Journal of Magnetics 8(1), 18-23 (2003)

Microstructure and Magnetic Properties of Nanocomposite
Sm,Fe sGa,C,/a-Fe Permanent Magnets

Zhao-hua Cheng*
State Key Lab. of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 100080, China

(Received 10 December 2002)

In our previous work, microstructure and magnetic properties of two-phase exchange-coupled Sm,Fe,sGa,C,/
o-Fe nanocomposites have been investigated by means of x-ray diffraction, transmission electron microscopy
and magnetization measurement. It was found the exchange coupling between the magnetically hard phase
Sm,Fe;sGa,C, and the magnetically soft one o-Fe results in an enhancement of the remanence. The sizes of
crystallites of both phases are, however, much larger than the Bloch domain-wall width of the magnetically
hard phase. This microstructure gives rise to a concave demagnetization curve and consequently reduces the
maximum energy product. In order to improve their magnetic properties, a few percent of Zr, which may be
effective to refine the microstructure through rapid quenching, was introduced into the nanocomposites. The
addition of Zr was found to improve the magnetic properties significantly. Under optimum heat-treatment con-
ditions, the remanence, coercivity and maximmum energy product increase from 0.65 T, 0.48 T and 50 kJ/m? for
the Zr-free sample to 0.72 T, 0.77 T and 71.6 kJ/m® for the 1 at.% Zr-containing one, respectively. The improve-

ments of magnetic properties are due to the refinement of microstructure by the addition of Zr.
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1. Introduction

In the search for inexpensive iron-rich permanent magnets,
the discovery of SmjyFe;7(N,C), compounds prepared by
gas-solid reaction method has attracted considerable
research activities [1, 2]. Sm;Fe7(N,C), compounds seem
to be very promising candidates as permanent magnets.
Unfortunately, the poor thermal stability restricts their
practical application as sintered magnets. In order to
improve the thermal stability, Shen and coworkers have
investigated the effect of Ga, Al or Si substitution for Fe
in SmyFe|;C, on the structure and magnetic properties [3-
5]. It was found that a small amount of Ga, Al or Si could
not only stabilize the 2:17-type structure with high carbon
concentration, but also increase significantly the uniaxial
anisotropy field as well as the Curie temperature. The arc-
melted carbides with these additives are quite stable,
retaining the 2:17 structure even at temperature above
1000 °C, and have high Curie temperature (= 630 K) as
well as strong uniaxial anisotropy (>12 T at room
temperature). These advantages make them suitable for

*Corresponding author: Tel: +86-10-82649282, e-mail: zhcheng
@g203.iphy.ac.cn

the raw materials of sintered permanent magnets. Room-
temperature coercivities of 1.2~1.6 T have been achieved
directly by melt-spinning technique in samples with a
nearly single-phase Sm,FesGa,C; s structure (x =2 and 3)
[6]. High coercivities of 1.2~1.5 T at room temperature
have been also obtained in melt-spun and mechanically-
alloyed Sm-Fe-Ga-C compounds by a subsequent heat-
treatment [7, 8]. A significant increase in coercivity up to
2.2 T at room temperature has been found in melt-spun
Sm-Fe-Ga-C with an excess of Sm [9]. However, the
introduction of non-magnetic Ga atoms decreases the
saturation magnetization monotonically and the maximum
energy product of single-phase Sm,Fe sGa,C; is only 45
kJ/m’. In order to obtain a high value of maximum energy
product, it is necessary to improve remanence and to keep
the coercivity sufficiently high. Recently, a significant
enhancement of remanence has been observed in two-
phase exchange-coupled nanocomposites [10-13]. Based
on the theory of micromagnetism, some work has been
performed to explain the mechanism of remanence
enhancerent and to simulate the magnetization reversal
process [14, 15]. The nanocomposite permanent magnets
with optimum microstructure are expected to have an
energy product up to 1 MJ/m® and can be used as
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inexpensively bonded magnets due to the low rare earth
concentration [16]. Most of the early work in this field
was focused on the systems of Nd,Fe;;B/a-Fe and
Sm,Fe;Ny/o-Fe [10-13, 15, 16], the investigations of
magnetic properties of nanocomposite Sm-Fe-Ga-C with
an excess of o-Fe are relatively few [7, 17]. Recently, we
have successfully synthesized nanocomposites composed
of Sm,FesGa,C, and o-Fe by direct melt-spinning and
investigated the relationship between their microstructure
and magnetic properties [18]. Since the grain sizes of
both magnetically hard and soft phases are much larger
than the domain-wall width of magnetically hard phase,
the demagnetization curve shows a concave shape and
consequently gives rise to a relatively low maximum
energy product. In order to refine the microstructure and
to improve the magnetic properties, a few percent of
additive Zr was introduced into the Sm,Fe,sGa,C,/c-Fe
nanocomposites. In this paper, the influence of Zr on their
microstructures and magnetic properties was investigated.

2. Experimental

The alloys with nominal composition of SmgFe;,GasC),
(A), SmygFeq 3Ga; oZriCy1 9 (B) and Smy gFeq¢GarsZrC g
(C) were prepared by arc-melting. Iron and carbon were
first melted together in an induction furnace to form Fe-C
prealloy with lower melting temperature. Then Sm, Ga,
Fe and Fe-C prealloy were arc-melted together in a highly
pure argon atmosphere. The elements used were at least
99.9% in purity. An excess of 5 at.% Sm was added to
compensate the evaporation loss during melting. The
ingot alloys were re-melted at least six times to achieve
good homogeneity. The as-quenched ribbons with a width
of about 2.5 mm and a thickness of about 25 ym were
prepared by melt-spinning in a highly pure helium
atmosphere at the surface velocity v, = 35 m/s. Both x-ray
diffraction (XRD) patterns and thermomagnetic curves
confirm the amorphous state of the as-quenched ribbons.
The heat-treatments were performed at the temperature
range of 700~900 °C for 15 minutes in high vacuum, and
then quench the samples to room temperature. The phase
composition of crystallized alloys was checked by means
of XRD patterns with Cu Ko radiation and thermomag-
netic curves. The chemical analysis showed that the
carbon content was about 9.3 at.%, which corresponds to
x=2.2 in the SmyFe,;sGa,C, phase. In order to minimize
the demagnetization effect, the magnetization measurement
was performed using a vibrating sample magnetometer
(VSM) with a maximum field of 7 T along the ribbon
planes. The microstructural properties, such as, the size of
crystallites and their distributions were investigated by
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using transmission electron microscopy (TEM).

3. Results and Discussion

3.1. Phase composition

The as-quenched ribbons were found to be amorphous,
while the crystallized Zr-containing samples were com-
posed of Sm,Fe sGa,C, with the Th,Zn;-type (2:17)
structure and o-Fe. In addition to these two phases, a
small amount of impurity phase existed in the Zr-free
samples. For example, Figure 1 illustrates the XRD
patterns of 1 at.% Zr-containing samples annealed at
various temperatures. For the sample annealed at 700 °C,
the XRD pattern shows very broad peaks, implying the
grain sizes of both Sm,Fe;sGa,C, and o~Fe are too fine to
be resolved by XRD or the attribution of TbCu;-type
disorder structure. When the samples are annealed above
750 °C for 15 minutes, XRD patterns show well-resolved
peaks. No obviously preferential orientation of the cry-
stallites is observed from the diffraction peaks. Therefore,
it may be inferred that the structure is crystallographically
isotropic. The peaks of both 2:17 phase and o-Fe become
much sharper with increasing the annealing temperatures,
implying the grain sizes grow rapidly at high annealing
temperatures.

The phase composition obtained from the thermomag-
netic curves, as shown in Figure 2, is in good agreement
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Fig. 1. XRD patterns of 1 at.% Zr-containing samples annealed
at various temperatures.
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Fig. 2. Thermomagnetic curves of 1 at.% Zr-containing sam-
ples annealed at various temperatures in the field of 0.1 T.

with the XRD results. For the crystallized Zr-containing
samples, there is one magnetic phase transition in the
temperature range of 300~700 K. The magnetic phase
transition observed at the temperature around 630K,
being close to that of SmyFe sGa,C, 5 [6], corresponds to
the Curie temperature of the 2:17-type phase. For the
sample annealed at 700 °C, the magnetic phase transition
temperature is slightly lower than that of the sample
annealed at 775 °C. The slight difference in Curie temper-
ature may be due to the formation of TbCus-type disorder
structure during the initial crystallization process. The
magnetic phase transition of o-Fe, because of its high
Curie temperature (1043 K), is not observed in this
temperature range.

3.2. Effect of annealing temperature on the hard mag-
netic properties

The as-quenched ribbons possess very low coercivity
due to the lack of atomic long-range order in amorphous
alloys. When they were annealed at the temperatures
above 700 °C, the coercivity increases initially with
increasing annealing temperature, gets relatively high
values over a broad temperature range of 750~850 °C,
then decreases with further increasing annealing temper-
ature. Table 1 summarizes the effect of annealing temper-
ature on the intrinsic coercivity, remanence and maximum
energy product. The samples annealed at 700 °C show
low coercivity and high remanence. The coercivity
increases with increasing annealing temperature, but at
the expense of the remanence. The energy product shows
a small increase at low annealing temperature and
decreases with further increasing annealing temperature.
Under the optimum heat-treatment condition, the reman-
ence, intrinsic coercivity and maximum energy product
increase from 0.65 T, 0.48 T and 50 kJ/m® for the Zr-free
sample to 0.72 T, 0.77 T and 71.6 kJ/m® for the sample
containing 1 at.% Zr, respectively. In comparison with the

Table 1. Effect of annealing temperature (7,) on the magnetic
properties of nanocomposite Sm,Fe;sGa,Co/o-Fe permanent
magnets

\ (BH)umae
Samples  LCO) (D wHD
700 0.71 0.30 46.2
750 0.65 0.48 50.0
775 0.63 0.49 46.2
A 800 0.64 Q.55 44.6
850 0.64 0.56 41.4
900 0.72 0.09 72
700 0.89 0.27 70.8
750 0.71 0.77 70.8
775 0.72 0.77 71.6
B 800 0.71 Q.75 613
850 0.73 0.28 20.0
900 0.69 0.18 10.3
700 0.89 0.25 629
750 0.65 0.64 549
715 0.64 0.68 533
C 800 0.64 0.65 46.2
850 0.67 0.35 21.5
900 0.72 0.21 135

single-phase Sm,Fe|sGa,C, nanocrystalline alloy, the
maximum energy product of the Zr-containing sample
enhances about 60% [6].

3.3. The relationship between microstructure and
hard magnetic properties

Figure 3 presents the TEM micrographs of the Zr-free
and Zr-containing samples annealed at 700 °C, respectively.
TEM observation indicates that the major phase Sm,Fe;s-
Ga,C, has larger crystallites, while the minor phase has
smaller crystallites and locates as isolated particles at the
grain boundaries between the major phase. The grain
sizes in the Zr-containing sample are much smaller that
those in the Zr-free one. Furthermore, it can be seen that
the grain growth in the Zr-containing sample is not yet
perfect.

Figure 4 presents the TEM micrographs of the Zr-free
and Zr-containing samples annealed at 800 °C and 775°C
for 15 minutes, respectively. The grain sizes are found to
increase rapidly with increasing annealing temperature.
The grain sizes of both 2:17 phase and o-Fe in the Zr-free
sample show very broad distributions from 50~140 nm
and 20~50 nm, respectively. The additive Zr appears to be
very effective to retard the grain growth during the
crystallization even at high annealing temperatures. The
grain sizes of these two phases are finer and their
distributions become narrower with introducing Zr and
distribute in the range of 40~70 nm and 13~30 nm,
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Fig. 3. TEM micrographs of the Zr-free and Zr-containing samples annealed at 700 °C.
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Fig. 4. TEM micrographs of the Zr-free and Zr-containing samples annealed at 800 and 775 °C, respectively.

respectively.

Figures 5(a) and 5(b) illustrate the room-temperature
hysteresis loops of the Zr-free and 1 at.% Zr-containing
samples annealed at different temperatures. Although there
are two different magnetic phases in these crystallized
samples, the hysteresis loops for the samples annealed at
the temperatures between 700~800 °C show a nearly
single-phase hard magnetic behavior. Owing to the
refined microstructure of the Zr-containing samples, their
hysteresis loops are more rectangular than those of the Zr-
tree samples. The reduced remanence ratios are found to
be as high as 0.6~0.8. The values are obviously higher
than the theoretical limit of the isotropic grains without
exchange coupling. The remanence enhancement and the

smooth demagnetization curves in two-phase composites
are due to the exchange coupling between the magneti-
cally hard Sm,Fe sGa,C, and the magnetically soft o-Fe.
An enhancement of the remanence was reported in melt-
spun Nd-Fe-B nanocrystalline homogeneous grains without
any non-magnetic phases to separate adjacent grains [19].
In two-phase permanent magnets the remanence enhance-
ment owing to exchange interactions is much more signi-
ficant because most of magnetic moments of the magneti-
cally soft phase are aligned to the average direction of the
easy axes of the neighboring hard magnetic grains. The
o-Fe particles in the neighborhood of the hard magnetic
grains SmsFe sGa,C, are exchange-hardened. However,
the exchange-coupling between magnetically hard and
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Fig. 5. Room-temperature hysteresis loops of the Zr-free (a)
and 1 at.% Zr-containing samples (b) annealed at different
temperatures.

soft phases becomes less effective to prevent the magneti-
zation reversal of ¢-Fe if the mean grain sizes are much
larger than the domain-wall width of the magnetically
hard phase. TEM micrographs show that the grain sizes in
the samples annealed at 900 °C are larger than 150 nm,
much larger than the domain-wall width of Sm,Fe,5Ga;Cy
(4 nm). Thus, the magnetic moments of o-Fe reverse
separately and the demagnetization curves are constricted
for the samples annealed above 850 °C.

3.4. “Exchange-spring” behavior in nanocomposites

One of the characteristics for the nanocomposites is the
presence of the “exchange-spring” mechanism [14, 20].
The “exchange-spring” behavior originates from the
reversible rotation of the magnetically soft component for
fields not large enough to reverse the magnetically hard
one. In order to investigate the “exchange-spring” beha-
vior, it is useful to measure dc demagnetization remanence
curve (DCD). Fig. 6 illustrates room-temperature DCD
curves for the Zr-containing sample annealed at 775 °C
for 15 minutes. It can be seen from Fig. 6 that the recoil
curves show a comparatively high degree of reversibility
in the fields below coercivity. In order to determine the
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Fig. 6. DCD curves for the Zr-containing samples annealed at
775 °C.

nucleation field H, for reversing the magnetically hard
phase, it is useful to investigate the irreversible and
reversible portions in the DC demagnetization curve. Fig.
7(a) and (b) show the irreversible portion AJ;,=(J,—J(H))/
2J, and the reversible portion AJ,,,. versus H, where J,(H)
and J, are the dc field demagnetization remanence in
DCD curve and remanence after saturation, respectively.
The AJ,,(H) curves can be explained according to one-
dimension purely inhomogenous magnetization rotation
model. The nucleation field of about 0.65 T has been
obtained by the best fit of a corresponding plot of sing
versus oH,/cos@ to the experimental curves AJ,,(H) [14].
The AJ,,, curve shows a peak at the nucleation field. At
the critical field, the values of AJ,, are 0.3 and 0.1 for the
samples of Zr-free and Zr-containing samples, which
implies about 30% of the moments have rotated irrever-
sibly in Zr-free sample, while the irreversible portion is
only 10% for the 1 at.% Zr-containing sample. These
results suggest that a few percent of Zr addition can
optimize the microstructure of Sm;,Fe,sGa,C,/o~-Fe nano-
composites [14]. With decreasing the mean grain size, the
exchange coupling becomes more dominant and will be
more effective to align the moments of -Fe parallel to
the average direction of the easy axes of the neighboring
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Fig. 7. The irreversible portion AJ,,=(J,—J,(H))/2J, (a) and the
reversible portion AJ,,, (b) versus H.

magnetically hard Sm,Fe;sGa,C, grains and prevent the
magnetization reversal of o-Fe. Thus, both remanence
and coercivity increase with decreasing the mean grain
size of nanocomposites. The significant improvements of
magnetic properties are related to the refinement of
microstructure by introducing additive Zr.

4. Conclusion

(1) The nanocomposite SmyFe sGa,C,/a-Fe permanent
magnets have been successfully synthesized by means of
the melt-spinning technique and the relationship between
their microstructure and magnetic properties have been
investigated.

(2) It is found that Zr is very effective additive in
refining the microstructure. The Zr-containing samples
show small grain sizes with relatively homogenous distri-
bution.

(3) A few percent of Zr addition can increase both
remanence and coercivity. Furthermore, the demagneti-
zation curve shape is optimized by the introduction of Zr,
Therefore, the maximum energy product of the Zr-
containing sample is significantly higher than that of the
Zr-free sample. The improvements of hard magnetic pro-
perties are related to the contribution of the microstructure
refinement.
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