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Abstract Radially oriented Nd-Fe-B ring magnets were
prepared by backward extrusion of MQ-C powder. The
punch chamfer radius has a great impact on the micro-
structure and magnetic properties of the ring magnet. With
the chamfer radius changing from 2, 5 to 8 mm, the cracks
in the inner wall decrease obviously while the crystallo-
graphic alignment drops. Furthermore, the mechanism of c-
axis growth was suggested to be a combination of shear
deformation in the corner and solution-precipitation under
the stress parallel to radial direction. The alignment drops
on the top of ring because the grains grow freely and some
textured grains grow through nucleation and recrystalliza-
tion. In the present work, the optimal punch chamfer radius
is found to be 2 mm, and in this case, the remanence,
coercivity, and maximum energy product of the ring

magnet achieve 14T, 670kJ-m, and 342 kJ-m,
respectively.
Keywords Backward extrusion; Nd-Fe-B ring magnet;

Microstructure; Alignment

1 Introduction

Anisotropic Nd-Fe—-B magnets find application in electric
motors where high flux densities combined with high
coercivity are required. Such magnets can be produced by
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hot deformation of nanocrystalline NdFeB alloys. So far,
the radially oriented ring magnets are manufactured mainly
by two different methods: sintering and bonding. Con-
cerning the situation with sintered ring magnets, it is dif-
ficult to produce long rings with small wall thickness by
sintering. In addition, the shrinkage during sintering dis-
ables a net or near net shape forming. Bonding magnets
have good formability and accurate dimensions, but their
density and magnetic properties are low. In particular, the
backward extrusion process results in radially oriented ring
magnets [1, 2]. Owing to the great mechanical integrity of
the magnetic structure, major benefits are the simpler rotor
construction, a greatly reduced rotor assembly time and
simpler magnet retention on the rotor. Up to now, lots of
work concerned how to get crack-free ring magnets by
backward extrusion [3-6], but little work was focused on
the effects of punch chamfer on their microstructure and
magnetic properties. Furthermore, the mechanism of grain
alignment in backward extruded ring needs to be discussed.
In this work, the influence of different chamfer radius on
the microstructure and magnetic properties of the backward
extruded ring magnets was studied. The mechanism of
grains orientation was also discussed.

2 Experimental

Commercial MQ-C powders were used as starting materi-
als. The powder was first compacted into a fully dense
isotropic magnet (930.0 mm x 18.4 mm) under vacuum
at 700 °C and a pressure of 200 MPa. There are three
punches with different chamfer radius of 2, 5, and 8 mm,
respectively, noted by R2, RS, and RS, as shown in Fig. 1.
Ring magnets, with an outer diameter of 30 mm, an inner
diameter of 20 mm, and a height of 30 mm, were produced
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Fig. 2 Schematic diagram of sampling

by backward extrusion of the isotropic magnets at 850 °C
in vacuum at 100-150 MPa for 2 min with a strain rate
1 x 1072s™'. The shapes and sizes of grains were
revealed by a field emission scanning electron microscopy
(FESEM, JSM-7500F). The magnetic properties of the cut
samples (®2.5 mm x 2.5 mm) were measured with a
vibrating sample magnetometer (VSM, Lake Shore 7410).
The degree of crystal alignment was tested by X-ray dif-
fraction with Cu Ko (XRD, DX-2000). The positions of
test samples are shown in Fig. 2.

3 Results and discussion

In the experiment, three ring magnets which made by
different chamfers’ punch were obtained, as shown in
Fig. 1. With the chamfer increasing, the inner wall of the
ring becomes smoother and the depth of cracks decreases.
In the backward extrusion process, the punch penetrates
into the sample, and the material is forced to shear heter-
ogeneously at localized regions connected to the penetra-
tion channel. Appearance of the cracks relates to the state
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of the stress and the flow of the materials during backward
extrusion [7]. Owing to the restraint of the punch chamfer
and the friction between die and ring’s inner/outer wall
unbalanced, the materials on the surface of ring flow dif-
ficultly and the flow velocity of the outer wall is faster than
that of the inner wall [8]. As a result, the inner wall of ring
is subjected to a tensile stress [7]. When it surpasses the
actual breaking strength limit of the material, the magnet
will split. Compared with the large chamfers, the small
chamfer leads to a greater tensile stress and, consequently,
induces more cracks, due to its narrow channel and severe
corner.

When the material was extruded into the narrow channel
between the punch and die, it would be subjected to a
severe shear force, which would result in the grains
alignment, as shown in Fig. 3. As it was recognized before,
the shear stress plays an important role in the radially
oriented texture formation and gives rise to the c-axial
texture perpendicular to the flow direction [8, 9]. There are
two main kinds of internal microscopic processes in the
backward extrusion process. One is the grain-boundary
sliding in plastic deformation (shear deformation). During
the backward extrusion process, severe deformation of the
sample occurs mainly near the punch tip and the corner of
bottom die, which leads to the elongated grains subdivided
by deformation and grain refinement [10]. The other is the
process of solution-precipitation creep [11, 12]. In the
backward extrusion process, the grains will subject com-
pressive stress at the radical direction when they pass into
the interspace. The grains with their c-axis parallel to the
pressing direction have lower total energy than the grains
with their c-axis out of the pressing direction. The unfa-
vorably oriented grains tend to dissolve into the Nd-rich
liquid phase due to the higher total energy, and the
favorably oriented grains grow, leading to a favorable
texture. Besides, owning to the difference of the chamfer, a
smaller chamfer will induce higher temperature and greater
stress. Consequently, the Nd-rich Phase would be dissolved
sufficiently in this condition and, in turn, it would promote
the grains to grow quickly along c-axis. Meanwhile, a great
stress benefits to the grains deformation and, on the other
hand, which would restrain the atoms diffusion. Therefore,
it would inhibit grains growth to some extent. Owing to the
interaction of two factors, the grains in a small chamfer
ring have an excellent alignment perpendicular to the axial
direction, which is also confirmed by the XRD patterns in
Fig. 4a. The XRD patterns are obtained from the radical
direction of the ring. The (105) and (006) reflections are
dominant. These results demonstrate that the crystallo-
graphic c-axis of Nd,Fe 4B is aligned perpendicular to the
axial direction. The good grain alignment is represented by
clear (007, i = 4, 6, 8) peaks and a small (105) peak. The
XRD profiles (Fig. 4a) show that the grain alignment in the
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Fig. 3 SEM images of ring near bottom with chamfer radius of 2, 5, and 8 mm: a, d R2; b, e RS; ¢, f RS
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Fig. 4 XRD patterns of ring: a bottom and b top

bottom of samples extruded by a small chamfer is better
than that of samples extruded by a large one. The smaller
chamfer results in stronger shear force. That is because a
small chamfer has a narrow channel and severe corner,
which makes the materials suffer great extrusion stress.
Hence, it would be in favor of the grains orientation.
Figure 5 shows that the alignment is rather imperfect in
the top part of the ring, i.e., in the first initially extruded
portion, which was also observed by Griinberger [13].
Besides, the size of grains grows coarse compared with the
bottom part. Those results can also be confirmed by the
XRD patterns in Fig. 4b, where the peaks of (214) (410)
and (411) increase significantly compared with that of the
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bottom, while the main peaks of (105) (006) decrease. This
is ascribed to an insufficient backward pressure in the top
part of the ring during extrusion [1]. On the other hand, the
grains on the top are in a high temperature state for a long
time, and reach to the activation energy for recrystalliza-
tion, resulting in recrystallizing freely. Therefore, the
degree of alignment at the top part is inferior to the bottom
significantly.

The magnetic properties were investigated by preparing
samples along the cross-section of the ring. Figure 6 shows
the variation of remanence (B,) and coercivity in different
chamfer radius. The remanence of the 2 mm chamfer ring
is superior to the other two chamfers, both on the bottom
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Fig. 5 SEM images of ring in top with chamfer radius of 2, 5, and 8 mm: a R2, b RS, and ¢ R8
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Fig. 6 Demagnetization curves of different chamfer radius ring magnet of samples extruded at temperature of 850 °C and velocity of

0.2 mm s~ ": a bottom and b top

and top of the ring. However, as for the coercivity, the
punch of R5 has the maximum value of 812 kA~m_1,
which follows by R8 of 708 kA-m_l, and the R2 has the
least value of 670 kA-m~'. The results are in correspon-
dence with the microstructure in Fig. 3 and the XRD pat-
terns in Fig. 4. Although a small chamfer can obtain a good
alignment, the size of grains grows faster than others,
which is bad for the coercivity. In addition, the dipolar
coupling interaction of neighboring grains makes the cha-
otic orientation magnetic moment tend to be arranged in
parallel, which leads to the enhancement of remanence and
the decrease of coercivity [14, 15]. However, owing to the
heterogeneity of microstructure along the axial direction,
especially in the top region, the remanence and coercivity
decrease obviously. Therefore, the appropriate (BH)yax
values vary from 342 to 310 kJ-m in the R2 ring.

4 Conclusion
In this work, the effects of different chamfer radius on the
microstructure and magnetic properties were investigated.

In the corner area, a smaller chamfer leads to larger
effective stress and effective strain, which is in favor of the
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grains alignment. Hence, the bottom part has an excellent
alignment perpendicular to the axial direction while the top
is poor. With the increase of chamfer radius, the orientation
of grains drops. The mechanism of orientation is demon-
strated to be the combination of solution-precipitation and
shear sliding. The magnet has the best properties in the
small chamfer radius of 2 mm and the maximum value
reaches to 342 kJ-m.
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