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Abstract—The kinetics of the forward phase transformation induced by hydrogen in the alloy of the R,Fe|,B
type (R = 32 wt % Nd + Pr and 4.4 wt % intermediate and heavy rare-earth metals) was studied by the magne-
tometric method. Isotherms of the phase transformation were obtained for temperatures of 710, 730, 750°C and
hydrogen pressures of 0.1, 0.15, 0.2 MPa. Kinetic diagrams of this transformation were plotted for hydrogen
pressures of 0.1, 0.15, 0.2 MPa. Increasing hydrogen pressure was found to result in a shift of the isolines of
the same degree of transformation to the region of shorter times. This indicates that the presence of hydrogen
is not only a necessary thermodynamic condition for the occurrence of the diffusional phase transformation but

is the most important kinetic factor as well.

INTRODUCTION

At present. a new field of materials science is being
developed—hydrogen treatment of materials—which
is based on phase transformations induced by hydrogen
[1.2]. A recently developed method of a special hydrogen
treatment [3—6] called the HDDR process (Hydrogena-
tion—Decomposition—Desorption-Recombination)  is
based on the forward and reverse transformations
induced by hvdrogen in intermetallic alloys of the
R.Fe (B type. where R is Nd, Pr. Sm, Tb. Dy, and other
rare-earth elements.

Hydrogen makes the R,Fe B alloys thermodynam-
ically unstable. At elevated temperatures (600-900°C),
a “forward™ phase transformation occurs and causes a
diffusional phase decomposition of the initial alloy into
phases such as RH,. a-Fe, and Fe,B. The removal of
hydrogen initiates the “reverse” transformation and the
restoration of the original single-phase R,Fe, B alloy.
These forward and reverse transformations give rise to
a substantial improvement in the characteristics of per-
manent magnets made of the R.Fe,,B alloys, such as
H..B,.and (BH),,, [3-6].

Thus, the HDDR process is based on the forward
and reverse phase transformations induced by hydro-
gen in the R,Fe|,B alloys. It is undoubtful that the study
of the kinetics of these transformations is of consider-
able scientific and technological interest.

The kinetics of the forward hvdrogen-induced phase
transformation in the alloys of the Nd,Fe, B and
R-Fe B types was studied in our previous works [7-9].
Temperature was tound to be an important parameter
controlling the transformation rate.

In [10-12], the authors studied the effect of the
hydrogen pressure on the forward phase transformation
in Nd.Fe,B and Sm,Fe;_ Ga, alloys in the course of
continuous heating (from room temperature to a tem-
perature of the active development of the transforma-
tion) and subsequent isothermal holding at this temper-
ature. Increasing hydrogen pressure was shown to
decrease the temperature of the active development of
this transformation. The authors of [10-12] concluded
that the enhanced hydrogen pressure is expected to
accelerate the phase transformation.

In [13], we studied the effect of hydrogen pressure
on the forward phase transformation in the R,Fe,.B
alloy under isothermal conditions. An increase in the
hydrogen pressure was shown to accelerate this trans-
formation.

The aim of this work is to study the effect of hydro-
gen pressure on the kinetics of the forward phase trans-
formation induced by hydrogen in a commercial
R,Fe,,B alloy of a more complex composition as com-
pared to those investigated in [10-12] and in a wider
temperature range than in [13].

EXPERIMENTAL

A commercial alloy of the R,Fe ;B type (analog of
the Nd.Fe,B alloy) was investigated. The alloy con-
sisted of 36.4 wt % R, 62.45 wt % Fe, and 1.15 wt % B.
where R = 32 wt % Nd + Pr and 4.4 wt % intermediate
and heavy rare-earth metals. This alloy was obtained
from the intermediate products of processing of the
rare-earth concentrate by a special technique.

The kinetics of the forward phase transformation in
the intermetallic compound was studied using a special
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Fig. 1. Development of the hydrogen-induced forward
phase transtormation as a function of the isothermal holding
time at temperatures ot (a) 710, (b) 730, (c) 750°C, and
hydrogen pressures of (/) 0.1, (2) 0.15. and (3) 0.20 MPa.

hydrogen-vacuum apparatus. It enabled us to perform
treatment both in hydrogen (up to 0.2 MPa) and in vac-
uum (up to 10~ Torr) at temperatures up to 800°C. The
technique of detecting the new phases (-Fe and iron
boride) formed upon the phase decomposition is based
on the fact that the R.Fe B alloy is paramagnetic (T¢ =
315°C) at the experimental temperatures (710-750°C),
while a-Fe and iron boride are ferromagnetic. This
allowed us to observe the appearance and growth of
these phases by the magnetometric method. The mea-
suring part of the experimental unit, previously
described in detail [8. 9], was made similar to that of
Sadikov's unit used to study the kinetics of phase trans-
formations in steels [1-4].

The experimental technique used for the investiga-
tion was as follows. Small (1.017-g) specimens of the
R.Fe (B alloy were placed in the reaction chamber
evacuated to 1072 Torr. Under continuous pumping-out,
the specimens were heated at an average rate of
20 K/min to a specified temperature in a range of 710—
750°C. After isothermal conditions were established in
the chamber, hydrogen was let into the system up to a
given pressure (0.1, 0.15, or 0.2 MPa). Further, we kept
the pressure constant and under the isothermal condi-
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tions continuously watched on the development of the
forward phase transformation by an increase in the
amount of the ferromagnetic phases (a-Fe and iron
boride). The data obtained were used to plot kinetic
curves.

RESULTS AND DISCUSSION

Using the technique described above, we studied the
kinetics of the forward phase transformation induced
by hydrogen in the R,Fe,B alloy at temperatures of
isothermal holding equal to 710, 730, 750°C and
hydrogen pressures Py, =0.1, 0.15, and 0.2 MPa.

Figure 1a shows the kinetic curves of the forward
phase transformation induced by hydrogen in the com-
mercial alloy of the R)Fe 4B type at T = 710°C under
hydrogen pressures of 0.1, 0.15, and 0.2 MPa. As seen,
the phase transformation is completed in 265 and 200
min at 0.1 MPa (curve 1) and 0.15 MPa (curve 2),
respectively. An increase in Py to 0.2 MPa (curve 3)

results in the completion of the transformation in
130 min.

Figure 1b shows the isothermal development of the
forward phase transformation at 7 = 730°C. Under a
pressure of 0.1 MPa (curve I), the transformation is
over in 165 min. At hydrogen pressures of 0.15 MPa
(curve 2) and 0.2 MPa (curve 3), the process was over
in 135 and 80 min, respectively.

Figure Ic demonstrates the development of the for-
ward phase transformation at 750°C. It is seen that
under a pressure of 0.1 MPa the transformation finishes
in 120 min (curve I). An increase in pressure to
0.15 MPa (curve 2) causes an acceleration of the trans-
formation. It is completed now in 85 min. Under a pres-
sure of 0.2 MPa (curve 3), the transformation is com-
pleted in 42 min.

Thus, as Figs. 1a—1c show, a twofold increase in the
hydrogen pressure results in a significant acceleration
of the phase transformation (by a factor of 2 to 3).

It is important to note the existence at all tempera-
tures and pressures of an induction (“incubation”)
period preceding the start of the phase transformation
as registered from the earliest signs of the appearance
of magnetic phases. The duration of this period

changed from 3 min (T = 750°C, Py, = 0.3 MPa) to
7.5 min (T = 710°C, Py, = 0.1 MPa). It is significant
that the incubation period shortens by 2.5 times with
the rise of the transformation temperature and pressure.

In solving processing problems, it is convenient to
use kinetic diagrams [15]. Figures 2a—2c display seg-
ments of such diagrams plotted from the data of Fig. 1
for the hydrogen-induced forward phase transforma-
tion of the R,Fe 4B intermetallide. Note that the dia-
grams obtained for the forward phase transformation in
the R,Fe,,B alloy under consideration are of the same
type as those for the Nd.Fe,,B alloy [7, 8]. Figure 2
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EFFECT OF HYDROGEN PRESSURE

shows that a twofold increase in the hydrogen pressure
(from 0.1 to 0.2 MPa) result in a substantial increase in
the transformation rate. Therefore, the “isopercentage”
kinetic curves (corresponding to the same degree of
transformation) are shifted to the region of shorter
times.

Let us discuss the potential causes of this strong
effect of hydrogen pressure on the transformation rate.
As is known, the hydrogen-induced forward phase
transformations studied in this work (this problem was
most extensively investigated in the Nd,Fe,B alloy)

occurs at Py, =0.1 MPa and T'= 600-900°C by the fol-
lowing reaction [3-5]:
Nd.Fe, ;B + Hy — a-Fe + NdH, + Fe,B.

The phase transformations of this type [7-9] occur
by the nucleation-and-growth mechanism and, are con-
trolled by diffusion of the alloy components (Nd, Fe,
B). As was experimentally shown in 1951 [16], even a
small amount of interstitial atoms (carbon atoms in
[16]) results in a rather marked increase in the iron self-
diffusivity in the y-Fe crystal lattice. More recently,
Krivoglaz and Smirnov [17] theoretically showed that
an increase in the concentration of interstitial atoms
must give rise to a grown in the metal self-diffusivity.
The cause is that an increase in the concentration of
interstitial impurity results in a rise of the equilibrium
vacancy concentration in metals {18—19]. The experi-
mental data indicating the acceleration of diffusion of
substitutional atoms under the effect of dissolved
hydrogen were generalized in [20]. A dramatic increase
in the equilibrium vacancy concentration at high tem-
perawures and hydrogen pressures was observed
by Fukai [21]. which inevitably resulted in the acceler-
ation of the diffusion decomposition of the alloys (by
several orders according to [21]). The theoretical
aspects of this problem were considered in [22, 23].

Thus. we can state that an increase in the vacancy
concentration and the acceleration of diffusion of sub-
stitutional atoms under the effect of dissolved hydrogen
can apparently be considered as general physical phe-
nomena that are characteristic of many materials. It can
be assumed that a similar mechanism is operative in our
case as well. The content of hydrogen dissolved in the
R,Fe B alloy increases with increasing hydrogen pres-
sure. Therefore. it is reasonable to suppose that this
increases the diffusivities of the alloy components
(R, Fe, B) and a substantial acceleration of the phase
transformation. In other words. the increase in the
amount of dissolved hydrogen increases the number of
equilibrium vacancies and, correspondingly, the rate of
diffusional transport of atoms to the nuclei of the new
phases (RH,. a-Fe. Fe,B). It is also possible that the
rate of nucleation of new phases also depends on the
hydrogen content in the alloy. However, the latter prob-
lem needs to be investigated in more detail. Along with
the above-indicated kinetic causes of the strong effect
of hydrogen pressure on the kinetics of these transfor-
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Fig. 2. Diagrams of the hydrogen-induced isothermal phase
transformation in the alloy of the R,Fe 4B type at hydrogen
pressures of (a) 0.1, (b) 0.15. and (c) 0.20 MPa.

mations induced by accelerated diffusion, it can be sup-
posed that a thermodynamic factor discussed in
[10-12] also affects the kinetics. Indeed, an increase in
the hvdrogen content decreases the Gibbs free energy
of formation of RH, rare-earth hydrides. As a result, the
“driving force” of the transformation increases. This
must cause the acceleration of phase transformations
induced by hydrogen.

Thus. it is the mutual effect of the above factors, i.e..
a kinetic factor caused by the acceleration of diffusion
of atomns of the metal matrix with increasing hydrogen
pressure and a thermodynamic factor related to the
decrease in the Gibbs free energy of RH, formation.
that results in this significant acceleration of the phase
transformation (by a factor of 2 to 3 in this work) with
the rise of the hydrogen pressure only from O.1 to
0.2 MPa.

Finally, we can conclude that the hydrogen effect
generating phase transformations in the R,Fe,B alloys
is not only a necessary thermodynamic condition but
also a rather strong kinetic factor that determines the
transformation rate.
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CONCLUSION

1. The effect of hydrogen pressure on the kinetics of
the forward phase transformation induced by hydrogen
in the alloys of the R;Fe,B type was studied. An
increase in the hydrogen pressure from 0.1 to 0.2 MPa
was found to result in a two- to threefold acceleration
of the transformation.

2. Kinetic diagrams were plotted for the forward
isothermal diffusional phase transformation in the
R,Fe B alloy at hydrogen pressures of 0.1, 0.15, and
0.2 MPa. An increase in the hydrogen pressure is shown
to result in a shift of the kinetic curves (isolines corre-
sponding to the same degree of transformation) to the
region of shorter durations.

3. It was established that the hydrogen effect, initi-
ating the phase transformations in the R,Fe 4B alloys, is
not only a necessary thermodynamic condition for
these transformations to develop, but also a very impor-
tant kinetic factor determining the transformation rate.
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