in
the diffractogram, indicating the formation of a solid so-
lution for these Nd concentration levels. For increasing x
(>0.2) the appearance of additional peaks at 20 = 46.7°,
58.0° is consistent with the precipitation of the secondary
SrFeO3 phase according to the ICSD file #92335. The for-
mation of this SrFeO3 phase for the present hexaferrite se-
ries is due to the progressive excess of Sr** (relative to the
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original stoichiometry) caused by the substitution of Fe 3+
by Nd3* [7]. According to these XRD results, the incorpora-
tion of the Nd3™ into the unit cell seems to occur along the
whole compositional interval, since no Nd-containing sec-
ondary phases were detected by XRD analysis.

SEM micrographs corresponding to SrFe|2019 and
SrNdp.4Fe11.6019 hexaferrite samples are shown in Fig. 2.
For the initial StM sample (Fig. 2a), an isotropic distribu-
tion of hexagonal-shaped platelets is observed with an aver-
age size of 0.50 £ 0.14 pm, according to the grain size his-
togram on the right-hand side. In addition, the backscattered
electron contrast is consistent with a single phase polycrys-
talline structure. On the other hand, for the x = 0.4 sample
(Fig. 2b), the grain morphology tends to be refined and more
rounded, with a mean size of 0.75 &= 0.19 pm according to
the corresponding grain size histogram. In this case, it is also
evident the presence of numerous minute grains (<0.25 um)
of different composition (according to the backscattered
electron contrast), relative to the main constituent grains.

On the other hand, room temperature magnetic properties
for the hexaferrite series StNd,Fejp — O19 (x =0-0.5) as a
function of the Nd content x are shown in Fig. 3. Both po M,
and oM, (Fig. 3a) show a maximum at x = (.1 followed by
a progressive decrease, with the (BH)max product (Fig. 3b)
having a similar behavior. On the other hand, H, exhibits
a monotonous increase from 259 to 329 kA/m with increas-
ing Nd concentration x (Fig. 3¢). The Curie temperature also
shows a shallow dependence on increasing Nd content, char-
acterized by an initial decrease at x = 0.1, followed by slight
variations for x beyond 0.1, as it is evidenced in Fig. 3d.

4 Discussion

The Nd incorporation into the crystal structure is supported
by the Curie temperature variations recorded by MTGA ex-
periments, which suggest an incipient weakening of the ex-
change interactions with increasing Nd concentration. In ad-
dition, the Nd3* substitution into the hexagonal structure is
expected to occur due to the accomplishment of the rule of
charge conservation [2]. The marked reduction of woM; and
oM, beyond x = 0.1 results from of the precipitation of
the secondary Fe-containing phase SrFeO3, whose antiferro-
magnetic ordering occurs at Ty = 130 K [8, 9]. The increas-
ing volume fraction of this paramagnetic phase causes an in-
creasing dilution effect of ;oM. Complementarily, the ten-
dency observed for the (BH)max With the Nd content follows
the oM, behavior since the condition ugH, > 0.5uoM,
is fulfilled [10]. In addition, all the samples manifest a no-
ticeable remanence-enhancement effect as indicated by the
M,/ M ratio which resulted in higher than the 0.5M; limit
expected for uniaxial, non-interacting particles [11]. This ef-
fect can be associated with the exchange interaction cou-
pling among surface magnetic moments on adjacent grains.
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Fig. 2 SEM micrographs and
grain size distribution for

(a) SI‘FE]QO]Q and

(b) StNdg 4Fe;1.6019
hexaferrites samples

This exchange coupling can be monitored by means of the
Wohlfarth relation, which involves the following experimen-
tal parameters: the saturation remanence mg, (obtained after
removal of the magnetizing field in a positively saturated
sample), the remanence m, (H) (after application and re-
moval of a negative field — H from my, ) and the remanence
m, (H) (after application and removal of a positive field H
in an initially demagnetized sample) according to [11]:

my(H) =mg —2m,(H), (D

for which the plot M = mg/mg — (1 — 2m,/myg,) as a
function of H, known as a Henkel plot, provides a useful
way of representing the Wohlfarth relation. The positive part
of §M is usually ascribed to the predominance of exchange
interaction between neighboring grains, whilst the negative
part of the curve represents the prevalence of the magne-
tostatic interaction [12—14]. The Henkel plots M (H) cor-
responding to the whole compositional series are displayed
in Fig. 4. These curves are consistent with a magnetically
coupled grained microstructure manifesting a dominant ex-
change interaction associated with the positive part of the
8M curve up to a field of H =400 kA/m, followed by the
magnetostatic-type interaction at higher applied fields.

On the other hand, the progressive coercivity enhance-
ment with increasing Nd content can be analyzed within
the frame of the nucleation-controlled coercivity mechanism
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of coupled grains, for which H, can be expressed as fol-
lows [10]:

He. = HY g — Negr M )

where H}\?i“ denotes the minimum nucleation field, and a g
and N.g represent the effect of magnetic coupling among
grains and the contribution of demagnetizing stray fields at
sharp corners and edges of polyhedral grains, respectively.
These parameters are thus intimately associated with the mi-
crostructure, making a significant contribution to the value
of H.. Additionally, the minimum nucleation field can be
determined as follows:

. 2K,
Hmm — amm’ (3)
N v
moMs
where (x{}}in is also a microstructure parameter associated

with the deleterious effect of misaligned grains on the ideal
coercive field H. = H Ii,ni“. For the condition of minimum nu-
cleation field, ey = 0.50 [10]. For the calculation of Hy"",
the parameters K1, noM; were determined by means of the
law of approach to saturation for uniaxial crystals, which
enables the fitting of the high-field part of the M—H curves
according to [10]:

2
4K} 1

M(H) = poM; — ——— —.
moM(H) = poM; ISpoM, 72

“4)
The K1, noM; dependence on the Nd concentration x for

the whole compositional series is exhibited in Fig. 5, for
which a decreasing trend is manifested with increasing x.
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Fig. 3 Magnetic properties as a function of Nd content x for the hex-
aferrite series STNd, Fejp —

The minimum nucleation field H}\}li“ for the whole com-
position interval is illustrated in Fig. 6 having a monotonous
increase with Nd content. Therefore, the improving H, ob-
served across the Nd variation can be attributed to an en-
hancing effect on the minimum nucleation field as a result,
on one hand, of the rapid decrease of uM, values with x
(Fig. 4) and, on the other hand, of microstructure effects pro-
voked by the precipitation of secondary phases for x > 0.1,
which affords reducing Neg values with increasing x as a
consequence of the formation of hard magnetic grains of
more regular shape and size promoted by such additional
phases.

5 Conclusions

Nd substituted StM hexaferrites were synthesized by con-
ventional ceramic method. Interesting combinations of hard
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Fig. 4 Henkel plots COM (H) corresponding to the whole composi-
tional series Oj9 (solid lines are only a guide for the eye)
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Fig. 5 The anisotropy constant K| and the saturation magnetization
[OM;, determined from the law of approach to saturation, Equation (4),
as a function of the Nd concentration x for the hexaferrite series
SrNd, Fejs — O19 (solid lines are only a guide for the eye)
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Fig. 6 The minimum nucleation field H}V“i“ as a function of the Nd
content x for the hexaferrite series StNd, Fe 2 — ,O19 (solid line is only
a guide for the eye)

magnetic properties were observed across the compositional
series, with coercivity values well above 300 kA/m and high
Curie temperatures around 731 K, rendering these materials
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as suitable candidates for medium-performance, anisotropic,
low-cost permanent magnets.
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