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Study on the HDDR Characteristics of the Nd-Fe(-Co)-B(-Ga-Zr)-type Alloys
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The HDDR characteristics of the Nd-Fe-B-type isotropic and anisotropic HDDR alloys were investigated using
three types of alloys: alloy A (Ndy,¢Fes; 4Be), alloy B (Nd;, ¢Fes; 3BsZro,1), and alloy C (Ndy; ¢Fess sC011.5BsGaroZr.).
The alloy A is featured with the isotropic HDDR character, while alloy B and C are featured with the aniso-
tropic HDDR character. Hydrogenation and disproportionation characteristics of the alloys were examined
using DTA under hydrogen gas. Recombination characteristics of the alloys were examined by observing the
coercivity variation as a function of recombination time. The present study revealed that the alloy C exhibits
slightly higher hydrogenation and disproportionation temperatures compared to the alloy A and B. Recombina-
tion of the anisotropic alloy B and C takes place more rapidly with respect to the isotropic alloy A. The intrinsic
coercivities of the recombined materials rapidly increased with increasing the recombination time and then
showed a peak, after which the coercivities decreased gradually. The degraded coercivity was, however, recov-
ered significantly on prolonged recombination treatment. Compared with the isotropic HDDR alloy A the
anisotropic HDDR alloy B and C are notable for their greater recovery of coercivity. The significant recovery of
coercivity was accounted for in terms of the development of well-defined smooth grain boundary between the

recombined grains on prolonged recombination.

1. Introduction

The HDDR (hydrogenation, desorption, disproportionation,
recombination) process [1, 2] is well known to be an effec-
tive production way of a high coercivity Nd-Fe-B-type alloy
powder directly from the ingot material. Employing the
HDDR process to the Nd-Fe-B ternary alloy leads usually
to an isotropic powder. Interestingly, it has been known that
an anisotropic powder can also be prepared using the
HDDR process if the ternary Nd-Fe-B standard alloy is
modified by additive elements such as Co, Ga, Zr, Hf [3-5].
The principal purpose of the present study is the compari-
son of the HDDR characteristics of the Nd-Fe-B-type iso-
tropic and anisotropic HDDR alloys. The magnetic properties
of the HDDR-treated Nd-Fe-B-type materials are influ-
enced decisively by the condition of each step during the
HDDR treatment. Among the various -HDDR steps the
recombination is one of the most important step determin-
ing the magnetic properties (in particular coercivity) of the
HDDR-treated materials. In this article, therefore, a parti-
cular emphasis was placed on the recombination character-
istics of the alioys

2. Experimentals

Three types of Nd-Fe-B-type alloys were used in the

present study, and their compositions are tabulated in Table
1. The alloys were prepared by an induction melting. The
prepared alloys were homogenised at 1000 °C for 3 days
(alloy A, B) or 6 days (alloy C). The ternary alloy A is gen-
erally known to show an isotropic HDDR character. On the
other hand, the alloy B and C containing Co, Ga, and/or Zr
are known to exhibit an anisotropic HDDR character. The
composition of alloy C is included in the composition range
of a commercially available anisotropic Nd-Fe-B-type HDDR
powder. The hydrogenation and disproportionation charac-
teristics were examined using a DTA under hydrogen gas
(1.8 kgf/cm?). Desorption and recombination characteristics
of the alloys were examined using the coercivity variation
as a function of desorption and recombination time. Micro-
structural development during the HDDR was examined by
means of TEM using solid-HDDR [6, 7] treated samples.
X-ray powder diffraction with Cu-K, radiation was utilised
to analyse the phase change during the HDDR treatment.

Table 1. Chemical composition of the alloys

aloy Nd Fe Co B Ga zr HPDR
nature
A 126 814 6 isotropic

B 126 813 0.1 anisotropic
C 126 688 11.5 6. 1.0 0.1 anisotropic
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Magnetic characterisation was performed by means of a
VSM. For the VSM measurement the powder sample was
wax-bonded and then magnetised with a pulsing magnetic
field of 45 kOe.

3. Results And Discussion

DTA results representing the hydrogenation and dispro-
portionation characteristics of the alloys are shown in Fig.
1. As can be seen, two exothermic peaks appear on heating
the alloys under hydrogen gas up to around 800 °C. The
thermal event at lower temperature may be due mainly to
the hydrogenation of the Ne,Fe;,B matrix phase in alloy,
and the event at higher temperature to the disproportion-
ation of the hydrided matrix phase. It appears that the alloy
C exhibits slightly higher hydrogenation and disproportion-
ation temperatures compared to the alloy A and B. It is
notable that the heat flow (area covered by the thermal
peak) for hydrogenation of alloy C is much smaller com-
pared to that of the alloy A or B. This indicates that the
alloy C up-takes hydrogen significantly smaller amount
compared to other alloys. The amount of hydrogen absorbed
on the disproportionation seems to be more or less same for
the alloys investigated.

In order to examine correctly the recombination character
of the alloys a prerequisite that the materials are under fully
hydrogenated and disproportionated state should be ful-
filled. The alloys, therefore, were hydrogenated during heat-
ing (7 °C/min) under hydrogen gas up to 800 °C and then
disproportionated by holding it at the temperature for 2 hrs.
Phase analyses of the disproportionated materials were per-
formed by means of XRD, and the obtained representative
diffraction spectrum (for the alloy B) is shown in Fig. 2.
The diffraction patterns for the disproportionated alloy A
and C were observed to be almost identical with that of the
alloy B. As can be seen from the diffraction spectrum the
disproportionated material consists mainly of Nd-hydride
and o-Fe which are products of disproportionation of the
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Fig. 1. DTA traces for the alloy A, B and C under H, gas.
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Nd,Fe;BH,. This indicates that the materials have been
fully disproportionated. Full disproportionation of the mate-
rial under the condition mentioned above was again con-
firmed by observing the microstructure by means of TEM.
For the preparation of the TEM sample the alloy B was
hydrogenated and disproportionated in a solid-HDDR rnan-
ner. The previous result in the present author’s lab revealed
that the kinetics of disproportionation of a Nd-Fe-B-type
alloy in solid-HDDR manner was much more sluggish than
in the conventional manner [7]. Therefore, the material was
disproportionated for longer period of 3 hrs in solid-HDDR
manner. This disproportinated material (crushed powder)
was then subjected to an XRD, and the obtained spectrum
was found to be identical with that shown in Fig. 2. The
same material in solid form was subjected to a TEM obser-
vation, and the result is shown in Fig. 3. It can be seen that
the disproportionated materials composed of a very fine
mixture of mainly Nd-hydride and o-Fe, in which the
hydride phase is surrounded by the «-Fe, indicating that
whole sample has been fully disproportionated. This parti-
cular microstructure consisting of Nd-hydride rod sur-
rounded by a o-Fe was also reported by other group [8].
The materials fully disproportinated were subjected to a
recombination under vacuum at 800 °C. The variation of the
intrinsic coercivity of the materials was monitored as a
function of recombination time, and the results are shown
in Fig. 4. It appears that the intrinsic coercivities of all the
alloys rapidly increase with increasing the recombination
time in early stage of the recombination and then show a
peak. After showing a peak the coercivities decrease gradu-
ally. Coercivities of the anisotropic alloy B and C reach
peak value more rapidly compared to that of the isotropic
alloy A. This indicates that the recombination of anisotropic
alloy B and C takes place more rapidly with respect to the
isotropic alloy A. Also included in the Fig. 4 is the variation
of the intrinsic coercivity of the sample (alloy B) treated in
a solid-HDDR manner [9]. This coercivity variation for the
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Fig. 2. X-ray diffraction spectrum of the fully disproportion-
ated alloy B.
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Fig. 3. TEM micrograph showing the microstructure of the
alloy B fully disproportionated in solid manner: (a) NdH, (b)
o-Fe.
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Fig. 4. Variations of the intrinsic coercivity of HDDR-treated
alloys as a function of recombination time.

solid HDDR-treated material was examined in order to find
out a condition for the preparation of TEM sample. The
material HDDR-treated in a conventional manner usually
comes out in powder form, thus not suitable for TEM
observation. It is, therefore, desirable to use a material in
solid form even after the HDDR treatment. As is the case
for the conventional HDDR materials, the solid HDDR-
treated material also shows a similar coercivity variation
with exception that the general kinetics is much slower and
the peak coercivity is significantly lower than those of the
materials treated in conventional manner. Phase analysis
and microstructural examination of the optimally recom-
bined material showing the peak coercivity were performed
by means of XRD and TEM using a solid HDDR-treated
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Table 2. Coercivity variation during the recombination treatment

alloy A B C
(a) initial peak coercivity (kOe) 9.0 7.7 7.8
(b) degraded coercivity (kOe) 6.5 1.0 1.5
(c) recovered coercivity (kOe) 7.5 5.0 7.3
degradation ((b)/(a)) 0.72 0.13 0.19
recovery ((c)/(b)) 1.15 5.00 4.87

sample (alloy B). The obtained X-ray diffraction spectrum
showed that the disproportionated phases were fully recom-
bined into Nd,Fe 4B phase. The observed microstructure is
shown in Fig. 5. It can be seen that the initial coarse
Nd;Fe,B grain (initial grain size: 10~30 pum) has been
restructured into a very fine grains ranging from 0.1 to 0.5
pum. This grain size range was obtained by measuring the
size of the smallest and the largest grain in several areas in
the sample. This fine grain size comparable to the critical
single domain size (~0.3 um) of the Nd,Fe ;B compound
may be responsible for the high intrinsic coercivity of the
optimally recombined material.

Interestingly, however, we observed that the degraded
coercivity due to the over-recombination was recovered sig-
nificantly on prolonged recombination as shown in Fig. 4.
The possible excessive evaporation of the Nd from the alloy
on prolonged treatment under vacuum was suppressed by
changing the atmosphere to under Ar gas (pressure: 1 kgf/
cm?) after showing a peak coercivity. It appears that the

Fig. 5. TEM micrograph showing the microstructure of the
optimally recombined material (solid HDDR-treated alloy B).
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Fig. 6. X-ray diffraction spectrum for the alloy B HDDR-

treated in solid manner with different recombination times at
800 °C : (a) 0.5 (b) 7 (c) 10 hours.

coercivity recovery is more profound in the anisotropic
HDDR alloy B and alloy C with respect to the ternary iso-
tropic HDDR alloy A as tabulated in Table 1. In order to
understand the coercivity recovery observed on the pro-
longed recombination the microstructural examination and
phase analysis of the materials under different conditions
were performed by means of TEM and XRD. These ex-
aminations were undertaken using a solid HDDR-treated
sample (alloy B). The microstructures of the samples corre-
sponding to the degraded coercivity (recombined for 7 hrs)
and to the recovered coercivity (recombined for 10 hrs)
were examined. It is found that the microstructures of both
samples are similar with each other except for a slightly
greater grain size in the materials (0.3~2.0 pm) correspond-
ing to the degraded coercivity state compared to the mate-
rial (0.5~2.0 um) corresponding to the recovered coercivity
state. XRD phase analyses of the samples corresponding to
the peak, degraded or recovered coercivity state also showed
almost identical results as shown in Fig. 6. However, a close
examination of the microstructure showed some difference
between the two samples particularly at the grain boundary
between the recombined grains (Fig. 7). There seems to be
a well-defined smooth grain boundary in the material with
recovered coercivity, which is different from a poorly
defined grain boundary in the material with degraded coer-
civity. The underlying cause of the coercivity recovery on
prolonged recombination is not understood precisely at the
moment, but in our opinion, the most likely explanation for
the recovery of coercivity is the development of a well-
defined smooth grain boundary between the recombined
grains. The poorly defined grain boundary in the material
corresponding to the degraded coercivity may act as an easy
nucleation site for a reversed domain under applied demag-
netising field, thus resulting in a poor coercivity. On the
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Fig. 7. Close examinations of the grain boundary regions of
the prolong-recombined materials corresponding to (a) degraded
and (b) recovered coercivity states (solid HDDR-treated alloy
B).

contrary, the well-defined smooth grain boundary in the
material at recovered coercivity may hardly act as a nucle-
ation site for the reversed domain, resulting in an appreci-
able coercivity.

4. Conclusions

The HDDR characteristics of the Nd-Fe-B-type isotropic
and anisotropic HDDR alloys were investigated. It has been
found that the alloy C exhibits slightly higher hydrogena-
tion and disproportionation temperatures compared tc the
alloy A and B. Recombination of the anisotropic alloy B
and C takes place more rapidly with respect to the isotropic
alloy A. The intrinsic coercivities of the recombined materi-
als rapidly increased with increasing the recombination
time and then showed a peak, after which the coercivities
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decreased gradually. The degraded coercivity was, however,
recovered significantly on prolonged recombination treat-
ment. Compared with the isotropic HDDR alloy A the
anisotropic HDDR alloy B and C are notable for their
greater recovery of coercivity. The significant recovery of
coercivity was accounted for in terms of the development of
well-defined smooth grain boundary between the recom-
bined grains on prolonged recombination.
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