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In-situ electrical resistivity measurements:
study of magnetic and phase transitions and
solid-HDDR processes in Nd-Fe-B-type alloys
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B15 27T, UK

Nd-Fe—B-type alloys have been characterized by means of in-situ electrical resistivity
measurements. The potential of this technique for monitoring various phenomena relevant
to the hydrogenation, disproportionation; desorption and recombination (HDDR) processing
of Nd-Fe—B-type alloys is assessed, together with an evaluation of its capacity for
delineating magnetic and phase transitions. The effects of external parameters, such as
hydrogen pressure and processing temperature, and of intrinsic parameters, such as alloy
composition and initial microstructure, on the kinetics of the solid—-HDDR process have been
investigated. It was found that the amount of neodymium-rich intergranular phase present
in the material had a significant influence on the rates of disproportionation and
recombination reactions. At 620 °C, the recombination process takes place as a solid—solid
reaction, and this has a marked effect on the reaction rate. It was also found that the
disproportionation process is very sensitive to the hydrogen pressure and the dependence

of the overall process on the processing temperature between 620 and 900 °C has been

determined.

1. Introduction

Electrical resistivity measurements are an effective and
sensitive means of monitoring various phenomena
relevant to the characterization and processing of
rare-earth transition metal alloys and magnets. Pre-
vious work in this laboratory (see, for example [1, 2])
has shown that the precipitation hardening in
Sm,(TM), ;-type alloys can be monitored using elec-
trical resistivity measurements. Previous work has
also shown that in situ electrical resistivity measure-
ments can be used to monitor magnetic and phase
transitions [3], the homogenization behaviour [4]
and the kinetics of the hydrogenation, disproportiona-
tion, desorption and recombination (HDDR) process
[3] of Nd-Fe—B-type alloys.

The HDDR process has been reported as a method
of producing highly coercive powder via a hydrogen-
induced structural change and this powder can be
used for the production of Nd—Fe—B-type hot-pressed
and bonded hard magnets [5, 6]. The process consists
of hydriding the material, then heating the hydrided
alloy to ~ 800°C. After holding at this temperature
for approximately 2 h, the material is out-gassed in
a vacuum again at ~ 800°C and allowed to cool to
room temperature. The first stage, heating under a hy-
drogen atmosphere, results in the decrepitation of the
ingot which is described as the HD process [7]. The
initial hydriding process takes place in two steps.
First, reaction between the neodymium-rich phase
and hydrogen results in the formation of NdH . ; and
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second, the Nd,Fe;,B matrix phase forms a solution
Nd,Fe 4sBH., 5. The disproportionation reaction
then occurs at elevated temperatures and results in the
formation of an intimate mixture of o-Fe, neodym-
ium-hydride (NdH .., ;) and Fe,B. On desorbing the
hydrogen, the remaining constituents recombine to
form the thermodynamically more stable Nd,Fe;,B
phase. The main microstructural feature of the HDDR
process is the conversion of the coarse-grained
Nd,Fe,,B phase into a material with submicrometre
grain size. Recent work has shown that complex diffu-
sion mechanisms take place during the different stages
of the HDDR process [8, 9].

The HDDR kinetics depend on external parameters
such as the hydrogen pressure and the processing
temperature and on intrinsic parameters such as the
alloy composition and the initial microstructure,
where the effect of additional elements and the
amount and distribution of neodymium-rich phase
have to be considered. The reaction kinetics can be
monitored by means of in situ electrical resistivity
measurements of the non-decrepitated material by
introducing the hydrogen at elevated temperatures
(T ~800°C). Disproportionation occurs during
hydrogenation with the consequent absence of crack-
ing. This type of reaction can be referred to as
“solid-HDDR” [8].

The present work summarizes the electrical resist-
ivity studies carried out on Nd—Fe-B-type alloys and
focuses on the HDDR process.
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2. Experimental procedure

A variety of Nd—Fe—B-type alloys with different addi-
tions have been investigated by means of in situ elec-
trical resistivity measurements. A stoichiometric
(homogenized Nd,Fe,B) and a “Neomax”-type (as-
cast and homogenized Nd,¢Fe,sBg) ternary alloy
were chosen, as well as a copper-containing alloy
(as-cast Nd; 5 sFe,4. 0BgCuy 5) which is known [10] to
exhibit a significantly lowered melting point of the
neodymium-rich intergranular phase and an alloy
with various additions (as-cast Ndi4 65Dyo.94-
Alg g2Feq6.47Nbg sBg.76) Which is used for the com-
mercial production of magnets.

The resistivity measurement employed is based on
the standard four-probe method. The potential was
measured in the forward and reverse directions to
eliminate thermal e.m.f. contributions. The apparatus
consists of an on-line data acquisition unit controlling
a switch-box, a digital micro-voltmeter and a temper-
ature-compensated reference resistor. It is possible to
use this system as a rapid means of characterizing the
material at room temperature or as a means of
measuring the resistivity in situ during a heat treat-
ment up to 1000 °C in a non-inductively wound fur-
nace under vacuum, argon, nitrogen or hydrogen
atmosphere. The absorption and desorption behav-
iour is monitored with a pressure transducer and
a Penning gauge, respectively. To provide a supply of
pure hydrogen, a LaNis hydrogen store is used. The
hydrogen is connected to the system via a needle valve
and a micrometer filter prevents fine powder contami-
nating the system. The attachment of the very fine
wires on parallelepiped shaped samples, of small di-
mensions ( ~ 0.8 mm x § mm x 15 mm, m ~ 0.7 g) and
of high intrinsic brittleness, which were cut from the
bulk material, is achieved using a micro-spotwelder
which was especially constructed for this purpose. The
electric circuit of the micro-spotwelder includes a thy-
ristor, which acts as a switch and enables the capacitor
to discharge through the specimen. The spotwelding
conditions need to be modified depending upon the
sample material. Important factors are the sample
thickness and sample surface preparation, the weight
of the electrode, the discharge voltage, the spotwelding
atmosphere and especially the wire material. For the
in situ measurements of the electrical resistivity, the
spotwelded contacts need to be stable up to 1000 °C.
For measurements in this temperature range, a combi-
nation of thin stainless steel strips and copper-wire
was employed. For monitoring the HDDR process,
the samples were heated under vacuum (the chamber
was initially evacuated to 10~ ® mbar) to elevated tem-
peratures (T = 620-900°C) and then hydrogen was
introduced into the system (p(H,) = 0.1-1.0 bar). The
samples were usually exposed to hydrogen for 2 h and
were held for another 2 h under vacuum to allow the
sample to desorb fully and recombine. The applied
heating rate was 5°C min~! and the measurements
were taken at temperature intervals of 2°C or at
isotherms, every 30 s. It is important to note that the
desorption/recombination process is sensitive to the
pumping speed, which has to be kept constant when
investigating the reaction rates.
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By far the largest errors involved in the present
measurements were the determination of the specimen
dimensions, and the distance between the potential
leads. Another factor is the spotwelding procedure
itself which gives rise to some uncertainty as the fusion
process can vary slightly from sample to sample. For
these reasons the absolute resistivities are subject to
an error of approximately + 5%, although the results
from a particular sample are reproducible within
themselves to better than + 1%.

3. Results and discussion

3.1. Magnetic and phase transitions

Typical normalized resistivity p/p, (po is the resist-
ivity at room temperature) behaviours of the
alloys  Ndy4.68DY0.04Alp.62F€76.47Nbg sBe.70 - and
Nd;5.6Fes4.0BsCuy 5 during heating under vacuum
are shown in Fig. 1. The electrical resistivity exhibits
an anomalous behaviour when changes in magnetic
ordering occur and the Curie point resistance ano-
maly is delineated clearly in Fig. 1. For anisotropic
material such as Nd,Fe 4B, the direction of current
flow has to be specified in relation to the crystal axes.
The present measurements were carried out approx-
imately parallel to the a, b-plane of the cast material.
The extent of the Curie-point anomaly for the two
alloys could be due to a different degree of anisotropy
present in the ingot material introduced during the
production process. The slope changes in the resist-
ivity curves for the Ndi4e5DV0.04Alg.62F€76.47-
Nbg sBs.7o alloy at T =650+ 3°C and for the
Nd;s5.6Fes4.0BsCuy 5 alloy at T =482 4+ 3°C can be
attributed to the formation of the liquid phase at the
grain boundaries, and these temperatures are in good
agreement with those obtained by Schneider et al.
[11] for the former and by Mueller et al. [10] for the
latter, from DTA studies.

3.2. Overall HDDR process

A schematic diagram for a HDDR experiment (inciud-
ing heating and cooling) monitored by measuring the
electrical resistivity (first cycle) is shown in Fig. 2.
Resistivity, hydrogen absorption and desorption pres-
sures and temperature are shown versus time. The
samples were heated under vacuum to elevated tem-
peratures (T ~ 800 °C) and then hydrogen was intro-
duced into the system (p(H,) = ~ 0.7 bar). During
heating and cooling the Curie-point resistance anom-
aly and phase (melting/solidification of neodymium-
rich grain-boundary phase) transitions are delineated.
The rapid decrease in resistivity after the introduction
of hydrogen corresponds to the disproportionation
process, which can be described [12] at T = 750 °C as

Nd,Fe4B + 2 + xH,=2NdH, , , + 12Fe + Fe,B (1)

(with x as a function of hydrogen pressure and temper-
ature).

After an initial peak in resistivity due to the hydro-
genation of the neodymium-rich grain-boundary
phase (see Section 3.3), the significant decrease in
resistivity can be attributed mainly to the formation of
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Figure 1 Electrical resistivity versus time monitoring the magnetic
and phase transition in a Ndy;gFes,0BsCuy5; (+) alloy 1,
Tc =312 £ 3°C) and Ndi4 6sDYo.94Alp.62F€76.47Nbg.5Bs.70 (®)
alloy 2, T¢ = 310 £ 3°C).
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Figure 2 Schematic diagram for a complete HDDR experiment
(including heating and cooling) monitored by measuring the electri-
cal resistivity: (a) Curie-point on heating, (b) grain-boundary
melting, (c) onset of disproportionation, (d) hydrogenation of the
neodymium-rich phase, (¢) completion of disproportionation, (f)
dissociation of neodymium hydride, (g) recombination to form
Nd,Fe,4B, (h) completion of recombination, (i) grain-boundary
solidification, (j) Curie-point on cooling.

free iron. Another contribution arises from the forma-
tion of the neodymium hydride. The equilibrium value
of resistivity after disproportionation depends upon
the hydrogen pressure in the system (see Section 3.6).
On evacuating the system, the NdH, ., phase desorbs
and the sudden decrease in resistivity can be at-
tributed to the dissociation of neodymium hydride
into neodymium which subsequently recombines with
the other constituents. Thus the intimate mixture of
iron, ferro-boron and neodymium becomes thermo-
dynamically unstable and recombines to form the

more stable Nd,Fe,,B phase resulting in an increase
in resistivity. The increase in resistivity after recombi-
nation compared with that before disproportionation
could be due to enhanced scattering of electrons at the
boundaries of the now submicrometre sized grains.
Prolonged recombination at high temperature is
known to cause extensive grain growth within the
reformed Nd,Fe, B phase [13]. However, the resistiv-
ity measurement is not particularly sensitive to that
phenomenon.

3.3 The role of the neodymium-rich
intergranular phase

Fig. 3 shows the isothermal part of the electrical res-
istivity versus time, which delineates the S-HDDR
process at T = 800°C and p(H,) = 0.7 bar for the
as-cast Nd,¢cFe,cBg and the stoichiometric Nd,Fe,,B
alloy. It can be seen that the disproportionation and
recombination reaction rates are higher for the
Nd;¢Fe,¢Bs alloy. Shortly after the introduction of
hydrogen, a small maximum (see insert in Fig. 3) in the
resistivity curve of the Nd,¢Fe,¢Bg alloy can be ob-
served, and this can be related to the rapid hydrogen-
ation of the neodymium-rich grain boundary resulting
in the formation of NdH, . .. For the stoichiometric
alloy, no initial maximum in resistivity after the intro-
duction of hydrogen is observed, consistent with the
absence of the neodymium-rich grain-boundary phase
in this alloy.

In Fig. 4 it is shown that the hydrogenation of the
grain-boundary phase results in the solidification of
this phase, which has its melting point at T = 650°C
[11]. The change in slope in the resistivity trace cor-
responds to the melting of the intergranular neo-
dymium-rich material during heating in vacuum. The
material was then disproportionated at 800 °C causing
a drop in resistivity. Cooling the disproportionated
Nd,sFe,sBg alloy from 800°C results in a regular
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Figure 3 Isothermal part of the electrical resistivity versus time
monitoring the S-HDDR process at 7 =800°C and p(H,)
= 0.7 bar for (—) an as-cast Nd, ¢Fe-¢Bg and (—— —) a stoichiomet-
ric Nd,Fe, 4B alloy (hydrogen introduction at ¢t = 0 min, evacuation
of the system at t = 75 min). Insert shows the initial variations in
more detail.
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Figure 4 Heating of a Nd,¢Fe;sBg as-cast alloy under vacuum,
disproportionation at 800 °C and cooling of the disproportionated
mixture under hydrogen showing the absence of a solidification
reaction of the neodymium-rich phase.
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Figure 5 (——) Resistance and (— ~ —) desorption behaviour on
reheating the disproportionated mixture under vacuum; pressure
changes indicate the transition of NdH ., ; to NdH.. , of the neo-
dymium-rich phase{A), the disproportionated matrix phase (B), and
the start of recombination reaction (C).

decrease in resistivity, indicative of the absence of
a solidification reaction consistent with the inter-
granular phase being in the hydrided and solid state.
The small kink around 770°C in the cooling curve
could be attributed to the Curie-point of a-Fe, which
is a major product of the disproportionation reaction.
Fig. 5 shows the resistance and desorption behav-
iour on reheating the disproportionated mixture
under vacuum. The changes in resistivity correspond
to the desorption events. The first desorption as in-
dicated by pressure changes starts around 200°C,
a second around 250 °C overlapping with the former.
Both describe the transition of NdH ., , to NdH ., in
the neodymium-rich phase and the disproportionated
matrix phase, respectively [14]. Around 600 °C the
constituents start to recombine to form the Nd,Fe,,B
phase, thus causing an increase in resistivity.
Microstructural characterization [15] has shown
that the material is fully disproportionated when
a constant, equilibrium resistivity is attained and the
same applies for the recombination reaction. The re-
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sistivity data of Fig. 3 indicate that the Nd,4Fe,¢Bs
alloy is fully disproportionated after 19 + 2 min expo-
sure to hydrogen at p(H,) = 0.7 bar and fully recom-
bined dfter 20 + 2 min desorption at T = 800 °C. The
corresponding times for the stoichiometric Nd,Fe,,B
alloy are 29 +2 and 71 4+ 2 min, respectively, (for
identical sample thicknesses of ¢t = 0.8 mm). Thus,
both reactions are much slower for the stoichiometric
alloy. These changes in resistivity correlate with the
hydrogen absorption and desorption pressure behav-
iour. The slightly smaller quantity of hydrogen ab-
sorbed in the stoichiometric Nd,Fe,,B alloy can be
attributed to the absence of neodymium-rich phase in
this material [16].

These studies indicate that the neodymium-rich
grain-boundary phase has a significant influence on
the kinetics of the HDDR reactions. It was reported
earlier [8] that the hydrogen diffuses either in the
hydrided neodymium-rich phase or at the interface
between this phase and the matrix phase. It was shown
[8] that the disproportionation reaction begins at the
neodymium-rich/Nd,Fe, ,B boundaries and proceeds
towards the centre of the original grains. For the
stoichiometric Nd,Fe, 4B alloy, no such fast transport
paths exist, which could explain the lower reaction
rates in this material.

A detailed presentation of the disproportionation
and recombination reactions in an homogenized
Nd,¢Fe;¢Bg alloy are given in Figs 6 and 7, respec-
tively. The completion times for the two reactions are
comparable to that of the as-cast Nd;sFe;¢Bg alloy.
The initial kink (Fig. 6} soon after the introduction of
hydrogen, due to the hydrogenation of the intergranu-
lar phase, is more pronounced when compared with
that of the as-cast material and this can be attributed
to a more homogeneous distribution of this phase in
the matrix phase. Different slopes in the resistivity
curve corresponding to slope changes in the desorp-
tion curve represent the various stages during the
recombination reaction. At point A in Fig. 7, the
neodymium-hydride of the disproportionated mix-
ture dissociates into neodymium metal which then
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Figure 6 Detailed presentation of the disproportionation reaction
in a homogenized Nd, ¢Fe-Bg alloy monitored by the (——) resist-
ance and (——-) absorption behaviour; hydrogen introduction at
t = 0 min.
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Figure 7 Detailed presentation of the recombination reaction in
a homogenized Nd,¢Fe;¢Bg alloy monitored by the (——) resist-
ance and (- - ~) desorption behaviour; evacuation of the system at
t = 84 min.

recombines with the other constituents. Points B and
C could represent intermediate stages in the recombi-
nation reaction [9, 17]. The increase in resistivity is
indicative of the consumption of a-Fe and the corres-
ponding re-formation of the Nd,Fe, ;B matrix phase.
At point D the recombination reaction is completed.

3.4. Low-temperature recombination

Controlled recombination at T = 620 °C was achieved
by monitoring the hydrogen desorption behaviour
and the development of the Curie-point resistance
anomaly of the re-formed Nd,Fe,,B matrix phase. At
this temperature, the desorption of the hydrided neo-
dymium-rich grain-boundary phase does not occur
and hence melting of the grain-boundary material is
avoided. The observed changes in resistivity will now
be derived entirely from transformations within the
matrix phase. The disproportionated material was
cooled under hydrogen to room temperature and re-
heated to T = 620 °C under vacuum to desorb for 2 h
and then cooled again, this cycle being repeated until
the material was fully recombined. The equilibrium
resistivity was reached when the material was fully
desorbed. At conventional HDDR processing temper-
atures (750-850°C) it can be assumed that the neo-
dymium-rich grain-boundary phase re-melts after the
hydrogen is fully desorbed, whereas at T = 620°C the
microstructural changes will occur in a solid—solid
reaction because the neodymium-rich grain-boundary
phase remains in the solid, hydrided state. The devel-
opment of the Curie-point anomaly by evaluating the
resistivity data during the heating stage of the cycling
procedure described above is shown in Fig. 8. The
ratio {(p(T) — p(250°CHApd00°C) — p(250°C)} is
plotted over the temperature range T = 250-400°C.
At T = 620°C, the different stages during recombina-
tion can be monitored and the amount of re-formed
Nd,Fe 4B matrix phase can be estimated, because the
observed changes are due to transformations in the
matrix phbase. After 18 h at T = 620°C, no further
changes occur and therefore it can be assumed that the

material is fully recombined. The pattern in the overall
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Figure 9 Isothermal part of electrical resistivity versus time,
monitoring the (—) first and (——-) second HDDR cycle at
T = 750°C and p(H;) = 0.7 bar of a NdsFe+4B; alloy.

resistivity  behaviour is similar to that of

a stoichiometric alloy at T = 800 °C.

3.5. The effect of cycling on the HDDR
kinetics

If the grain-boundary phase acts as a diffusion path
for the hydrogen, then a faster disproportionation in
the material with the finer grain size would be anticip-
ated. Previous work [12] in this laboratory using
thermopiezic analysis has shown that the dispro-
portionation temperature is lowered in fine-grain
material.

In Fig. 9 a first and a second cycle of an S-HDDR
process at 750°C and p(H,) = 0.7 bar in a Nd,¢-
Fe,¢Bg alloy are shown. After the first cycle the mater-
ial has a submicrometre grain size causing the acceler-
ation of the disproportionation reaction in the second
cycle, which appears now to be almost instantaneous
As the hydrogen diffusion into the matrix phase is
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much more rapid, the initial kink due to the hydrogen-
ation of the neodymium-rich phase is much sharper
for the second cycle. Moreover, it is interesting to note
that the equilibrium resistivity after disproportiona-
tion is at a lower level for the second cycle. The
recombination reaction in the second cycle is com-
pleted slightly earlier which could be attributed to
a refinement of the microstructure of the dispropor-
tionation product. This possibly new phenomenon
might effect the microstructure of the recombined ma-
terial and remains the subject of further investigation.
The value of resistivity after recombination, compared
with that before disproportionation, remains on a sim-
ilar level which is consistent with the unchanged grain
size for the second cycle. The kinetics of any sub-
sequent cycle do not differ significantly to those of the
second cycle.

3.6. The effect of hydrogen pressure on the
HDDR kinetics
The effect of hydrogen pressure (p(H,) = 0.1-1.0 bar)
on the kinetics of the disproportionation reaction was
investigated at 750°C in a Ndi44sDyo.04-
Al ¢2Feq6.47Nbg sBs.7o alloy. Second and sub-
sequent HDDR cycles were recorded to ensure that
the grain size before and after the HDDR process was
comparable. It was observed that the disproportiona-
tion reaction was accelerated when the hydrogen pres-
sure increased, whereas the recombination reaction
remains unaffected by the initial hydrogen pressure.
Moreover it can be concluded from Fig. 10 that the
equilibrium resistivity after the completion of dispro-
portionation reaction is very sensitive to the amount
of hydrogen stored in the sample. A different neodym-
ium hydride is formed, depending on the hydrogen
pressure in the system. Increased hydrogen pressure
results in a larger H/Nd ratio which increases the
equilibrium value of resistivity. The minimum resist-
ivity can be found when the system is evacuated; the
neodymium hydride dissociates at this stage. How-
ever, this process overlaps with the recombination
reaction resulting in a subsequent increase in resist-
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Figure 10 Equilibrium resistivity of the fully disproportionated
material for different hydrogen pressures (p(H,) = 0.1-1.0 bar) at
T =750°C.
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ivity. Interrupting the recombination process by rein-
troducing hydrogen to the same pressure establishes
the same equilibrium values. The decrease in resistiv-
ity for lower hydrogen pressure can be attributed to
the fact that the hydrogen deficient rare-earth di-hy-
drides (REH, 5 to REH, o) are actually better electri-
cal conductors than the corresponding rare-earth
metals [18]. Moreover, for hydrogen concentrations
in excess of the di-hydride composition, a sharp in-
crease in equilibrium resistivity can be expected [18].
For neodymium hydride, Heckman and Hills [19]
reported a maximum conductivity at NdH, ,. It
should be noted that there is a linear relationship
between the equilibrium resistivity and p(H,)%?, de-
scribed by Sieverts’ law, which is illustrated in Fig. 11.
This indicates a probable linear relationship between
the electrical resistance and the hydrogen content in
the neodymium hydride over this range of composi-
tions.

The rates of the disproportionation reaction versus
time at 750°C for various hydrogen pressures are
shown in Fig. 12. The maximum reaction rate for
p(H,) = 0.7 bar can be estimated as being ten times



higher than that for p(H,) = 0.2 bar. Moreover, the
times where the maxima occur are very dependent on
the hydrogen pressure. These results elucidate clearly
the basic role of hydrogen pressure in the dispropor-
tionation process; consistent with a strong dependence
of the equilibrium pressure of NdH . , on temperature
[20]. Thus, it can be used as an effective and sensitive
means of controlling and optimizing the overall pro-
cess.

3.7. Onset of disproportionation and
recombination

The electrical resistivity and the hydrogen desorption
behaviour of a disproportionated NdH .. ,, a-Fe, Fe,B
mixture between T = 750 and 1000 °C under an initial
pressure of p(H,) = 35 mbar is shown in Fig. 13. The
measurements revealed the Curie-point resistance
anomaly of a-Fe at T = 770 + 5°C and a major de-
sorption at T = 810 + 5°C causing another change in
slope in the resistivity curve. This event can be inter-
preted as recombination under a hydrogen atmo-
sphere. It was observed that the higher the pressure,
the higher was the temperature for the desorption
event. The pressure changes at higher temperatures
can be attributed to the desorption of the neodym-
ium-rich grain-boundary phase [14] and this corres-
ponds with a fall in the resistivity.

Starting from a recombined material, the hydrogen
pressure was increased step by step and the “equilib-
rium” resistivity was measured at different isotherms.
It was found that the resistivity of the 2—-14—1-hydride
exhibited a Sieverts’-type behaviour before the sharp
onset of the disproportionation reaction. These stud-
ies indicate that the start of the disproportionation
and recombination reactions depend critically on the
stability of NdH .. ,, which is determined by hydrogen
pressure and processing temperature, as shown in Fig.
14. A hysteresis effect [21] for the NdH . ,, was ob-
served because the data for the onset of dispropor-
tionation and recombination were derived from
absorption and desorption isotherms, respectively.
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Figure 13 (—) Electrical resistivity and (- — —) hydrogen desorp-
tion behaviour between T = 750 and 1000°C under an initial
pressure of p(H,) = 35 mbar of a disproportionated NdH.. ,, a-Fe,
Fe,B mixture.
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under a hydrogen atmosphere in the temperature range T = 770—
910°C for a Nd,sFe,¢B; alloy.
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Figure 15 Isothermal part of electrical resistivity versus time
monitoring the HDDR process at T = (——-) 750, (---) 800 and
(——) 860°C and p(H,) = 0.7 bar for a Nd,sFe-¢Bs alloy.

3.8. The effect of temperature

The effect of temperature on the disproportionation
and the recombination stage of the HDDR process
was investigated on a Nd;Fe,¢Bs alloy, which was
exposed to a hydrogen pressure of p(H,) = 0.7 bar at
various temperatures. Fig. 15 shows the overall pro-
cess for three typical temperatures (T = 750, 800 and
860 °C). In Fig. 16 it can be seen how the completion
time (taken when resistivity is constant) of the dispro-
portionation and recombination reactions varies in
a temperature range of T = 620-900 °C. With increas-
ing temperature the neodymium-hydride becomes
more and more unstable [20], whereas the thermally
activated bulk diffusion will increase continuously,
resulting in a maximum disproportionation reaction
rate around 810 °C. The recombination reaction rate
increases with the processing temperature, as only
thermally activated bulk diffusion processes have to
be taken into account. As described above, below
650 °C the intergranular phase is in the hydrided and
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Figure 16 Completion time of the (A) disproportionation and (A)
recombination reaction for a temperature range T = 620-885°C
for a Nd,¢Fe,¢Bs alloy.

solid state causing a sharp increase in recombination
time; for 655, 640 and 620 °C the corresponding times
are 80, 150 and 1080 min, respectively.

It can be concluded, that it is the stability of
NdH, .+, which determines to a great extent the
HDDR disproportionation and recombination stages.
At high temperatures, although the reaction is
exothermic, large entropy contributions have to be
compensated by high hydrogen pressures to start the
disproportionation reaction. On the other hand,
lowering the hydrogen pressure in the disproportion-
ated state will initiate the recombination reaction
under a hydrogen atmosphere, if the temperature is
sufficiently high. This observation is consistent with
work by Takeshita and Nakayama [22], who reported
on the basis of X-ray diffraction measurements, that
the disproportionated mixture will recombine above
1000 °C under a hydrogen pressure of 1 bar.

4. Conclusions

It has been shown that in situ electrical resistivity
measurement is a highly suitable method of investigat-
ing details of the S-HDDR process in Nd—Fe—B-type
alloys. A more fundamental understanding of the re-
action mechanisms and kinetics depending on
parameters such as alloy composition, hydrogen pres-
sure and processing temperature, has been achieved. It
was found that '

1. the neodymium-rich intergranular material has
a marked influence on the disproportionation and
recombination reactions; the amount and the state,
solid or liquid, of the phase will determine the kinetics;
much slower kinetics are observed for the recombina-
tion process when the neodymium-rich material is in
the solid state;

2. a smaller grain size of the Nd,Fe,,B matrix
phase will accelerate the disproportionation reaction;

3. the disproportionation reaction is very sensitive
to the applied hydrogen pressure;

4. the onset of the disproportionation and recom-
bination depends critically on the stability of the
neodymium hydride, which is determined by pressure
and temperature;
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5. the balance between the stability of the neodym-
ium-hydride and thermally activated bulk diffusion
determine the rate of the disproportionation reaction
exhibiting a maximum around 810°C under a pres-
sure of p(H,) = 0.7 bar for a Nd,¢Fe,¢Bg alloy.
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