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Hot deformation in nanocrystalline Nd—Fe—B
backward extruded rings*
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Radially oriented Nd—Fe—B rings are prepared by backward extrusion of fine grained melt-spun powder. Melt-
spun powder with the nominal composition of Nd3g.5Fepa1. Cos.0Gao.Alp.2Bo.g (wt%) is used as starting material. The
effects of process variables, such as deformation temperature (Ty), strain rate (¢) and height reduction (Ah%), on the
magnetic properties of the rings are investigated. A scanning electron microscope (SEM) equipped with an energy
spectrum device is used to study the metallograph and microfracture of the extruded rings. The B, and (BH), .
reach the optimum values at Ty = 800 °C, ¢ = 0.01 mm/s, and Ah% = 70%. It is found by SEM observations that
the particle boundaries, which seemingly correspond to the interfaces of the starting melt-spun powders, emerge after
the corrosion of metallography specimens. This is helpful for studying the effects of powder—powder interface on the
local deformation and deformation homogeneity in the rings. For different spatial positions of the extruded rings, there
are characteristic metallographies and microfractures. The upper end of the rings has the least deformation and worst
texture, and therefore the worst magnetic properties. The magnetic properties in the radial direction increase slightly
along the axis from the bottom to the middle, then steeply decrease at the upper end of the ring. The deformation and
the formation-of-texturing processes are discussed. The deformation and the texturing formation of melt-spun Nd-Fe-B
alloys probably involve grain boundary sliding and grain rotation, the solution-precipitation process and preferential
growth of Nd2Fej4B nanograins along the easy growth a-axis.
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1. Introduction

Radially oriented Nd-Fe-B ring magnets are of-
ten applied to electric motors where high flux densi-
ties are required. Their major benefits include simpler
construction, shorter response time and higher perfor-
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mance in a smaller package siz
Nd-Fe—B rings can be produced successfully by sinter-
ing. The crystal alignment is performed by an applied
radially magnetic field. The radially oriented rings
are also made of fine grained melt-spun powder by
backward extrusion and the crystal alignment is per-
formed by hot deformation. The hot extrusion method
is especially advantageous in the case of the ring mag-
nets with a small wall-thickness, small diameter and
a high length-to-diameter ratio because the magnetic
properties of these extruded magnets surpass those of
sintered ones.!”!

Strip regions with coarse grains were found in the
extruded rings, which were thought to start from melt-

(6]

spun flake boundaries.!®’ The melt-spun flake bound-
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aries have an important influence on the deforma-
tion homogeneity, and therefore also on the texture
and magnetic properties of the extruded rings. It
is interesting to investigate the deformation and the
microstructure of R—Fe-B backward extruded rings,
which will help deepen the scientific knowledge and
provide the basis of producing extruded rings with
optimal texture and high magnetic properties.

2. Experiment

Melt-spun powder with the nominal composition
of Nd3g 5Fepa;. Cog.0Gap.sAly.2Bo.g (Wwt%) was used as
the starting material. The powder was hot pressed
into a fully dense precursor at 600 °~750 °C in vacuum.
Radially oriented ring magnets with an outer diame-
ter of 24.5 mm and an inner diameter of 18 mm were
prepared by backward extruding the pressed precursor
at 750 °C-900 °C under an argon atmosphere. The

sketch maps of the fabrication processes of a backward
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extruded Nd-Fe-B ring are shown in Fig. 1. Scan-
ning electronic microscope (SEM) equipped with an
energy-dispersive X-ray spectroscopy (EDS) was used
to investigate the metallography and the microfrac-
ture of the ring magnets. The phase composition anal-
yses were performed by means of an energy spectrum
system. The magnetic properties of the cut samples
(1 mmx1 mmx2 mm) were measured with a vibrat-
ing sample magnetometer (VSM) in applied fields up
to 30 kOe (1 0e=79.5775 A/m) at room temperature.
The crystal alignment was studied by means of X-ray
diffraction with Cu K« radiation. The position de-
pendences of the metallograph, the microfracture and
the magnetic properties of the extruded Nd-Fe-Co—
Ga—B rings were investigated. The deformation and
the texture formation processes were discussed.
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(a) (b) (c)
Fig. 1.
backward extruded Nd—Fe-B ring: (a) melt spinning, (b)

Sketch maps of the fabrication processes of a

hot pressing in vacuum, and (c) hot deforming under Ars
atmosphere.

3. Results and discussion

3.1. Magnetic properties

The effects of process parameters on the magnetic
properties of the hot deformed magnets were investi-
gated. The magnetic properties of the magnets as
functions of deformation temperature (7y), strain rate
(¢) and height reduction (deformation ratio Ah%), are
shown in Figs. 2(a), 2(b) and 2(c), respectively. It is
found that the remanence B, and the energy prod-
uct (BH)max keep increasing up to Ty = 800 °C,
then slightly decrease with Ty increasing; the coer-
civity ;H. reaches its maximum value at Ty = 660 °C
(see Fig. 2(a)). The B, and the (BH )mnax fast reach
their maxima at the strain rate € of 0.01 mm/s, while
the ;H. obtains the maximum at ¢ = 0.03 mm/s
(see Fig. 2(b)). It seems that the ;H. has different
change tendencies from the B, and (BH )max, varying
with process parameter. The B, and the (BH)max
increase with Ah% increasing, reach their maxima
at Ah% = 70%, then nearly keep invariable up to
Ah%=80%, followed by a decrease with the further
increase of Ah% (see Fig. 2(c)).
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Fig. 2. Magnetic properties of the ring magnets and their variations with deformation temperature (a), strain
rate (b), and deformation ratio (c), 1 Gs=10"% T, 1 0e=79.5775 A/m, 1 MGOe=7.95775 kJ/m3.

The magnetic properties in the radial direction
of cubic samples cut from different axial positions of
a backward-extruded ring were measured by a VSM.
A B, of 13.0 kGs, ;H. of 6.26 kOe, and (BH),,,. of
34.40 MGOe have been obtained for the bottom sam-
ple. The magnetic properties increase slightly along
the axis from the bottom to the middle. The magnetic
properties of B, = 13.24 kGs, ;H. = 8.69 kOe, and
(BH)_,.,. = 39.60 MGOe, have been achieved in the

middle sample. The magnetic properties of the upper-

max

end sample are B, = 9.15 kGs, H. = 15.90 kOe, and
(BH) 0 = 17.59 MGOe. It can be seen that the
B, and the (BH)max steeply decrease, while ;H, in-
creases at the upper end of the ring. The magnetic
properties of the upper end are very close to those of
the isotropic pressed precursor. It suggests that the
extruded ring approximately should retain the initial
structure at its upper end, which is also confirmed by
the XRD and SEM results.
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3.2. SEM microstructure

SEM metallographs of the extruded ring are
shown in Figs. 3(a) and (b). Here the particle
boundaries seemingly start from the boundaries of
the starting melt-spun flakes (namely the grain-
coarsened strips shown in their microfractures, see
Fig. 3). The particle size is on the order of 10 pum.
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Fig. 3. Typical SEM metallographs in the middle (a) and
the upper end (b) of an extruded Nd—Fe—B ring.

WD = 20 mm

B2 atamem,  signal A = SE1

The particle boundaries are composed of many small
holes resulting from the corrosion during specimen
preparation. It is probable that because the melt-
spun flake boundaries with disordered atom arrange-
ment are in a high-energy status, they are corroded
more easily than other parts. For different spatial po-
sitions, there are different characteristic morphologies
in metallography. The elongated particles are found in
the middle (see Fig. 3(a)) and the random particles in
the upper end (see Fig. 3(b)) of the extruded Nd-Fe-B
rings. Figure 4 shows an enlarged SEM metallograph

of the local area in Fig. 3.

Fig. 4. SEM metallograph of the locally enlarged area in
Fig. 3.

Table 1. EDAX results of phases in Fig. 4 (at%).

Compositions Fe Co Nd

Grey phase 77.78 6.34 15.88
White phase 54.53 0.97 44.60
Black spot 78.45 7.18 14.37

WD = 20mm

e sagony  sknal A=SEL

Fig. 5. SEM microfractographs in low magnification (a) and high magnification (b) of the cross section of the

rings, the grain-coarsened strips were found as indicated by white arrows.
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SEM microfractographs of the extruded ring in
low and high magnifications are shown in Figs. 5(a)
and 5(b), respectively. The grain size of an extruded
ring is on the order of 100 nm. As indicated by
white arrows, the typically periodic grain-coarsening
regions were found, which were thought to start from
melt-spun flake boundaries.(®!
ture characteristics were found at different spatial po-

The different microfrac-

sitions: flake-shaped grains for the inner, elongated
grains for the middle and particle-shaped grains for
the outer region in the cross section. Only particle-
shaped grains were observed at the upper end of the
ring.!”) The upper end of the rings has the worst crys-
tal alignment, so the worst magnetic properties.

3.3. Mechanisms of deformation and

texture-forming

Regarding the deformation and the texture for-
mation processes of melt-spun Nd—Fe-B alloys, all
microstructural investigations confirm the absences
of dislocations, sliding lines and twins.®~1% In other
words, the transgranular deformation models is not
applicable to the melt-spun Nd—Fe-B alloys. There-
fore, the intergranular deformation models are em-
phatically considered. Due to the presence of the
grain-boundary phase with low melting point and
also the high activation of grain-boundary atoms at
high temperature, the grain boundary sliding and the

N
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Fig. 6. Sketch maps of grain-boundary sliding and grain
rotation activated at high temperature under the compres-
sive stress.
grain rotation are conceivable under the compressive
stress (see Fig. 6). The solution-precipitation process

is used to explain the deformation of melt-spun Nd—
Fe-B alloys.[) In the geological literature the term
“pressure solution” is used for a similar phenomenon
(see Fig. 7)."!] The liquid phase speeds up the defor-
mation process. The texture formation in Nd-Fe-B
melt-spun alloys can originate from the anisotropies of
the elastic properties and strain energy.'?! The grains
with the ¢ axis parallel to the press direction have
the lowest strain energy. The applied pressure causes
only grains with the ¢ axis parallel to the press di-
rection to be allowed to grow. The deformation and
the texture formation of melt-spun Nd-Fe-B alloys
probably involve grain boundary sliding grain rota-
tion, solution precipitation and preferential growth
of NdsFei4B nanocrystalline grains along the easy
growth a-axis.
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Fig. 7. Illustration of pressure solution with adding water

(or liquid) to speed up the process. 8]

4. Conclusions

Radially oriented Nd-Fe-B ring magnets are pre-
pared by the backward extrusion of melt-spun pow-
der. The effects of deformation temperature, strain
rate and height reduction on the magnetic properties
of the deformed magnet are investigated. The position
dependences of the microstructures and the magnetic
properties of the extruded rings are discussed. The
B, and the (BH), . reach their optimum values at
Tq = 800 °C, ¢ = 0.01 mm/s, and Ah% = 70%. It is
found by SEM observations that the particle bound-
aries, which are seemingly correspond to the interfaces
of the starting melt-spun powders, emerge after the
corrosion of the metallography specimen. It is helpful
for clarifying the effects of powder—powder interface on
local deformation and deformation homogeneity in the
rings. For different spatial positions of the extruded
ring, there are the characteristic metallographies and
microfractures. The upper end of the ring has the min-
imal deformation and worst texture, so the worst mag-
netic properties. The magnetic properties in the radial
direction increase slightly along the axis from the bot-
tom to the middle, then steeply decrease at the upper
end of the ring. The deformation and the formation-
of-texturing processes are discussed. The deformation
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and the texturing formation of melt-spun Nd-Fe-B al-
loys probably involve the grain boundary sliding the
grain rotation, the solution-precipitation process and
the preferential growth of NdsFe 4B nanograins along
the easy growth a-axis.
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