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The influence of hydrogen pressure on kinetics of hydrogen induced direct phase
transformations in the R,Fe;,B hard magnetic alloy has been investigated. It has been
determined that, as the temperature and the hydrogen pressure increase, a phase transfor-
mation significantly accelerates. It has been shown that the kinetics of the phase transfor-
mation is controlled by the Fe atoms diffusion and that the rate growth of new a-Fe phase
increase with increase of hydrogen pressure. On the base of Kolmogorov and Lyubov model
the kinetic equation describing influence of hydrogen pressure on the isothermal kinetic
diagram for this transformation has been obtained.

WccnemoBano BiMsiHWE IABJIEHUS BOJOPOAA HA KMHETUKY HHAYIIMPOBAHHOIO BOAOPOIOM
mpsAMoro (asoBoro IpeBpalleHns B MarsuTorsepgom ciinaee R,Fe,,B. Ycranosiaeno, uro mpu
TOBBINIIEHUN TeMIIepaTypbl W JaBJeHUA Bogopofa (hadoBoe IpeBpallleHNe CYIIeCTBEHHO YCKO-
pdaetcsa. IlokasaHo, 4YTo KMHETUKA (PasoBOro IpeBpalleHuss KoHTpoaupyerca nuddysueil aTo-
MoB Fe um uro ckopocTh pocra HOBOU (haswl o-Fe yBemumumpaercsi ¢ yBeJMUeHHEM JaBJIEHUS
Bogopoaa. Ha ocumose momenu Koimoroposa m JIio6oBa mosiyueHO KMHETHUYECKOE ypPaBHEHHE,
OIMCBIBAIOIIEE BIAMSHNE NABJIEHUS BOLOPOJA HA M30TEPMHUUYECKYI0 KMHETUYECKYI0 AHMarpaMmy
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ISl JAHHOTO IIPEeBPAIleHUS.

1. Introduction

Presently, permanent magnet materials are
among key components of numerous electronic,
data processing, and medical equipment, as well
as other important modern devices. Nowadays
permanent magnets with the best magnetic prop-
erties are produced from Nd,;Fe; BNd,Fe; B
type alloys [1]. One of the promising technolo-
gies for improvement of magnetic properties of
NdyFe 4B type alloys is the HDDR-process (Hy-
drogenation-Disproportionation-Desorption- Re-
combination). This process is based on direct and
reverse hydrogen-induced diffusive phase trans-
formations in the Nd,Fe B type hard magnetic
alloys [2].

As a rule, interaction of NdyFe;,B alloy
with hydrogen leads to the direct transforma-
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tion, when the initial alloy decomposes into
a-Fe, Fe;,B and NdH,. Then, removal of hy-
drogen leads to evolution of a reverse trans-
formation with recombination of the initial
Nd;Fe, 4B alloy, but with a significantly modi-
fied structure. As a result, realization of di-
rect and reverse transformations is the base
for improvement of magnetic characteristics
of permanent magnets produced from this
type of alloys [3].

The effect of the hydrogen pressure on the
kinetics of hydrogen-induced direct phase trans-
formations in Nd,Fe 4B type alloys has been
studied systematically in [4, 5]. Thus, the
main goal is to describe the influence of hy-
drogen pressure on kinetics of hydrogen-in-
duced direct diffusive phase transformations
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Fig. 1. The isothermal kinetic diagrams for
hydrogen induced direct phase transforma-
tion in R,Fe,B alloy, where T is the isother-
mal exposure temperature, ¢ is the transfor-
mation time and 10, 30, 50, 70, 90, 100 % is
the degree of the direct transformation at
different hydrogen pressure: (a) — 0.1 MPa;
(b) — 0.15 MPa; (c) — 0.2 MPa (from [5]).

710

investigated in the Nd,Fe,B type alloys
within a framework of kinetic theory of
phase transformations in solid state.

2. Results and discussion

In Fig. 1, the isothermal kinetic diagrams
of the direct phase transformation in the in-
dustrial R2Fe14B alloy (R364Fe6245B115,
where R is mixture of rare-earth metals —
33 % Nd, 2 % Pr, 0.9 % Ce and 0.5 % Dy,
weight %) are shown at various tempera-
tures and hydrogen pressures, as earlier ob-
tained in [5]. As follows from Fig. 1, if the
temperature and hydrogen pressure in-
crease, the phase transformation evolution
accelerates too.

In Nd,Fe 4B type alloys the hydrogen in-
duced direct phase transformation proceeds
by the following scheme: at the first stage,
interaction of Nd,Fe;,B alloy with gaseous
hydrogen (as a rule, at hydrogen pressure
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Fig. 2. Dependences lnté vs 1/T for hydrogen
induced direct phase transformation in
R,Fe 4B alloy for degrees of transformation
50 % (a) and 90 % (b) and different hydro-
gen pressures: I — 0.10 MPa; 2 —
0.15 MPa; 3 — 0.20 MPa.

of ~0.1 MPa) at temperatures ~600-900°C
leads to decomposition of the initial
NdsFe 4B alloy into three stable phases, i.e.
a-phase of Fe, Fe,B and NdH, phases [2]:

Nsze14B - NdH2 + a-Fe + FezB- (1)

It is obvious that, from viewpoint of
classical kinetic theory of phase transforma-
tions in condensed state, the above direct
phase transformation in Nd,Fe 4B type pro-
ceeds by the nucleation and growth mecha-
nism [4, 5].

Further, it is possible to find an effec-
tive activation energy of phase transforma-
tion process in accordance with Becker-Do-
ering model of nucleation kinetics [6—8] if
the dependence of Int. on 1/T is known,
where te is the time required for reaching a
certain degree of transformation &, and T is
the transformation temperature. For this
purpose, the experimental data from Fig. 1
were re-plotted in co-ordinates lnté versus
1/T (Fig. 2).

The determined values of effective en-
ergy of phase transformation for wvarious
hydrogen pressures and degrees of transfor-
mation are given in Table 1.

As can be seen the obtained values of
effective activation energy have good agree-
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Table 1. The effective activation energy of direct hydrogen induced phase transformation in
R,Fe,,B alloy for various hydrogen pressures P and degrees of transformation &

é, Degree of P =0.1 MPa, P =0.15 MPa, P = 0.2 MPa,
transformation hydrogen pressure hydrogen pressure hydrogen pressure
0.5 166.29+7.69 kJ/mol 228.44+8.29 kJ/mol 214.73£7.91 kdJ/mol
0.9 164.305+7.42 kdJ/mol 220.94648.23 kdJ/mol 242.477+8.27 kdJ/mol

ment by order of magnitude with activation
energy for iron atoms diffusion in R-T al-
loys (where R is a rare-earth metal, T —
a transition metal) — @ = 250 kJ/mol [9].
Therefore, it is really possible to consider
that evolution process of direct phase trans-
formation is controlled by nucleation and
growth of the main o-Fe matrix phase.
Thus, in accordance with above described
model transformation, we can obtain kinetic
equation for direct hydrogen induced phase
transformation in Nd,Fe 4B type alloy tak-
ing into account the influence of hydrogen
pressure on transformation kinetics.

As well known from Kolmogorov kinetic
theory of phase transformation in con-
densed state [10], the volume of trans-
formed area £ can be written as

£E= %(—? =1- exp(—gloﬁt‘ij, 2

where V(#) is the transformed area volume
at time moment ¢, V, is the initial untrans-
formed volume, I is the nucleation rate of
centres of new a-Fe phases, ® is the rate of
growth of a new a-Fe phase.

On the other hand, the rate of nucleation
I of new o-Fe phase centers in condensed
systems in accordance with Turnbull-Fisher
model [11, 12] in the case of diffusion-con-
trolled growth is

1= BTt ®

where W is the energy necessary for forma-
tion of a-Fe critical nucleus, @ is the activation
energy diffusion of Fe atoms at transition through
interface of o-Fe phases, y = 1074 mol/m3 [13],
R is the gas constant, h is the Planck con-
stant, T is transformation temperature.
Then, substituting equation (3) into (2)
we can obtain kinetic equation for volume
of the transformed area & as function of in
dependence on transformation time ¢ and
transformation temperature T:

E)y=1- exp(—%ﬁ/%e v;}Qw3t4j. (4)
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As a rule, phase transformation kinetics
for practical application is described by
curves showing time transformation ¢
needed for reaching degree of transforma-
tion ¢ depending on transformation tem-
perature T [2]. Thus, in this case Eq.(4) can
be written in the following form:

Ya 1
t(a,T) :{ 3h j —111(1 3_ é) /4eUi/RT, (5)
nyRT 74
where U, =(W + Q)/4 is the energy of

phase transformation process.

Further, in isothermal conditions the
rate of nucleation is constant, and, in ac-
cordance to classical theory of nucleation,
the rate of nucleation I of new phase cen-
ters in condensed systems is described by
Eq.(3), where W and @ as a rule are con-
stants for the same alloy. Therefore, we can
assume that the rate of nucleation of a-Fe
phase is not dependent on hydrogen pres-
sure. Let us now determine the rate of nu-
cleation I and rate of growth of a new a-Fe
phase ® assuming that the activation energy
at transition of atoms through interface of
phases @ is equal in our case to the activa-
tion energy of diffusion of Fe atoms in R—T
type alloys @ = 250 kJ/mol, and the en-
ergy necessary for formation of «-Fe criti-
cal nucleus is W ~ 495.8 kJ/mol in accord-
ance to data from [9]. Thus, using Eq.(3)
and kinetic data from Fig. 1, the values of
rate of nucleation I and rate of growth of
o-Fe phase ® during phase transformation
were determined for various hydrogen pres-
sures and temperatures for degree of trans-
formation £ = 0.9 (Table 2).

Figure 3 shows the growth rate of a-Fe
phase ® versus hydrogen pressure P plotted
on the basis of data from Table 2. As fol-
lows from Fig. 3, the rate of growth o in-
creases with increase in hydrogen pressure
at all temperatures. Further, according to
Lyubov kinetic approach [13] we assume
that the dependence of the rate of growth
® on hydrogen pressure P can be approxi-
mated by a function of the following type:
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Table 2. The rate of nucleation I and rate of growth of a new o-Fe phase ® of phase transforma-
tion determined for various hydrogen pressures P and transformation temperatures T for degree

of transformation £ = 0.9 in R,Fe,,B alloy

T, temperature (K) I, rate of o, rate of growth | o, rate of growth | o, rate of growth
nucleation (m-3-s-1) at P =0.1 MPa at P = 0.15 MPa at P =0.2 MPa
(m-s1) (m-s1) (m-s1)
983 2.757-1077 7.522.1074 1.187-10°3 2.437-10°3
1003 1.737-1076 9.416.107% 1.208-1073 3.154.1073
1023 1.019-107° 9.978.107% 1.386-1073 3.402-1073
AF — AF, yp 4x10° . . .
o =B—_ %7, where B is constant, — 3
RT P 2
AF is the molar difference of the free ener- E 4x10° .
gies of initial and final phases, AFg is the £ !
driving force of phase transformation which é .
in our case is proportional to the free en- %4”0 i )
ergy required for the NdH, phase formation, s
U(P) is the activation energy of transition 410° F i
X
of Fe atoms through interface of «-Fe
phases depending on hydrogen pressure.
The activation energy of transition of 0 L L L
0.05 0.1 0.15 0.2 0.25

atoms through interface of «-Fe phases
U(P) in accordance with Smirnov theory
[14] depends on concentration of interstitial
atoms (atoms hydrogen in our case) as fol-
lows: U(P) = Qm.p.—Qi-c, where Qm.p. is the
activation energy of matrix phase atoms
diffusion in the absence of an interstitial
atoms, Q; is the energy interaction between
matrix phase atoms and interstitial atoms, ¢
is the concentration of an interstitial atoms
that in our case is proportional to hydrogen
pressure P. Thus, equation for activation
energy transition of Fe atoms through in-
terface of a-Fe phases can be written in the
following form: U(P) = @, ,~Q;-P, where P
is the hydrogen pressure in MPa in our
AF — AFg

case. Further, let us denote BT=
A(P). Finally, equation for the rate of
growth of new a-Fe phase o as function of
hydrogen pressure P in R,Fe 4B alloy can be

Qm. . Qi P
written as o = A(P)e ——

Then, all coefficients in above-mentioned
equation have been calculated in Statistica
6.0 program by using data for rate of
growth ©® vs. hydrogen pressure P and
transformation temperature T from Table 2.
Finally, the rate of growth of «-Fe phase
as function of hydrogen pressure P in
RoFe 4B alloy can be represented by the fol-
lowing equation:
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Fig. 3. The growth rate of o-Fe phase o vs
hydrogen pressure P for various transforma-
tion temperatures: 1 — 710°C; 2 — 730°C; 3 —
750°C for degree of transformation & = 0.9 in
R,Fe 4B alloy.

Table 3. The preexponential function A(P)
at different hydrogen pressures deter-
mined for the degree of direct hydrogen
induced transformation £ = 0.9 in R,Fe,,B
alloy

A(P), the preexponential
function in Eq.(5) for
R,Fe 4B alloy

P, hydrogen
pressure (MPa)

0.1 12.1-1071
0.15 12.4.1071
0.2 12.7-1071

70.03-10% - 97.72-10% - P (6)
o = A(P)e RT ,

where A(P) is the preexponential function
depending on hydrogen pressure P (MPa),
presented in Table 8 for various hydrogen
pressures.

As can be seen from Table 3, A(P) func-
tion increase with increase of hydrogen
pressure that is possible if AFg (that is pro-
portional to the formation energy of a NdH,
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phase) will decrease that has been obtained
experimentally [15-18]. On the other hand,
U(P) decrease with hydrogen pressure in-
crease. In our case hydrogen atoms can be
considered too as interstitial atoms and its
influence lead to increase of diffusion of
matrix atoms (Fe atoms in our case) as was
shown earlier in works [19-21]. Hence, the
rate growth of new phase @ depends on two
main factors: decreasing of formation en-
ergy of a NdH, phase AFg with hydrogen
pressure increase and decreasing of activa-
tion energy transition of Fe atoms through
interface of a-Fe phase U(P) with hydrogen
pressure increase.

Finally, substitute Eq.(6) into Eq.(5) we
can written the final equation describing de-
pendence transformation time ¢ needs for
reaching some degree of transformation &
on hydrogen pressures P and transforma-
tion temperature T:

t(&,T,P) = (7)
1
_[ o ! (-In(1 - &)% W+Q
= 5 ¢ 4RT -
mRT 70.03.10% - 97.72. 10% . P) *
A(P)e” RT

In Fig. 4 the isothermal kinetic diagram
is shown for hydrogen induced direct phase
transformation in RyFeq 4B alloy calculated on
the basis of Eq.(7) and data from Table 3.

Thus, it is possible to conclude that the
obtained Eq.(7) adequately describes the ef-
fect of hydrogen pressure on kinetics of in-
duced direct phase transformation in
R,Fe 4B alloy in terms of two main factors,
i.e. decreasing of formation energy of a
NdH, phase AFg with hydrogen pressure in-
crease and decreasing of activation energy
transition of Fe atoms through interface of
growing o-Fe phase U(P) with hydrogen
pressure increase.

4. Conclusions

The influence of hydrogen pressure on
the kinetics of hydrogen induced direct
phase transformations in the R,Fe 4B alloy
has been considered. It has been established
that the kinetics of phase transformation is
controlled by diffusion of Fe atoms and the
rate growth of o-Fe phase o increase with
increase of hydrogen pressure.

On the base of Kolmogorov and Lyubov
kinetic models of evolution of phase trans-
formation in condensed state, the equations
describing the isothermal kinetic diagrams
of such type of transformations have been
obtained. It has been found that the effect
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Fig. 4. The isothermal kinetic diagrams for
hydrogen induced direct phase transforma-
tion in R,Fe,,B alloy calculated by Eq.(7) for
degree of transformation £ = 0.9999 for vari-
ous hydrogen pressures: 1 — 0.10 MPa; 2 —
0.15 MPa; 3 — 0.20 MPa. The points are ex-
perimental data for these hydrogen pressures
(Ref. [5]).

of hydrogen pressure on kinetics of hydro-
gen induced direct transformations in
R,Fe 4B alloy can be described by an equa-
tion of the above-presented type (7).
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AHani3 BIJIIMBY THCKY BOIHIO Ha KiHETHKY
iHiIiioBaHOrO BOgHEM HPAMOro ¢asoBoro
nepeTBOPeHHA y Mar"itHomy cmiaasi tumy Nd,Fe,,B

C.B.Pubanka

Hocaig:keHo BIJIMB TUCKY BOAHIO Ha KiHeTHWKY iHinifioBaHOTO BOJHEM IIPAMOTO (pasoBOTO
IepeTBOPeHHA y MarHitrorsepgomy cmnasi R,Fe,,B. Beramosiero, mo npu migsuimeHHi TeM-
mepaTypu i THCKY BOAHIO (DasoBe IIepeTBOPEHHS iCTOTHO IPUCKOPIOEThCA. IlokasaHo, IIIo
KiHmeTuka (asoBOro IepeTBOPEHHS KOHTPOJIOEThCA aAudysicio aromis Fe i mo mBuzkicrs
pocry HOBOI (asu o-Fe sbimbiiyerbca 3i s30inbpmieHHaM TUCKyY Boxuio. Ha migcrasi mogeni
Koaumoroposa i JlroboBa oTpuMaHo KiHeTuuyHe PiBHAHHS, IO ONUCY€ BIJINB TUCKY BOLHIO Ha
isorepmiuny KiHeTHMUHyY fgiarpamy IJid JaHOTO IIepPeTBOPEHH.
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