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Abstract

The magnetic properties of HDDR permanent magnets prepared from alloys with a nominal composition of RE, ; ,Fe,; ;C0,4 ,BZr,
(RE: Pr and Nd) have been assessed using a permeameter technique. HDDR powders from the alloy in the as-cast and annealed (1100°C
for 20 h) conditions were isostatically pressed and bonded in wax before testing. It has been shown that it is possible to produce highly
anisotropic  HDDR material from the Pr,,,Fe,, ;Co,s,BsZr,, dloy in the annealed state, whereas the corresponding
Nd,, ,Fey; sCo,¢ ,BsZr,, HDDR material prepared under the same conditions, did not exhibit any significant permanent magnetic
properties. The microstructures of both as-cast and annealed aloys have been investigated by scanning electron microscopy and energy
dispersive X-ray analysis in an attempt to revea the reason for this behaviour. Thermomagnetic analysis using in-situ magnetisation

measurements have also been carried out on the alloys. [0 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Isotropic and anisotropic hydrogenation disproportiona-
tion desorption and recombination (HDDR) powders have
been produced with Nd—Fe—B-type materials (see, for
example, Refs. [1,2]). Much less effort has been expended
on Pr-based HDDR material, but a powder with good
remanence but with rather a low coercivity has been
reported [3]. Recently, it has also been shown that
HDDR powders based on the composition
Pr5 ;F€s35C0,6,BcZr,, could be produced with a high
anisotropy and reasonable coercivity after homogenising
the alloy and a relatively straightforward, subsequent
HDDR treatment [4]. This study also reported that the
corresponding Nd, ; ;Feg; sCo,¢,BsZr,;, HDDR powder
prepared under the same conditions showed no permanent
magnetic properties.

2. Experimental

In this work, the microstructures of these Nd- and
Pr-based alloys, both in the as-cast and homogenised
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conditions, have been studied using a Jeol 6300 scanning
electron microscope (SEM). Phase compositions, in terms
of elements with atomic numbers >12, were determined
using a Link QX2000 energy dispersive X-ray (EDX)
spectrometer system fitted to the SEM. The metal com-
positions of the different phases found in the alloys were
determined by EDX on the SEM and were averaged from
independent measurements of each phase. The volume
relative percentages of each phase in the four micro-
structures were obtained from image analysis area fractions
of optical micrographs, assuming isotropy on a random
plane. The morphology of HDDR powders has been
investigated by means of a high-resolution Hitachi S-4000
scanning electron microscope (HRSEM).

The aloys investigated in this study were supplied by
Rare Earth Products (REP, UK), in the form of dabs
(10x10 cm). They had been cast into a 1.5 cm thick
rectangular water-cooled copper mould under a vacuum.
Subsequent compositional analysis of these as-cast alloys
was provided by REP, and are presented in Table 1.
Further homogenisation heat treatments to these ingots
were carried out under a vacuum (4x10° " mbar) at
1100°C for 20 h. This homogenisation treatment was first
employed in NdFeCoBZr aloys [1]. Details of the sub-
sequent HDDR treatment (shown in Fig. 1), the production
of permanent magnets from HDDR powders and the
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Table 1
Chemical analyses of the as-cast alloys (error+0.2wt.%)

Element Pr-aloy content Nd-alloy content
(at.%) (Wt.%) (at.%) (Wt.%)
RE 135 29.3 13.7 30.0
Fe 63.4 54.5 63.0 53.6
Co 16.9 151 17.0 153
B 6.1 1.0 6.2 10
Zr 0.1 0.1 0.1 0.1
T
[°ci B
(860 C) 10  mbar
5 C/min 15min <10min
T70 Lo,
| 15 oC/min
Hydrogen
atmosphere Vacuum
80
30 ~ 105 time [min]

Fig. 1. Schematic diagram of the HDDR treatment cycle.

magnetic measurements have all been given in a previous
paper [5]. Following this particular HDDR treatment, the
magnetic properties of these alloys were studied using a
permeameter. Remanence values have been normalised to
assume 100% density of the HDDR sample assuming a
linear relationship between density and remanence. A
pendulum magnetometer [6] was employed for ther-
momagnetic analysis (TMA) of the aloys in order to
investigate their magnetisation versus temperature behav-
iour over the temperature range 25-500°C.

3. Results
3.1. Microstructural studies

Back-scattered electron images of the as-cast and an-
nealed Pr ;. Feq; ;Co,4,BsZr,, aloy are shown in Figs.
2a and b, respectively. In the as-cast state, this aloy
consists of the matrix phase (®), a dark dendritic phase
(D) within the matrix phase and two phases, grey (G) and
white (W) intergranular phases. A comparison between the
heat treated structure (Fig. 2b) and the as-cast structure in
Fig. 2a indicates the effective removal of the dark phase
(D) and some grain growth during the heat treatment. In
addition, the grey phase seen at grain boundaries in the
as-cast condition is reduced by the heat treatment.

Back-scattered electron images of the as-cast and an-
nealed Nd,;,Feg; ;Co,q,BgZr,, structures are shown in
Figs. 3a and b, respectively. As in the previous case with
the Pr-based aloy, in the as-cast state, the structure
consists of a matrix phase (®), a dark dendritic-like phase
(D) within the matrix phase and two grain boundary

Fig. 2. Backscattered electron image of the Pr,,Fe,, Co,,,BsZr,
aloy in the as-cast (&) and annealed condition (b). Table 2 shows the
compositions of the ®, W, G and D phases labeled above.

phases, grey (G) and white (W). Again as in the previous
case, in the annealed condition (Fig. 3b), the most obvious
change from the as-cast condition is the effective removal
of the dark phase (D). Further comparison between Figs.
3a and b indicates grain growth following the heat
treatment of the alloy. The grey phase in the grain
boundaries was also observed in this annealed state. Since
the backscattered electron image reveals the difference
between the average atomic numbers of the phases, the
differences in contrast show that the phases have different
compositions.

The phase compositions in these aloys are presented in
terms of the ratio RE:Fe:Co:Zr in Table 2. There was a
substitution of Co in the matrix phase (®) replacing the Fe
(Pr:Fe:Co ratio, ~2:10:2.3). No compositional change was
observed in the matrix phase as a result of the heat
treatment. For both alloys, Fe and Co are observed in the
dendritic dark phase (D), which can be attributed to the
formation of primary Fe/Co dendrites by the peritectic
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Fig. 3. Backscattered electron image of the Nd,,,Fey, ;Co,,,BsZr,
aloy in the as-cast (&) and annealed condition (b). Table 2 shows the
compositions of the ®, W, G and D phases labeled above.

reactions characteristic of these alloys [7,8]. The white
(W) and grey (G) phases have already been identified in
previous work [9] as a Nd,Co phase and Nd(Fe, Co),
(Laves phase), respectively. The Nd,Co phase has also
been found in the Nd,, ,Dy, sFes,V,B; as-cast aloy and
sintered magnet [10]. No evidence of Nd,, Fe,B, has
been found in the present alloys. The mean area fractions
of each of these phases present in the aloys are shown in
Table 3. The proportion of changes in phase baances
observed with annealing are similar in both aloys, with an
increase in the matrix phase at the expense of the other
phases.

3.2, Magnetic properties
The magnetic properties of the Pr, ;Fe,, .Co,6,BeZrg 4

and Nd,;,Fes; Co,6,BZr,, aloys in both as-cast
HDDR and annealed HDDR conditions are compared in

Table 2

Compositions determined by EDX in the hard magnetic matrix phase, the
grey phase, the dark phase and the white phase on both alloys (before and
after annealing)?®

Alloy Phase RE (a.%) Fe(@%) Co(@%) Zr (at.%)
Pr @ 147+0.7  701=08 152+06 <1
Ascat ~ Grey  389+09 232+05 37.9+07 <1
Alloy Dak <1 88.8+09 112+06 <1
White  763+11 <1 23706 <1
Pr ® 145+05 69.8+06 157+04 <1
Anneded White 764+09 12+03  224+04 <1
Grey  362+06 256+05 382+x07 <1
Nd ® 143+0.7  69.9+07 158+05 <1
Ascat ~ Grey  423+09 274+05 303+06 <1
Alloy Dak <1 88.3+08 117x05 <1
White  785+10 <1 21.5+05 <1
Nd ® 142+04  69.9+04 159+04 <1
Anneded White 775+06 17+02  208+03 <1
Grey  354+09 33.8+05 308+06 <1

@Error bars==*2 standard deviation.

Table 4. In each case, magnets were prepared from the
HDDR powder by the HDDR treatment shown in Fig. 1
and measured using a permeameter [5]. Remanence values
have been normalised to assume 100% density of the
HDDR sample assuming a linear relationship between
density and remanence. Considering both alloys in the
as-cast state, the Pr-based alloy shows much better overall
magnetic properties. In the annealed condition, a marked
improvement in the magnetic properties of the HDDR
powder can be seen in the case of the
Pr 5 ,Fess sC0.6 ,BsZr, , dloy. In contrast, the equivalent
Nd-based aloy exhibits no hard magnetic properties after
this treatment.

Thermomagnetic curves for the Pr- and Nd-based alloys
in the annealed condition are presented in Figs. 4 and 5,
respectively. As expected, the Curie temperature of the
Nd-based dloy is dlightly higher than that of the Pr-based
alloy. These aloys have a higher Curie temperature in
comparison to the conventionad Pr—Fe-B materials
(290°C) [11] and this can be attributed to the substitution
of Co for Fe in the matrix phase. The Curie temperature of
the Nd,Fe;,B (310°C) increases linearly with the Co
content at about 11°C per at.% [12]. The analysed com-
position of the Nd-matrix phase gives a Curie temperature

Table 3
Phase baance of the aloy microstructures, presented in terms of
percentage area

Phase Pr-alloy content (%) Nd-alloy content (%)
As-cast Annealed As-cast Annesled

RE-rich 109 5.8 6.0 3.7

(i3] 54.8 80.0 51.2 85.9

White/ Grey 19.0 7.6 12.2 6.3

Dark 153 6.6" 30.6 41°

Including porosity and ‘pulled-out’ aress.
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Table 4

Normalised magnetic properties of the Pr- and Nd-based HDDR prepared using the isostatic press technique and measured in the permeameter (error,

+2%)

Alloy Condition B, H. oHe (BH) nax Sq.
of starting (mT) (kA/m) (KA/m) (kI/m)®) (ratio)
dloy

Pr.; ,Fes35C0,6 B2l 4 As-cast 768 487 338 82 0.35
Annealed 1000 732 548 168 0.49

Nd,, ,Fe,; sCOy4 ,BeZr, As-cast 504 156 115 16 0.11
Annealed - - - - -
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Fig. 4. Magnetisation versus temperature for the Pr,, ,Fe,, ;Co,,,BsZr,, aloy in the annealed condition.
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Fig. 5. Magnetisation versus temperature for the Nd, ,,Fes;;C0,4,B4Zr,, dloy in the annealed condition.
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of 485°C (310°C+11x15.9°C) in excellent agreement with
the present observations (Fig. 5). Assuming an identical
dependence of T, on Co content gives a Curie temperature
of 463°C (290°C+11x15.7°C) for the Pr-based alloy,
again in excellent agreement with the value shown in Fig.
4.

4. Discussion

It has been reported [8] that, in view of the slower
kinetics of formation of the ® phase in the PrFeB aloys,
the annealing of PrFeB magnets must be longer than that
of their Nd counterparts. Recently, further evidence that
the diffusion rate in PrieB aloys is rather slower than that
of NdFeB alloys under identical conditions, has also been
reported [13]. The possibility of a difference in grain
growth mechanism between the Pr- and Nd-based alloys,

Fig. 6. HRSEM image surface  of  the

showing  the
Pr13.7F663.5C016.7Bﬁzr0_1 (a) and Nd13.7Fe63.5C016.7Bezr0_1 (b) HDDR
material.

has also been reported for the case of HD sintered magnets
[14,15]. Hence, in practical terms, the slower grain growth
of Pr-based material, could lead to a greater control of the
grain size during and after the recombination stage of the
HDDR process. This could lead to improved process
flexibility in terms of quenching rate and process duration
(as discussed previously [4,5]). The results from the
present investigation for the Nd- and Pr-based aloys
agrees with the results from previous studies [8,13—15].

The morphology of the HDDR material obtained from
the homogenised Nd- and Pr-based aloys using the HDDR
treatment shown in Fig. 1 and investigated by means of
HRSEM, is shown in Figs. 6a and b. There is a distinctly
different morphology for these two powders. The Pr-based
material exhibits rounded fine grains, whereas the Nd-
based material exhibits a wide range of more facetted
grains, more characteristic of a solid/liquid growth mecha
nism. This difference in grain morphology could be
responsible for the radical difference in the magnetic
properties of these powders with the facetted grains being
more likely to give rise to reverse domain nucleation and
hence lower coercivities.

5. Conclusions

The present studies show clearly that, using an appro-
priate processing route, it is possible to produce highly
anisotropic magnets using PrFeCoBZr-based HDDR ma-
terial. A pre-HDDR anneal for 20 h at 1100°C improves
significantly the magnetic properties but the same treat-
ment completely eliminates all permanent magnetic prop-
erties in the corresponding NdFeCoBZr-based material.
This behaviour cannot be explained in terms of com-
positional changes in the annealing process alone, as the
effect on both aloysisvery similar, i.e., the removal of the
Fe/Co primary dendrites and the corresponding reduction
in the amount of RE-rich grain boundary phases. HRSEM
studies on the HDDR material indicate that a difference in
grain growth and grain morphology could be dominating
factors. The smooth, regular grain morphology observed in
the case of the Pr-based sample should be more favourable
for developing coercivity than the more irregular, facetted
structure observed in the corresponding Nd-based material.
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