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Abstract

Highly coercive Nd-Fe—B powders for bonded magnets have been successfully produced applying hydrogen processes such as
hydrogen decrepitation (HD) or hydrogen—disproportionation—dehydrogenation—recombination (HDDR). XAFS experiments were
performed in order to localise the extra elements. Zr addition results in the formation of fipe ZrB precipitates, whereas Ga substitutes the
Fe(4c) site in the Nd Fg B structure. Systematic analyses of the hydrogen disproportionation kinetics by thermomagnetic measurements
have permitted to point out different regimes of reactivity depending on both the used extra elements and the temperature. It is found that
the ZrB, precipitates act as barriers limiting hydrogen diffusion at the crystallites boundaries and lead to uncompleted disproportionation
reactions. Then the Nd E& B remaining particles act as nucleation centres that can be used to induce oriented growth during the
recombination step.

O 2002 Published by Elsevier B.V.
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1. Introduction and Nakayamda3], applies directly on a standard alloy. It
consists in the disproportionation of the starting alloy
With the development of bonded magnets, impulses are under a hydrogen atmosphere ali@eaé68rding to
done to optimise powders with high level extrinsic prop- the reaction (1):
erties. In these powders, the coercive force is directly
related to the microstructure. To avoid the propagation of Nd,Fe ,B+ xH, - 2NdH, + a-Fe+ Fe, B (1)
the domain walls, the size of the elementary crystallites
must be controlled as well as the distribution of the minor followed by a recombination reaction to form an improved
intergranular Nd-rich phase. Furthermore, if the grains are microstructure after desorption using a vacuum heat treat-
textured, i.e. with crystallites oriented along a common ment typically around 856C. The transformation of the
direction, the inductive force of the resulting magnet can initial coarse grains into very fine grains is responsible for
be magnified up to 2. the high coercivity, but the resulting powders are isotropic.
Two processes involving hydrogenation of bulk Nd—Fe— Additions of small amounts of extra elements (Zr, Nb, Ga,
B alloys have been developed to produce highly coercive Co, etc.) have been reported to improve coercitivity and/or
and anisotropic powders. The hydrogen decrepitation to induce an oriented growth of the elementary crystallites
(HD), a low temperature process, applies on starting during the recombination stefp4,5]. Because of their
anisotropic and coercive bulk materia[§,2]. On the different roles, it appeared of first importance to carefully
contrary, the hydrogen-disproportionation desorption-re- localise these extra elements. This was achieved for Zr and
combination (HDDR) process, first reported by Takeshita Ga by performing EXAFS experiments on doped
Nd,Fe,,B alloys. Systematic analyses of the hydrogen-
disproportionation kinetics by thermomagnetic measure-
*Corresponding author. Fax: 33-4-7688-1280. ments led to a better understanding of the role of Zr in
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2. Experiment ——

Alloys of chemical compositions Nd.,s F83s Bss
(stoichiometric  Nd Fg, B), N¢, ,c Fg s Bgs Zb 15, R
Nd,, ;Feq; §Bs 6Zro.» and Nd,, sFeg, ,Bs ;Ga,  were pre-
pared by induction melting under argon atmosphere. These
alloys were annealed at 1000 during 6 h for homogeni-
sation. They were crushed into powders, then sieved to 200
pwm. The mean grain size as controlled using a laser oo
granulometer was 1575 um for the undoped and the
Zr-doped (0.7 at.%) powders. The X-ray diffraction pat-
terns recorded on these specimens revegl Ng, Fe B single
phase materials.

XAFS experiments were carried out at LURE (France) =@
in transmission mode, using a channel-cut monochromator,
at 77 K, at the K-edge of Zr and Ga. The data treatment
was achieved in the usual way using the Michalowicz code "
[6]. Ab initio calculations of the oscillations were also R
performed with the FEFF codf’]. The Fourier Trans-
forms (FT) were calculated in the same way as for the
experimental ones for comparison purposes. Lo.0m |

Thermomagnetic measurements were performed using a
home-made torque allowing us to record the magnetic
characteristics of a sample under gas reaction. The powder
was placed under a continuous hydrogen flow and the
applied magnetic field was close to 2 kOe. Samples were Fig. 1. XAFS spectra (a) and Four?er Transforms (b) at the Zr K-edge
heated at a rate of TC/min up to a plateau between 600 observed for Z&0.7 at.% (dashed lines) and calculated for ZrB phase

. (full lines).
and 750°C, and then cooled down at 2G/min.

1 1
8.00000 10.0000 12.0000

30.0000

15.0000 [

5.00000 [

| L
4.00000 6.00000 8.00000 10.0000
R (A)

3. Localisation of the additives

The XAFS spectra and FT obtained from the oscillations
taken at the Zr K-edge on the Nd, Fe, B &¢r alloy
are presenteéfig. 1.We calculated XAFS spectra and FT,
(i) for Zr located on each of the six possible Fe sites, the
two Nd and the B sites in the Nd Eg B structure, (ii) for
Zr located in the ZrB phase (space gro@s/mmm,
a=3.168 A andc=3.530 A). Each of the FT calculated
for Zr substituting one of the sites in Nd Fe B does not fit
the experimental data. The XAFS spectra and FT calcu-
lated for ZrB, phase are the only ones that compare well
with the experimental resultsFig. 1). Matzinger et al.
have shown that the boride exists in magnet materials as
platelet-like ZrB, precipitates within the Nd-rich inter-
granular region8].

XAFS measurements were performed at the Ga K-edge
on the Nd, ; Fg,, B ;Ga , alloy. XAFS spectra and FT
were calculated for each of the six Fe sites, the two Nd
sites and the B site of Nd Fg B. Only the ones calculated
for Ga substituting the Fe(4c) site in DNd e B fit the
observed onesHg. 2), indicating that most of the Ga
at.oms occupy this site. This result is in good agreement Fig. 2. XAFS spectra (a) and FT (b) at the Ga K-edge observed for
with XAFS measurements carried out by Ashfaq et al. on a Ga=2.6 at.% (dashed lines) and calculated for Ga substituting to the
Nd, ; JFegs ,C0, 4Gy (21, B¢ o alloy9]. Fe(4c) site in Nd Fg, B (full lines).
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4. Thermomagnetic analyses of the disproportionation netisation observed at lower temperature is related to the
reaction remains of hydrogenated Nd Fe BH as detected from its
Curie temperature (step 4). Thus, we are able to estimate
4.1. Undoped Nd,Fe, B the rate of disproportionation at the end of the thermal
treatment from the height of the transitions Tat before
The trace diagram recorded during the disproportiona- and after reaction.
tion process of a stoichiometric Nd Fe B powder is At moderate temperatures, the kinetics of the dispropor-
presented irFig. 3a.During heating a slight increase in the tionation reaction is low enough and the amount of
magnetisation due to the hydrogenation of the,Nd,Fe B  , Nd,Fe, BH disproportionated during the increase of
phase (step 1) is observed as well as a sharp decrease at temperature can be neglected. Then, the increase
the Curie temperature T{) of the hydrogenated magnetisation corresponding to free iron formation can be
Nd,Fe,,BH, phase (step 2). Up to 625, no further normalized so that the beginning of the disproportionation
variation of magnetisation is observed. An increase of reaction corresponds to the beginning of the plateau (
magnetisation takes place during the plateau at°625 att=0) and that at the end of the plateaujs equal to the
(step 3) due to the formation of free iron, associated with rate of disproportionation deduced from the helghts at
the Nd,Fg, BH disproportionation. A complete dis- m=1 if reaction is over). Then, the normalised mag-
proportionation reaction is achieved if the rest time at the netizatigriotted versus time allows us to follow the
plateau is long enough. However, if the sample is cooled rate of the reaction all along the plitea@b(
down before completion of this process, the resulting The experimental data were analysed in the light of
specimen is a mixture of disproportionated and nondis- known propagation mechanisms for a solid reaction across
proportionated particles. Besides, the increase in mag- spherical particles of rddimd 1]. Two regimes have

been observed on undoped Nd,fe B alloys:
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Fig. 3. (@) Variation of magnetisation versus temperature during a time (h)
disproportionation reaction under hydrogen flow for a stoichiometric
Nd,Fe , B compound, (b) disproportionate rate versus time, during the 5 h Fig(m). and G(m) functions at 625C (a) and 670C (b) for a

stage at 625C. Nd, Fe, B stoichiometric alloy.
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» at moderate temperatur€ £625°C), the disproportion
process corresponds to an interface progression mecha-

nism having a constant speedAs seen inFig. 4afor T E 625°C F(m) = 1-(1-m) "%
T=625°C, the rate of the reaction follows the equation: o 01F E
Fim=1—1-m)"*=u/r)-t; T 2 ]
 at higher temperature§ £650°C), the limiting factor il - 3
becomes the hydrogen diffusion through the decom- EE.’ 0.05F =

posed matter. As reported étg. 4bfor T=670°C, the G(m) = (1-(1-m) "?) 2

disproportion reaction is of Jander typ&(m) = (1— —
1-m'3?=(k/r?-t. m .

0 1 2 3 4
The diffusion constank is of Arrhenius typek(T) = time (h)
k, exp(—E_/RT), E_ being the activation energy artithe
ideal gas constant. 0.8
This change of behavior should be explained consider-
ing the work of Yi et al.[12], who have observed that the
decrepitation of the alloy does not take place if the
hydrogen is applied above 68C. Below this temperature,
porosity and voids due to cracks induced inside the
disproportionated layer allow the access of the hydrogen
gas directly onto the front of the reaction. At higher
temperature, a bulk diffusion process takes place quite
homogeneously in the materials.
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4.2. Zirconium-doped Nd,Fe, B 0 1 2 3 4
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As observed |pF|g. 5, small _amounts of zirconium Fig. 6. (&) F(m) and G(m) functions for a Nd F¢, B doped Zr alloy at
(0.15-0.7 at.%) induce a very important decrease of the gz5°c and (b) disproportionate rate a{m) at T=740°C.
disproportionation kinetics. However, by increasing the
temperature and/or the time duration of the reaction, a
complete disproportionation of the hld fe B phase was As expected from an Arrhenius feature, a linear behavior
achieved: theT. of Nd,Fe ,B is no longer detectable on of thekh() experimental data versus TL/is observed,
cooling. With 0.7 at.% of Zr, the disproportionation obeys both for the undoped and th®.Zrat.% compounds
a Jander law in the whole temperature range, including Fig.(7). The activation energies deduced from these data
temperatures below 62& (Fig. 63. The disproportionate are, respectively,=335 kJ/mol for the undoped de-
rate reported foill =740°C shows a very good agreement composed matter &, €228 kJ/mol for Z=0.7
obtained all over the reaction from the Jander lavig( at.%. The impact of Zr addition oko/r2 is much more
6b). important. According to the values of the mean grain sizes

as determined from laser granulometry, the diffusion

0’8 [ LA N L B L L L ) B B B B I T -6 | T rTTTT T T T T T ]
i Zr = 0% i C T a ——0.7% Zr ]
i Zr =0.15% A -8 - -
06 [ %] — B[ A 0%2Zr ]
I ] ‘v F ]
B i 10 —
- Zr =0.7% I L i
€ 04 [ o—_ N& B ]
| S - .
5 ] E -12 ~ .
0,2 B - - -
L 4 14 ]
0 s g g g g gl g laag 1 ] [ PR T T N N T T T T N N T TN N WO S AN
0 1 2 3 4 5 0.00095 0.001 0.00105 0.0011 0.00115
-1
time (h) 1T (K)
Fig. 5. Variation of the disproportionate rate at 625 for increasing Fig. 7.k{r?) parameters, for a stoichiometric )Nd Fe B alloy and for

amounts of Zr. Z=0.7 at.%, respectively.
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addition. Then the Ga containing Nd Fe B phase is not
stabilised against hydrogen disproportionation.

5. Discussion

Thermal treatments currently applied for the dispropor-

Fig. 8. Two scales of reactign @ \(vith intergranular hydrog(_en d_iffusion tionation are typically b1 h at about 740C. At this
for an undoped aIIo_y,_ (b) without intergranular hydrogen diffusion for temperature, the complete disproportionation of the stoi-
ZrB, platelets containing alloy. . . . . .

chiometric Nd, Fg, B powder is achieved in 0.38 h,

whereas it takes more than 7 h for the 0.7 at.% Zr-doped
coefficients are, respectivelk,=3.7X 10° m’ /s for the powder. Moreover, as observed Fig. 6b, the hydrogen
undoped decomposed matter arg)¢, =0.56 nf /s for diffusion mechanism induces a very slow decrease of the
(0.7) doped sample. Nevertheless, the size of the elemendisproportionation rate at the end of the reaction. Then, the
tary crystallites deduced from the width of the X-ray addition of Zr leads to an incomplete disproportionation
diffraction peaks[13], are close to 70 and 60 nm, reaction with the production of nanoscaled Nd,Fe B
respectively, for the undoped and the=A0.7 at.% sam-  particles in the disproportionated mixture. Thanks to the
ples. If, for the undoped sample, we take into account the crystallographic orientation of these particles relative to the
size of the elementary crystallites instead of the powder original Nd, Fe, B, they can act as nuclei to induce an
grain size, we obtai|k0=0.72 nf /s, which is of the same oriented growth during the recombination step.

order of magnitude as the diffusion coefficient previously  Thus, the memory site effect of the Zr on oriented
obtained for the 0.7 at.% Zr-doped sample. In the Zr-free growth can be exp]ained in terms of kinetics of the
sample, hydrogen diffusion at the crystallites boundaries is disproportionation reaction, an incomplete disproportiona-
much faster than in the intra-granular region, so that it is tion reaction being necessary to preserve extra fine par-
necessary to take into account the size of the elementaryticles of non-decomposed Nd Fe B. We previously ob-
crystallites as seen ifrig. 8a. Few zirconium addition  served similar mechanisms to occur in samples without
induces the formation of ZrB precipitates which act as any zr[14]. Since in this scenario the induced magnetic
barriers limiting hydrogen diffusion within the crystallites anisotropy highly depends on the conditions selected to

boundaries Kig. 8. apply hydrogen, it remained somewhat puzzling how to
_ optimise the HDDR process.
4.3. Gallium-doped Nd,Fe, B Gallium substituted to Fe(4c) site in the Nd Fe B

_ _ _ structure. As far as the disproportionation rate slightly
The disproportionation rate was measured at severalincreased with Ga addition, the induced anisotropy cannot

temperatures for Ga2.6 at.%. Generally speaking, the pe explained in terms of a partial disproportionation
observed behavior is the same as for undoped Ng, Fe B.reaction and the role of Ga remains unclear.

Below 650°C the reaction is still controlled by an interface

progression wall at a constant speed, as seehRign 9.
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