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Hydrogen absorption/adsorption properties of high coercivity NdDyFeCoNbCuB sintered magnets were
determined. Hydrogenation kinetics were analyzed using both differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). Hydrogenation of the Nd-rich intergranular phase results in a rather broad
and large peak at ~100 £ 50°C, then the tetragonal main phase (® phase) reacts readily close to 195°C.
The disproportionation process of the whole magnet initiates at T~ 500 °C, then accelerates in the vicinity
of 600°C and finally ends at T~ 780 °C. Furthermore, the first hydrogenation reaction, which is associated
with the hydrogen diffusion in the bulk via the intergranular Nd-rich phase, was seen to proceed quite
differently depending on the heating rate, or the applied plateau temperature. While hydrogen absorption
at 50°C is rather slow, it results in higher hydrogen uptake than at 150°C, though there it happens much
faster. Three modes of hydrogenation of sintered magnets are discussed in terms of practical operability.
Using the optimized hydrogen decrepitation/desorption annealing route leads to a demonstration that
the anisotropic NdDyFeCoNbCuB powders obtained by the HD/D technique have recovered most of the
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1. Introduction

Since the first demonstration of their particularly hard magnetic
propertiesin 1984 [1,2],Nd;Fe 4B based magnets have been rapidly
optimized and used for many applications. At present, the need for
high coercivity Hc and energy product (B-H)max requires the addi-
tion of specific rare earth elements such as Dy. However, these types
of elements are much more expensive than Nd because of their
lower abundance. Furthermore, there are new pressing questions
issued from the increasing resource depletion for all RE elements,
and more particularly Nd. Besides, another economic question
emerges with the increasing waste of NdFeB magnet products and
also with increasing enforcement of environmental legislations.
Since there exists a strong demand for anisotropic NdFeB powder
for the production of bonded magnets, it is attractive to transform
wastes of sintered NdFeB magnets into coercive and anisotropic
powders by exploiting the HDDR process [3-7].
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Nd,Fe 4B was reported to absorb significant amounts of hydro-
gen at room temperature and under moderate pressure [7] and
the effects of hydrogenation on the structural, chemical, physical
and mechanical properties have been established from further suc-
cessive works [6,8-12]. The relatively large expansion in lattice
parameters upon hydrogenation induces a decrepitation process,
leading to the easy production of very fine magnetic particles
[3,5,12,13]. The so-called “hydrogen decrepitation (HD)” process
has been used to prepare anisotropic powder from magnetically
textured material, e.g. bulk NdFeB sintered magnets [5,14-17]. On
the other hand, die-upset MQ3 materials [18], hot-rolled NdFeB
ingots [19], hot-forged NdFeCuB ingots [15] and sintered NdDyFeN-
bAIB bulk magnets were synthesized using the so called “powder
technology processes”, for use in hard disk drives [20]. How-
ever, it is of common knowledge that crushing, milling and other
mechanical and energy consuming treatments, which reduce a
bulk material from rough to fine powders, may lead to a reduc-
tion in remanence and coercivity. Moreover, the milling process
should also preserve the nominal chemical composition, to avoid
further oxidization, which is not so easy when processing pm sized
highly reacting particles. Conversely, high temperature hydrogen
atmosphere exposure leads to more or less the complete dis-
proportionation of the NdFeB phase. Based on such a reaction,
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Table 1
Comparison of the best magnetic performances of precursor bulk magnets and the corresponding bonded HD50 and HD150 submitted to hydrogen and high temperature
treatments.
Parameters Precursor magnet Powders HD at 50°C Powders HD at 150°C Recovery rate HD50

11.1kG 1.11T
30.9 kOe 2460 kA/m
29.4MGOe234k]/m3

Remanence, B; 9.7kG
Intrinsic coercivity, H

Maximum energy product, B-Hmax

12.6kOe 1300KkA/m
16.9 MGOe134.5 kJ/m?

9.7T 6.1-9.7kG  6.1-9.7T 87%
7.5-9.75 k0e597-776 kA/m 41%
16.7MGOe  133KkJ/m? 68%

Takeshita and Nakayama [21] opened the way to deliver very
high coercivity levels in NdFeB powders after a second treat-
ment that consists to outgas hydrogen and to recombine the
solid elements at rather high temperature. Harris and co-workers
[22] have rationalized the process, thus called HDDR (Hydrogen-
Disproportionation-Dehydrogenation-Recombination), his group
and later many other ones having designed different variants of the
HDDR process. Though high values of coercivity has been achieved,
the values of remanence of HDDR-processed material is modest
compared to those achieved in sintered NdFeB magnets. In addi-
tion, sub-micron sized HDDR-treated powders are rather sensitive
to corrosion.

Earlier it was shown that a typical ternary NdFeB ingot (i.e. a
piece of magnet) absorbs or reacts with hydrogen via three distinct
steps, and later it desorbs the hydrogen at three successive stages
[21-23]. These are hydrogenation of the main & phase, hydrogena-
tion of the R-rich interstitial phase and formation of RHy hydrides
upon disproportionation. Hydrogenation processes of NdFeB mate-
rials can be quantified by two parameters [22,23]: (1) the amount of
reacted hydrogen and (2) the rate of feeding with hydrogen under
H, pressure close to normal. By a proper control of these parame-
ters, given states or full hydrogenation of the Nd-rich phase and/or
the ® phase can be obtained. It is worth to note that amplification of
the specific surface resulting from HD of the sample can accelerate
hydrogenation kinetics by about 5-orders of magnitude [24].

Bulk NdDyFeCoNbCuB magnets were developed having
improved thermal stability [1,25-27] for high temperature appli-
cations (e.g. the electrical motor of hybrid cars). The need for
recycling and re-use is all the more important since some of the
additional elements used in these magnets (Dy, Co) are the most
expensive elements in these powerful NdFeB based magnets.

In the present paper, we report on hydrogenation absorption
and desorption processes applied to a selected NdDyFeCoN-
bCuB composition. The at.% formula of that magnet material
is Nd11.9Dy2Tb0.5Fe72.4C05Nb1.5CUO.3G3.0.4B6. We discuss the
anisotropic and coercive characteristics of powders that
can be prepared by application of the Hydrogen Decrepita-
tion/Dehydrogenation process (HD/D). More particularly we focus
here on the first step that consists in the HD procedure as operated
at low or medium temperature. In a further report we will present
optimized results from variants of the second step, that is the
D-dehydrogenation procedure developed at high temperature. It
is obvious that such global treatments can be applied advanta-
geously to freshly produced magnet scraps as well as to recycle old
magnets.

2. Experimental

Two types of measurements - titration and DSC analysis - have been applied
in order to quantify the hydrogen absorption and desorption characteristics of
NdDyFeCoNbCuB sintered magnets [28]. The magnetic alloys manufactured at NIN
(Northwestern Institute for Non-ferrous Materials) at Xi’an, China, are character-
ized by high coercivity and medium level remanence as displayed in Table 1.
SEM, EDX and X-ray diffraction analysis have shown that the tetragonal phase
(® phase) present as the main magnet component has the overall formula
(Nd,Dy)(Fe,Co,Nb,Cu) 4B (here after shortly written as R;M14B).

Differential scanning calorimeter (DSC) measurements were performed using
a Netszch DSC404S working under a flow of mixed gases (Ar+H;) at a rate of
100 ml/min. The H, gas flow rate was 10 ml/min and the working temperature
ranged from room temperature to 1000 °C at a heating or cooling rate of 30 K/min.

Hydrogenation kinetic measurements were performed using a Hydrogen Titra-
tion System GenllII (Base B). The mass of sample used for this experiment was about
655 mg. The amount of hydrogen gained by the sample during the absorption reac-
tion was estimated from the hydrogen pressure changes. Two hydrogen absorption
processes were performed at 50°C and 150°C respectively under a hydrogen pres-
sure of 70 kPa. For both samples, the hydrogen desorption process was performed
at 300°C under primary vacuum.

Besides, the samples were analyzed systematically after each step of the treat-
ment firstly by SEM using a Jeol JSM5600LV equipped with EDX, and secondly by
X-ray diffraction in Bragg-Brentano mode using a Philips PW 3830 power supply.

To prepare anisotropic powders, pieces of bulk magnet were decrepitated first
and then the powders were submitted to hydrogen desorption under secondary
vacuum first at 400°C for at least 2 h and then at temperature ranging from 820 to
880°C for 1h. Following this, the powders were annealed at ~500°C for 1h. The
magnetic performance of these powders was measured on dense samples in a form
of bonded-type magnets which were prepared by mixing an epoxy resin with the
annealed powers crushed lightly by hand. The composites were compacted and
placed under a magnetic field of 5T to orientate the fine powders during gluing,
before being magnetically analyzed with an extraction magnetometer.

3. Results
3.1. DSC measurements

Three large exothermic peaks can be seen on the DSC trace dis-
playedinFig. 1. Afirst exothermic peak occurred in the temperature
range of 40-185°C. It can be seen in Fig. 1 that this corresponds to
the hydrogenation of the R-rich phase as checked by X-ray diffrac-
tion. The pattern plotted in Fig. 2 demonstrates that the Nd-rich
phase was almost fully hydrogenated but the tetragonal phase (®
phase) remained mostly unreacted with hydrogen.

A second exothermic peak was recorded in the temperature
range of 185-220°C, corresponding to the simultaneous hydro-
genation of the R-rich phase and the R, M 4B phase, as shown from
the diffraction pattern of Fig. 2. At such temperatures, hydrogen
molecules can split on the surface and atoms can diffuse rapidly
to the core of the RyM14B particles. This is the typical temperature
range where the ® phase absorbs hydrogen [7].
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Fig. 1. Hydrogenation DSC trace of a NdDyFeCoNbCuB sintered magnet.
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Fig. 2. XRD patterns recorded at different stages of the DSC scan, where the most
significant peaks have been pointed out: a, bulk magnet (squares for Nd,Fe14B); b,
after the 1st DSC peak (squares for Nd,Feq4B, dot for NdHy); c, after the 2nd DSC
peak (upward-triangles for Nd,Fe14BH; 04, dot for NdHy); d, after ending the DSC
measurement at high temperature (downward-triangles for «-Fe).

Then a small transition occurs around 360 °C as shown in Fig. 1.
This peak corresponds well to the Curie temperature of R,M14BHx,
measured in by thermomagnetic analysis [28].

A third exothermic peak that corresponds to the decomposition
reaction (disproportionation) of RyM14BHj, presents a broad and
flat profile in the wide range of 450-800°C, as displayed in Fig. 1.
This exothermal peak looks rather different to that evidenced by
Book and Harris [29], who recorded a sharp and narrow peak at
disproportionation during DTA measurements under 1 bar H, pres-
sure. In our case, the flat signal can be correlated to the limited
hydrogen partial pressure applied during the measurement lead-
ing to a softer process according to the as monitored penetration
and diffusion process in the & phase grains.

3.2. Hydrogenation kinetics analysis

3.2.1. Absorption

As shown in Fig. 3, relatively slow hydrogen absorption occurs
after a short incubation period when the temperature of the sample
was initially stabilized at 50 °C. During the process, the exothermal
reaction leads the sample to a moderate increase of temperature
of AT~ 12.5°C. Completing the experiment, the overall hydrogen
absorption reaches the saturation value of 0.38 +0.02 wt% (real-
ized after ~360 min), thus corresponding to the overall formula
(Nd,Dy);5(Fe,Co,Nb,Cu)79BgHx with x=25.5+0.2.

Conversely and as reported also in Fig. 3, fast hydrogen
absorption occurs at 150°C after a shorter incubation period
leading to a hydrogenation saturation value of 0.314+0.02 wt%
realized after ~80s. It corresponds to the overall formula
(Nd,Dy);5(Fe,Co,Nb,Cu)79BgHyx with x=21+0.2. Correspondingly,
the exothermal rise of temperature of the sample is AT~ 46.5°C.

The temperature rise of the sample during hydrogen absorption
at 150°C is ~4-times higher than that recorded at 50 °C, meaning
that the hydrogenation reaction is much more vigorous when acti-
vated at 150°C than at 50 °C. Unexpectedly, the overall hydrogen
uptake is more marked when processed at 50°C than at 150°C.
In fact this can be related to the rate of heat extraction from the
present sample. Since the temperature of 150°C is quite close to
the equilibrium temperature at normal H, pressure leading to the
reaction RyFeq4B <> RyFeq4B-Hxmax (Xmax =5.5 [7]), a less efficient
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Fig. 3. Hydrogen absorption kinetics traces recorded at 50 and 150 °C under 70 kPa
H; gas pressure, and the corresponding desorption traces recorded at 300°C under
primary vacuum.

extraction of heat developed in the R,M14B sample due to exother-
mal reaction according to the rate of supplying H, gas leads to a
reduction of the hydrogen uptake when occurring in the range of
the transition temperature. Such a limiting phenomenon has been
observed to occur when hydrogenating different types of metal
hydrides, e.g. when forming MgH, [30].

These results agree fairly well with those obtained using XRD
analysis of the hydrogenated samples. As shown in Fig. 4b and
¢, the hydride of tetragonal & phase has a nominal formula of
Ry;M4BH; g5 when the sample was hydrogenated at 50°C while
the resulting formula is R;M14BH1 g5 when it was hydrogenated at
150°C.

Simultaneously, the R-rich phase always exhibits the same
hydrogen content for both processing temperatures, agreeing well
with the nominal formula RH,4 as deduced from Fig. 4a and d.
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Fig.4. XRD patterns after hydrogen absorption at 70 kPa H; gas pressure in NdDyFe-
CoNbCuB under various temperature conditions, where the most significant peaks
have been pointed out: a, absorption at 50 °C (squares for Nd,Fe14B), desorption at
300°C; b, absorption at 50 °C (lozenges for Nd,Fe14BH; g6, dot for NdH,); c, absorp-
tion at 150 °C (upward triangles for Nd;Fe14BH1 04, dot for NdHy); d, absorption at
150°C, desorption at 300°C (squares for Nd,Feq4B).
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Fig. 5. Hydrogen absorption kinetics traces recorded at 150 °C and the corresponding desorption traces recorded at 300 °C under primary vacuum.

Thereby, the larger amount of absorbed hydrogen in the sam-
ple when realized in moderate conditions contributes to the
hydrogenation of the tetragonal phase. Also the samples appear
homogeneously H-treated; for each case Fig. 4 indicates the pres-
ence of unique hydrogenated phases, thus hydrogen is quite
homogeneously distributed in the main @ and the minor R-rich
phases.

Rescaling versus time and versus amplitude the two absorp-
tion traces displayed in Fig. 3 allow the consideration of a unique
absorption process whatever the temperature. If both traces reveal
an early incubation process that can be attributed to a similar
nucleation-propagation mechanism, the trace recorded at 50°C
evolvesin a more complicated manner than that recorded at 150 °C.
A two-step absorption phenomenon takes a sigmoid type progres-
sion for ~2/3 of elapsed time and ~3/4 of the absorbed hydrogen,
and an almost linear absorption progression for the remaining time
and ~1/6 of the total amount of absorbed hydrogen. This behav-
ior should be correlated to the evidence of 2 absorption peaks as
observed in DSC analysis shown in Fig. 1.

A series of samples have been prepared applying two succes-
sive HD processes, with intermediate desorption at 300°C only. In
this case, the intergranular Nd-rich phase remains hydrogenated
and does not react again at the second hydrogenation. Then the
absorption reaction was undertaken under different H, gas pres-
sures at 150 °C as shown in Fig. 5. The reaction times (s) and amount
of absorbed hydrogen (wt%) corresponding to the second reaction
cycle are represented in Fig. 6. Two typical times are considered,
the first corresponding to the incubation time of the reaction, the
second to the faster absorption period. It is clear that both these
characteristics decrease with the applied pressure, but if the first
one decreases in a quadratic manner, being almost equal to zero
for P>200kPa H, pressure, the second process decreases in an
exponential manner with applied pressure. This should be inter-
preted in terms of two thermally activated processes. In this case,
the heat of formation of the Nd-rich phase hydride does not occur.
Consequently, the incubation time is much longer, as compared
to that of Fig. 3 at 70 kPa. However, diffusion of hydrogen to form
the R;M14B hydride should behave as a van’t Hoff type equilib-

rium. Besides, the total amount of absorbed hydrogen decreases
smoothly and linearly upon increasing the applied pressure, but it
appears fairly proportional to the time needed to reach saturation,
which obviously decreases when H, pressure is increased.

3.2.2. Desorption

As shown in Fig. 3, hydrogen desorption occurs very rapidly
at 300°C under primary vacuum (102 atm) without any incu-
bation period, no matter whether the hydrogen was charged at

Reactivity under H2 pressure

0,35 500
0,33 400
0,31 300
0,29 200
0,27 100
. 2550 100 150 200 258

Fig. 6. Analysis of the hydrogen uptake and reaction kinetics at 150°C and under
80, 160 and 200 kPa H, gas pressure. Red dots: amount of absorbed hydrogen (wt%);
blue squares: activation-nucleation process (s); green squares: absorption-diffusion
rate (s) of hydrogen in the NdDyFeCoNbCuB material; black squares: time to reach
hydrogen saturated uptake (sum of the two previous data).
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Fig. 7. (a) SEM pictures for the decrepitated powder HDT050. (a) x2500 (marker=16.7 pm); (b) x5000 (marker =8.34 um). (b) SEM pictures for the decrepitated powder
HDT150 (a) x2500 (marker=16.7 wm); (b) x5000 (marker =8.34 wm). (c) SEM picture of a decrepitated powder desorbed at 800 °C: x5000 (marker =8.34 um).

50°C or at 150°C. The sample that was hydrogen charged at 50°C
releases a relative hydrogen mass of ~0.154 wt%, while the sec-
ond one which was charged at 150°C desorbs a relative mass of
0.119 wt%. This confirms that the sample which has absorbed more
(less) hydrogen at 50°C (150°C) desorbs more (less) hydrogen at
300°C. It is worth to note that the remaining hydrogen is approx-
imately 0.21 4 0.02 wt%. Accordingly, the hydrogen desorbed from
(NdDy);5(FeCoNbCu);9BgHx at 300°C should correspond to the
main amount of hydrogen absorbed by the R;M14BHy phase. This is
corroborated also by XRD data as displayed in Fig. 4a and d, where
no trace of the Nd,Fe4BHy system can be noticed, conversely to
that of the hydrogenated R-rich phase, which practically desorbs at
much higher temperatures than 300°C.

3.2.3. Magnetic performances

The magnetic performances of a magnet are defined by the coer-
cive field H., the remanent magnetization B; and the maximum
energy product (B-H)max that characterizes the squareness of the
hysteresis cycle. As said above, achievement of optimized mag-
net properties of the hydrogen treated NdFeB type magnets needs
the application of further high temperature treatments firstly to

fully desorb hydrogen and secondly to optimize the (magnetic)
microstructure. Thus, both types of HD powders (at 50 and 150°C)
were submitted to hydrogen desorption under secondary vacuum
first at 400 °C for least 2 h and then at 840°C for 1 h and finally they
were annealed at 510°C for 1 h.

It is obvious that to some extent such high temperature treat-
ments tend to erase more or less peculiar material features induced
during a given decrepitation cycle, since at the highest applied tem-
peratures the intergranular Nd-rich phase is melted. From Fig. 7a
and b, it looks rather difficult to characterize distinctly the mor-
phology of both types of decrepitated powders produced by the HD
procedure applied at 50°C (HD50) and 150°C (HD150). However,
it is clear that after a complete dehydrogenation and subsequent
heat treatments the surface and the sharp aspect of the grains have
been smoothed as shown in Fig. 7c.

Measured magnetic performances of HD/D treated anisotropic
materials are summarized in Table 1 and a hysteresis loop is traced
in Fig. 8. Interestingly, the remanence B; was rather well recov-
ered, while the coercivity H¢ of bulk magnets can also be recovered
but to a more limited extent. Several reasons can be considered for
the reduced coercivity of HD/D magnets, being direct causes (e.g.
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Fig. 8. Hysteretic loop for the HD/D anisotropic powders.

size and shape of particles, homogeneity of the microstructure) or
indirect ones (effect of dispersion, coating with resin, etc.) [15,18].
The maximum energy product (B-H)max was rather well restored
(~70%) but neither fully recovered up to the initial value, as evi-
denced by a limited squareness of the de-magnetization curve as
shown in Fig. 8. From the many treatments and experiments pro-
ceeded on the HD50 and HD150, it clearly appears that processing
at 150°C leads to much lower recovery or coercivity than when
processing at 50 °C, or even at room temperature (not shown here).

The microstructure of these powders was observed by SEM as
shown in Fig. 7. It reveals that intergranular fracture is the main
occurring phenomenon. However, HD50 samples exhibit more
evidence of intra-granular fracture than HD150 samples. Since
intra-granular fracture leads to more fresh surfaces embedded in
Nd-rich phase, this could be one reason for the rather higher values
of coercivity achieved in the HD50 samples. This means that the first
step of the HD process has a marked impact on the performances
of the final bonded magnets. Besides, it is well known that the
coercive level depends mainly on the high temperature procedure,
since no significant coercivity is expected from just hydrogenated
samples. In fact, the better coercivity recovery with the HD50 sam-
ples, means that the optimized final heat treatments are applied
to powders of finer grain size, owing to the greater number of
intra-granular cracks developed during HD. Finally, Table 2 dis-
plays even more optimized data, effectively achieved after applying
several variants of the second step treatment (dehydrogenation-
annealing). So, magnetic performances of HD processed bonded
magnets can be restored to better levels, provided the final heat
treatments of the powders are also optimized, thus definitively
favoring the HD50 treated materials. These arguments will be
developed in a forthcoming paper especially devoted to variants

Table 2
HD50 powders as treated at different set of temperatures as above for dehydrogena-
tion and annealing.

Parameters Optimized Recovery rate
HD50 powders reference to precursor
Remanence, B; 11.3kG 102
1.13T
Intrinsic coercivity, H 20.0kOe 65
1592 kA/m
Maximum energy product, BHp,x ~ 23.4MGOe 80
186.3kJ/m3

of the dehydrogenation process, that could be again improved in
the future, e.g. to (B-H)max better than 80% of that of the initial bulk
precursors.

4. Discussion

From hydrogenation kinetics and DSC measurements, it was
demonstrated that NdDyFeCoNbCuB sintered magnet samples
absorb and desorb relatively more hydrogen at 50 °C than at 150°C.
This was attributed to the absorption rate of the main & phase of
global formula R, M1 4B, with respectively 1.85 and 1.05 H atom/unit
formula. The kinetics of reaction of samples absorbing hydrogen are
unexpectedly different when processed at 50 and 150°C, respec-
tively. Moreover, a pressure sensitive phenomenon was identified
with the latter type treatment only.

As thermal treatments usually accelerate hydrogen uptake of
metals and alloys, moderate heating (up to 100 to 200 °C) is a unique
activation procedure used to efficiently form metal hydrides. The
present HD results as well as the final extrinsic magnet perfor-
mances achieved in two series of bonded magnets made with the
HD50 and HD150 powders need to be analyzed in terms of struc-
tural transformation and deformation.

Coming back to the hydrogen site filling scheme developed ear-
lier to explain the structure of the Nd,Fe 4BHx (0<x<5.5) [7], one
should consider the amount of hydrogen effectively inserted in the
present boride at 50 and 150 °C, respectively. Hydrogen insertion
in Nd,Fe14B type compounds involves four types of R-rich tetrahe-
dral sites in the crystal cell of the ® phase, among which two are
mostly active for hydrogen absorption. According to nomenclature
of the P4, /nmm space group of the RyFe14B type structure, one has
to consider first the (4e) sites (r;>0.5A, 3R-1Fe) and the (8j) site
(r; ~0.45 A, 2R-2Fe). The two other active tetrahedral sites, (16k; )
and (16k,) (r; <0.4A), have been reported to be less attractive in
terms of chemical environment and insertion radius [9,12]. Mak-
ing reference to Westlakes’s rules [31], it is worth to recall that the
maximum hydrogen uptake (5.5 H/f.u.) corresponds to a statistical
half occupation of all these four active sites, the local occupation
numbers being 0.5H, 2H, 1H and 1H for the (4e), (8j), (16ky) and
(16ky), respectively. Here, one has also to consider that Dy, with
a smaller atomic radius than Nd, and both Co and Cu with lower
affinity for hydrogen than Fe, are probably limiting factors lead-
ing to a restricted H-uptake of less than 5.5 H/f.u., moreover under
moderate pressure conditions [32].

For the HD50 and HD150 samples, the respective ®-hydride
phase formula was established to be RyM14BH; g5 and R,M14BH1 gs,
respectively. For these hydrogen quantities, one will consider that
hydrogen saturates the (8j) sites and almost fills the (16Kk) sites
simultaneously for R;M14BH; g5 (HD50) and again saturates the
(8j) sites but fills with a lower amount of hydrogen only the
(16k) sites for RyM14BH; g5 (HD150) [9]. This can be understood
in terms of overall bonding energy of hydrogen atoms which
decreases upon increasing temperature, thus at 150°C, hydrogen
atoms are less bonding in the (8j) site, as the result of equilib-
rium pressure/temperature conditions. At desorption, the relative
filling scheme of the concerned tetrahedral sites will operate in
the reverse way. This tendency was asserted from the DSC exper-
iments as reported in Fig. 2, in which after reaching the second
hydrogenation peak, the as-received @ phase hydride was found
(mass and XRD measurements) to have also a composition close to
RaM14BH 1 0.

If however it was reported that under 100 kPa H, gas pressure,
the ternary ® phase only absorbs hydrogen at around 200°C [29],
here we find that hydrogen reacts with the Nd-rich and ® phase
simultaneously both at 50 and 150°C under 70 kPa H; pressure as
shown in Figs. 4 and 5, in agreement with earlier experiments [32].
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Correspondingly, Turek et al. [24] have reported that H, gas can
react simultaneously with the Nd-rich and the ® phase by appro-
priate selection of hydrogenation parameters. As for many cases
of metal hydrogenation, the freshness and surface state make that
hydrogenation can occur along different routes when treated under
moderate conditions. Indeed, the global formula and the overall
microstructure of materials as well as other extrinsic characteristics
need to be considered.

Three types of reactions have happened during the hydrogen
absorption process, as shown in Egs. (1)-(3):

Nd-rich + (x/2)H; < Nd-richHy (intergranularreaction) (1)

NdyFe14B + (y/2)H, < NdyFe;4BHy (®-phasereaction) (2)

Nd,Fe 4B +zH; <+ NdH; + «-Fe + “FeB” (HDDRreaction) (3)

Firstly Hy reacts with the Nd-rich phase (Eq. (1)), secondly
hydrogenreacts directly (H, - Eq.(2)) orindirectly (Eq. (1) - H) with
the ®-phase depending on the temperature. Thirdly, hydrogen
atoms bond directly with Nd, thus leading to the disproportiona-
tion of both metal phases, a phenomenon here practically excluded
at the operating temperatures and pressure (Eq. (3)).

It is generally accepted that during the first absorption pro-
cess, a marked volume change affects the hydrogenated Nd-rich
phase and causes intergranular cracks between the grains of the
@ phase. In parallel, a lot of free surfaces of Nd-rich phase and ®
phase develop continuously, easing the advance of hydrogen [12].
However, providing little (HD50) or much more heat, (HD150), the
second type of uptake can be either activated (H from Nd-rich Hy
to @) or inhibited owing to thermodynamic equilibrium conditions
(Hy to ®). Thus, depending on the final relative H-uptake, intra-
granular cracks can affect the main ®-phase grains. It is worth
to recall that a total hydrogen saturation of the & phase to the
hydride formula Nd,Feq4BHs 5 leads to a nearly isotropic volume
cell expansion (Aa/a~ 1.1%, Ac/c~ 1.0%)[9,10], the expansion pro-
ceeds in several successive steps, concerning the a cell parameter
first then the c cell parameter and finally a again as illustrated in
[32]. If the (4e) sites can be considered of negligible impact due to
the little amount of H-uptake and a more symmetrical situation of
those sites, filling the (8j) sites leads to a fully anisotropic expansion
scheme favoring the (a,b) basal plane dilatation in the early stage
of hydrogenation [9]. Accordingly it has been well established that
the increase of Curie temperature of the Nd,Fe;4BHy versus x, is
much more accentuated at the early stage of hydrogenation, owing
to the bond length expansion of anomalously short Fe-Fe distances,
effectively lying parallel to the basal plane.

So, hydrogen uptake in R;M14B up to ~2 H at./f.u. might lead
to the development of anisotropic stresses in the hydrogenated ®
phase R;M14BHy grains, which should result in more specifically
oriented intragranular cracks at decrepitation. Such a phenomenon
cannot occur for less hydrogen uptake (e.g. 0<x<1.0), moreover
isotropic cell expansion occurs at larger H-uptakes.

Finally, a finer control of the hydrogenation process (HD) of solid
materials having been processed first as bulk magnets would likely
deliver anisotropic particles having higher values of remanence.
This is the main consideration to fulfill in order to establish an
optimized low temperature HD/D treatment, enabling the devel-
opment of high performance powders for the bonded magnet
applications.

5. Conclusion

Hydrogen absorption and desorption characteristics in NdDyFe-
CoNbCuB sintered magnets was studied by DSC and hydrogena-
tion kinetic measurements. Coercive and anisotropic powders
were prepared by the HD/D process (Hydrogen Decrepitation/

Dehydrogenation) and results on both procedures and perfor-
mances are presented in this paper.

(1) DSC measurements show that bulk magnets absorb hydrogen
at different temperatures, thus reacting readily close to 120°C,
then a second but weaker hydrogen absorption is identified
close to 200 °C, finally the disproportionation of the crystallized
phases happens within a broad temperature range from around
450°C to 800°C.

(2) Hydrogenation kinetic measurements show that hydrogen
absorption happens more rapidly at 150 °C than at 50 °C, while
less hydrogen is absorbed at 150°C than at 50°C.

(3) Anisotropic NdDyFeCoNbCuB powders obtained by the HD/D
technique can recover the magnetic characteristics of the start-
ing bulk magnet, provided the hydrogenation procedure (HD)
is optimized. It is anticipated that some level of intragranular
fracture occurs, in addition to the main intergranular decrepi-
tation.

(4) The magnetic performance of HD/D powders can close to those
of the starting materials if both the HD and D steps are operated
in well defined conditions (profiles of heating/cooling down,
temperatures of reactions, Hy gas pressures, etc.). This will be
described in a forthcoming paper.
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