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Abstract

The kinetics of the hydrogen!induced di}usive phase transformation in industrial alloy NdÐFeÐB has been investigated[
The isothermal kinetic curves were received for temperatures from 649 to 519>C at the hydrogen pressure 9[0 MPa[ An
isothermal kinetics diagram was obtained[ This diagram is similar to the ones of the transformations in steels during
heating[ It is shown that the investigated phase transformation is a di}usion!controlled one with the mechanism of
nucleation and growth[ Þ 0888 International Association for Hydrogen Energy[ Published by Elsevier Science Ltd[ All
rights reserved[

Nomenclature

"BH#m Maximal magnetic energy "kJ:m2#
HDDR Hydrogenation!decomposition!desorption!

recombination
T Temperature ">C#
Tc Curie temperature ">C#
Hc Coercive force "A:m#
k Degree of transformation
t Time "min#
d\ n Constants
e[m[f[ Electromotive force
P Hydrogen pressure "MPa#

0[ Introduction

Phase transformations have always been the main
standpoint area of materials science and engineering[ The
development of hydrogen treatment of materials\ as a
new _eld of materials science and engineering con_rms
that ð0\ 1Ł[ For example\ the recently developed HDDR!
process is based on the hydrogen!induced phase trans!
formation in intermetallic alloys ð2Ł[ This process can
be used to produce very _ne subgrain materials[ In the
temperature range between 599 and 899>C in gaseous
hydrogen the compounds Nd1Fe03B absorbs hydrogen
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and decomposes into phases] NdHx\ a!Fe and Fe1B ð3Ł[
When hydrogen is desorbed from the alloy consisting
NdH1\ a!Fe and Fe1B phases\ the reverse transformation
takes place and gives the initial Nd1Fe03B alloy\ but with
improved very _ne subgrain structure[ This HDDR!pro!
cess is used for preparation of high coercive hard mag!
netic materials ð4\ 5Ł\ e[g[ Nd1Fe03B\ Sm1Fe03Nx and other
alloys[ The high Hc might have been reached "more than
799 kA:m# in this way[ The best isotropic bonded mag!
nets on the base of Nd1Fe03B HDDR!powders might
have maximum energy "BH#m\ which is about 79 kJ:m2

ð5Ł[
The kinetics of these transformations in NdÐFeÐB

alloys\ however\ has not been studied up to now[ The
isothermal kinetic diagrams and the mechanism of these
transformations in NdÐFeÐB alloys are unknown[

In the present study the kinetics of the hydrogen!
induced direct phase transformation in industrial alloy
of Nd1Fe03B type has been investigated at isothermal
conditions and under the pressure of hydrogen P � 9[0
MPa[

1[ Experimental details

The investigated alloy was prepared by melting in an
induction furnace[ The alloy was homogenized at 0019>C
for 19 h in an argon atmosphere\ and then was crushed
into particles of sizes from 49 to 529 mm[

The experimental special equipment for the inves!
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tigation of the kinetics of the hydrogen!induced phase
transformation was made[ This equipment enables us to
treat the alloy NdÐFeÐB under pressure of hydrogen up
to P � 0[5 MPa and at temperatures up to 799>C[

The idea of this method is based on the next fact[ In
the interval of experimental temperatures "599Ð649>C#\
NdÐFeÐB alloy is paramagnetic "Tc � 201>C#\ but phases
of decomposition "a!Fe and Fe1B# are ferromagnetic[

This fact gives a possibility for magnetic investigation
of this phase transition[ The measuring part of exper!
imental equipment\ which had been used for investigation
of transformations in steels in 29th\ was constructed by
the Sadikov method ð7Ł[ A sample of NdÐFeÐB was
placed in alternating magnetic _eld about 04 kA:m[ The
bi_lar measuring coil was situated around the reaction
chamber\ cooled by water[ The sample was put into
chamber[ Then it was subjected to hydrogen\ and e[m[f[
was induced[ In this case\ the values of e[m[f[ were pro!
portional to the quantity of the ferromagnetic phases in
the sample "a!Fe and Fe1B#[

First\ at 649>C the full 099) decomposition of the
sample was obtained[ On that basis\ the measuring part
of equipment was graduated for the temperatures from
649 to 599>C[ That gave the possibility to determine
the degrees of decomposition for the whole experimental
temperature interval[

Fig[ 0[ The kinetic curves of the phase decomposition of NdÐFeÐB alloy at hydrogen pressure P � 9[0 MPa and di}erent constant
temperatures[

Experimental procedure was as follows] the samples
"m�0[35 g# were placed into a reaction chamber at room
temperature^ then they were heated to the temperature in
the interval 649Ð599>C in vacuum "09−1 Torr#[ Tem!
perature was measured by a chromel!alumel ther!
mocouple^ the reaction chamber was then _lled with
hydrogen under the pressure of 9[0 MPa[ From this time
the formation and growth of ferromagnetic phases "a!Fe
and Fe1B# was measured continuously[ All experimental
results were obtained under strictly isothermal conditions[

2[ Results and discussion

Figure 0 shows the isothermal kinetic curves for hydro!
gen!induced phase decomposition of the Nd1Fe03B type
compound[ At T � 649>C the phase transformation has
very high!rate\ and it was _nished in 54 min[ Decreasing
of isothermal temperature to 619>C induces slowing
down the speed of the phase decomposition[ At this tem!
perature\ full decomposition was accomplished in 094
min[ At the temperatures 609 and 699>C phase transitions
were completed in 039 and 079 min\ respectively[

Further decreasing of the temperature made trans!
formation slower[ The phase decomposition was not _n!
ished "in 2 experimental hours#[ At 579>C\ the phase
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transformation reached only 59)[ At 549 and 519>C\ it
was as low as 49 and 27)\ respectively[

It is important\ that at all temperatures\ there was a
small but distinct incubation period of the phase tran!
sition[ At temperatures from 649 to 619>C this incubation
period was about 29Ð64 s\ but at 519>C this period was
about 89 s[

Hydrogen!induced phase transformation in NdÐFeÐB
alloys occurs by the following scheme ð6Ł]

Nd1Fe03B¦H1 : Nd1Fe03BHx : NdHx¦a!Fe¦Fe1B

It is obvious that for this phase transformation the
di}usive transfer of large atoms "Nd\ Fe and B# is necess!
ary[

It is known that there are di}usive phase transitions of
two types] spinodal decomposition and phase trans!
formation of nucleation and growth[

The spinodal decomposition necessitates the di}usive
transfer of alloy component atoms at small distances[
Because of that\ the spinodal decomposition occurs at
relatively low temperatures and its speed is high[ The
phase transition of nucleation and growth demands
di}usive transfer of atoms at long distances "much longer
than atomic distances#[ So\ this phase transformation

Fig[ 1[ The isothermal kinetics diagram of the hydrogen!induced phase transformation in NdÐFeÐB industrial alloy[

occurs at higher temperatures\ and it is necessarily a long
time for its _nishing[

As may be seen from Fig[ 0\ the type of kinetic curves
with gradual slowing down of transformation speed at
the T ³ 699>C indicates that this transition develops by
mechanism of nucleation and growth[

It is known that phase transformations of nucleation
and growth\ that have been investigated in steel\ have
two types of isothermal kinetic diagrams ð8Ł[

When lowering the temperature and increasing the
supercooling from critical point\ at _rst the growth of
speed of nucleation of new phases dominates\ and then
the di}usion control begins to dominate[ In this case the
diagrams of transformation are of the C!shape[

The other types of transformations "e[g[\ the ferrite :
austenite transformation in steels during heating# have
other kinetic diagrams[ In this case both factors act\ and
with the increasing temperature\ only phase trans!
formation accelerates[

The isothermal kinetics diagram of the hydrogen!
induced phase transformation in alloy NdÐFeÐB is shown
in Fig[ 1[ It is obvious that the investigated phase trans!
formation has the kinetic isothermal diagram of the
second type[
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The di}usion coe.cients of Nd\ Fe and B atoms
increase as the temperature becomes higher[ This is an
important factor[ But\ so rapid rise of the speed of the
phase transformation "about two orders of magnitude#
into the interval of temperatures only 029>C "from 519
and to 649>C# cannot be attributed to increasing of the
di}usion coe.cients alone "even in view of the fact that
hydrogen accelerates the di}usive processes in solid
body#[ It means that the speed of the generation of the
centers of new phases "NdH1\ a!Fe and Fe1B# also
increased[

For further analyses of mechanism of this trans!
formation\ the Avrami theory ð09Ł was used[ According
to this theory\ the phase transformation can be described
by the following eqn]

k � 0− exp−"dtn#

where k is the degrees of transformation\ d\ n are
constants\ and t is time[

Our results were plotted by following coordinates]
lnlnð0:"0−k#Ł−lnt[ Figure 2 shows these curves[ As it is
evident from Fig[ 2\ these curves are straight lines[ The
slope of the lines gives n � 0[95[ Using the Avrami theory

Fig[ 2[ The kinetic curves of investigated transformation in accordance with the Avrami equation[

ð09Ł\ if 0 ³ n ³ 0[4 that means that the transformation
is of nucleation and growth mechanism with di}usion!
controlled growth of particles[ This fact con_rms once
more that investigated phase transformations of this kind
are di}usion!controlled mechanisms[ They may be classi!
_ed as hydrogen!induced diffusive phase trans!
formations[

3[ Conclusion

The _rst investigation of the kinetics of the hydrogen!
induced di}usive phase transformation in Nd1Fe03B type
was ful_lled[

, Decreasing the temperature of phase transformation in
interval from 649 to 519>C incudes a slowing down
of the speed of the transformation by two orders of
magnitude[

, The isothermal kinetics diagram of the phase trans!
formation was obtained[ This diagram is similar to
the diagrams of the transformations in steels during
heating[
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, The investigated phase decomposition is described well
by the Avrami equation\ with n � 0[95[ It is di}usion!
controlled phase transition\ developed by the mech!
anism of nucleation and growth[ So\ this kind of
Nd1Fe03B decomposition can be classi_ed as a hydro!
gen!induced diffusive phase transformation[
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