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In the present study, bulk anisotropic nanocrystalline SmCos magnets were prepared by hot deformation. The
effect of deformation temperature on the texture and magnetic properties are presented, based on which the
mechanism of plastic deformation and texture formation during the hot deformation process is discussed. Our
analyses reveal that deformation temperature is one of the most important parameters that determine the
texture of SmCos grains. We suggest that diffusion creep plastic deformation occurs during hot deformation,
which is very sensitive to the energy gain provided by an increase in temperature.
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1. Introduction

Cobalt-based magnetic materials have attracted consi-
derable attention because of their large anisotropy field
(Ha), high saturation magnetizations (Ms), and high Curie
temperatures (Tc). As the first generation of rare earth
transition metal (RE-TM)-based permanent magnets,
SmCos magnets possess extraordinarily high anisotropy
(over 240 kOe), and nanocrystalline SmCos magnets
show coercivity as high as 50 kOe [1, 2]. Furthermore,
the high Tc and strong corrosion resistance of nano-
crystalline SmCos magnets make them promising candidates
for practical application at elevated temperatures [3-5].
Hot deformation is one effective way to obtain a crystallo-
graphic texture and, thereby, magnetic anisotropy in nano-
crystalline permanent magnets. Gabay et al. [6] observed
an enhanced (001) diffraction peak corresponding to the
SmCos phase in hot deformed Sm;;Cog; magnets, indicat-
ing a certain degree of crystallographic texture. Yue et al.
[7] reported that significantly improved texture can be
obtained in nanocrystalline SmCos alloys subjected to die
upsetting at a very high degree of deformation (more than
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85% height reduction). However, the mechanism of plastic
deformation and texture formation during the hot defor-
mation process is not yet clear [8, 9]. In this paper, the
orientation texture of grains and their boundary planes in
nanocrystalline SmCos anisotropic magnets are charac-
terized using electron backscattered diffraction (EBSD).
We then discuss the effect of deformation temperature on
texture and magnetic properties.

2. Experimental Procedures

An SmCos master alloy was prepared by induction
melting with 99.9% pure elements. An excess of Sm (10
wt%) was added to compensate for weight loss from
evaporation. The ingot was crushed into blocks that were
subjected to high-energy ball milling, which was carried
out in an argon atmosphere for 5 h. The milled powders
were then hot compacted at 700 °C under 500 MPa, using
spark plasma sintering (SPS), followed by die upsetting at
850-940 °C under 10-70 kN with a height reduction of
60-90%. The crystal structure of the magnets was studied
by x-ray diffraction (XRD). The samples were then treat-
ed by metallographic polishing with diamond abrasives,
and afterwards, EBSD measurements were performed
using an EDAX Hikari high speed detector incorporated
into an FEI Quanta 250 scanning electron microscope.
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The merged EBSD data were analyzed using the TSLOIM™
Analysis 5.3 software. Magnetic measurement was carried
out with a Quantum Design physical properties measure-
ment system. The density of both hot pressed and hot
deformed magnets was examined by the Archimedes
method. The result, 8.4 g/cm®, is over 98% of the density
of the alloy ingot.

3. Results and Discussion

Figure 1 shows the magnetic properties of hot deformed
magnets as a function of deformation temperature. It
shows that an increase in deformation temperature results
in a gradual increase in saturation magnetizations (Ms)
and remanence (M,), while the coercivity (H;) drops.

The data in Fig. 1 indicate a strong magnetic anisotropy
in hot deformed magnets using a deformation temperature
of 940 °C. This is a sign of enhanced magnetic crystallo-
graphic alignment with the increase in deformation temper-
ature.

Figures 2(a) and 2(b) show TEM micrographs of hot
deformed bulk anisotropic SmCos nanocomposite magnets
made with deformation temperatures of 850 °C and 940
°C and a deformation pressure of 70 kN. The micro-
structure was mainly composed of well-aligned platelet-
shaped SmCos grains 100-200 nm in thickness and 600-
800 nm in length, which indicates that a strong c-axis
texture of the SmCos phase was obtained by hot defor-
mation. On the other hand, at a deformation temperature
of 850 °C, some SmCos equiaxial grains, which never
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Fig. 2. TEM images of bulk nanostructure SmCos permanent
magnets deformed under a temperature of 850 °C (a) and
940 °C (b) and a deformation pressure of 70 kN.

change their shape even after the hot deformation process,
can also be observed, mainly because of the inadequate
deformation temperature.

In hot pressed magnets, the main diffraction peak is in
the (111) plane, indicating a typical random orientation of
the grains. After hot deformation, however, diffraction
peaks such as (002) and (001) become dominant, indicat-
ing a strong c-axis crystallographic alignment of the
SmCos phase. In order to characterize the crystallographic
alignment semiquantitatively, the relative intensity ratio
between the diffraction peaks of (002) and (111) of the
hot deformed SmCos magnets prepared with different
deformation conditions was calculated (Fig. 3). The
relative intensity ratio of the hot pressed magnets is 0.26,
indicating random grain orientation. With the increase of
deformation temperature from 850°C to 940 °C and
increase in pressure from 10 kN to 70 kN, the relative
intensity ratio increases linearly, suggesting crystallographic
alignment. Under the same pressure, the ratio rapidly
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Fig. 3. (Color online) The relative intensity ratio between the
(002) peak and the (111) peak in the XRD pattern of hot
pressed and hot deformed bulk nanocrystalline SmCos perma-
nent magnets.

Fig. 1. (Color online) Magnetic properties of hot deformed
bulk nanostructure SmCos permanent magnets with a pressure
of 70 kN and a height reduction of 90%.
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Fig. 4. (Color online) Pole figure of SmCos made with defor-
mation temperatures of 940 °C (a) and 850 °C (b) and a defor-
mation pressure of 70 kN.
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Fig. 5. (Color online) Inversepole figure of SmCos made with
deformation temperatures of 940 °C (a) and 850 °C (b) and a
deformation pressure of 70 kN.

increases with increasing deformation temperature. The
sample hot deformed under 70 kN at 940 °C shows a
relative intensity ratio of 3.2, which indicates a strong c-
axis texture.
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The texture of SmCos samples deformed under different
conditions is characterized by a {0001} pole figure (PF)
as shown in Fig. 4 and an inverse pole figure (IPF) as in
Fig. 5. Figure 4 (a) shows a strong {0001} orientation of
SmCos grains, with frequencies of 3.6 Multiple of Random
Distribution (MRD). Although the samples deformed
under 940 °C and 850 °C have the same height reduction
(90%), the {0001} orientation texture of the latter is not
as good as the one shown in Fig. 4 (a). IPF charts show
strong {0001} orientations of SmCos grains deformed
under 940 °C, as illustrated in Fig. 5 (a). The frequency of
the {0001} orientation texture of SmCos deformed under
850 °C is only 2.9 MRD, as shown in Fig. 5 (b). Because
texture is enhanced under high deformation temperatures,
we suggest that a diffusion creep plastic deformation
process occurs during hot deformation, which is very
sensitive to the energy gain provided by a temperature
increase. This further illustrates that texture formation is
highly energy-dependent.

The rate at which temperature changes is one of the
most important parameters for texture evolution during
hot deformation. Figure 6 shows the XRD pattern of hot
deformed bulk nanocrystalline SmCos permanent magnets
made with different rates of temperature change. The
peaks were obtained from the surface perpendicular to the
direction of applied stress for all samples. The intensity of
the (001) and (002) diffraction peaks becomes stronger
compared to those of the hot pressed sample, and the
faster the temperature changed, the stronger the intensity
of the (00I) peak became. A suitable temperature was
obtained fastest with a temperature change of 60 °C/min,
and diffusion increased with increasing temperature.
Temperature dependence of the diffusion creep plastic
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Fig. 6. XRD pattern of hot deformed bulk nanocrystalline
SmCos permanent magnets with different rates of temperature
change.
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deformation mechanism has been shown [10, 11];
therefore, we propose a possible diffusion creep plastic
deformation mechanism for the hot deformation process.
We conclude that deformation temperature plays an
important role in the formation of c-axis crystal texture
during hot deformation.

4. Conclusions

This work shows that the evolution of c-axis orientation
textures in nanocrystalline SmCos magnets is closely
correlated with energy gain during the hot deformation
process. Temperature is one of the most important para-
meters for the texture of SmCos grains. Therefore, a
possible diffusion creep plastic deformation mechanism
of the hot deformation process is proposed, which may be
vital information for further investigations of texture
formation and property improvement in SmCos magnets.
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