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KINETIC EQUATION FOR HYDROGEN INDUCED DIRECT PHASE TRANSFORMATION
IN Nd;Fe;sB HARD MAGNETIC ALLOY

S. B. Rybalka
Donetsk national technical university, Donetsk

Model for evolution of the hydrogen induced direct phase transformation in Nd,Fe 4B hard magnetic alloy has been
proposed. On the base of Kolmogorov and Lyubov kinetic theory of the phase transformations has been obtained kinetic
equation that well described the isothermal kinetic diagram for this type transformation.
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Introduction. As well known phase transformations studies have always been one of the main standpoint
areas of solid state physics, metal science, theoretical and practical materials science [1, 2].

For instance, developed by Takeshita and Nakayama new technology well-known as HDDR-process
(Hydrogenation-Decomposition-Desorption-Recombination) provides a new strategy to improve the properties
of permanent magnets via hydrogen-induced phase transformations in Rare-Earth-Metal type alloys [3]. This
HDDR-process allows to obtain nanocrystalline powders from Nd,Fe 4B hard magnetic alloys with fine grain
size ~ 0.1-0.3 pm. As result, the practical application of direct and reverse hydrogen-induced phase transforma-
tions in hard magnetic alloys of rare-earth and transition metals such as Nd,Fe 4B and Sm,Fe,; allows to improve
their structure and magnetic properties and also leads to miniaturization of new technical devices based on
Nd,Fe 4B and Sm,Fe,; permanent magnets which used in DVD-ROM, acoustic systems and others devices.

It is obvious that a clear understanding of the kinetic peculiarities of hydrogen-induced phase transforma-
tions will allow control of the microstructure and magnetic properties of these materials too.

The isothermal kinetic diagram of the hydrogen induced direct phase transformation in Nd,Fe 4B alloy
was obtained experimentally earlier in paper [4]. However, to the present moment some kinetic equation describ-
ing isothermal kinetic diagram above-mentioned phase transformations doesn’t exist. Thus, the main goal of the
present paper is to describe above mentioned isothermal kinetic diagram theoretically within the framework of
classical kinetic theory of phase transformation in condensed state.

Results and discussion. At first stage, interaction of Nd,Fe 4B alloy with hydrogen (at hydrogen pressure
of ~0.1 MPa) at temperatures ~600-900°C leads to hydrogen induced direct phase transformation (decomposi-
tion) occurs by the following scheme [3]

Nsze14B —> NdH2+ G-FC+F62B (1)

At second stage, at hydrogen evacuation (in vacuum ~107 Torr) from decomposed alloy occurs hydrogen
induced reverse phase transformation, i.e. recombination in initial phase of Nd,Fe;;B by the following
scheme [3]

NdH2+ (X-FG+F62B 4 NszCMB (2)

With direct and reverse transformation completed, the Nd,Fe 4B alloy mainly consists of a fine-grained
ferromagnetic phase Nd,Fe 4B that allows to obtain permanent magnets with a high coercive [3,5].

For hydrogen induced direct phase transformation in Nd,Fe 4B (Nd,sFe;;Bg at. %) alloy isothermal ki-
netic diagram was obtained earlier in paper [4]. This diagram is shown in fig. 1.

Earlier on a base of kinetic investigations, SEM and X-ray diffraction studies during direct phase trans-
formation in Nd,Fe 4B type alloys it was showed that transformations of this type maybe classified as diffusive
phase transformation in solid state and that the direct transformation process proceeds by the nucleation and
growth mechanism [5-11].

In accordance with Becker-Doering model of nucleation kinetics [12-14] if plots dependence In ¢ g on
1/T, where ¢ & is the time, which is needed for reaching of some degree of transformation & and 7T is the

temperature, we can determine an effective energy of phase transformation process. For this goal experimental
data from fig. 1 were re-plotted in co-ordinates In ¢ & versus 1/T which are shown in fig. 2.

The slopes of the straight lines give us the values of the effective activation energies for hydrogen in-
duced direct phase transformation. Obtained values of effective activation energy equal

toQ; =213+265kJ/mol in low temperature region (670-760°C) and Q, =—(146+214)kJ/mol in high

temperature region (800-860°C). In our case obtained values O; for low temperature region (670-760°C) trans-
formation have good agreement with an activation energy of data for diffusion of Fe atoms in Rare-Earth metals
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Fig. 1. The isothermal kinetic diagram for hydrogen induced Fig. 2. Dependence In ¢ £ vs 1/ T for hydrogen induced
direct phase transformation in Nd,Fe 4B, where T is the tem- direct phase transformation in Nd,Fe 4B alloy for degrees
perature, ! is the transformation time and 10, 30, 50, 70, 90 of transformation: / — 0.5,2 — 0.7, 3 — 0.9.

100% is the degrees of the direct transformation (from [4]).

— 0=250 kJ/mol [15] and for high temperature region (800-860°C) effective energy activation (), is equal to
enthalpy of NdH, phase formation (AHNde =—(187.7%3.3) kJ/mol [16]).

Therefore, it is really possible to consider that evolution process of direct phase transformation is con-
trolled by diffusion process of Fe atoms in temperatures interval of 670-760°C and in temperatures interval of
800-860°C phase transformation process controlled by growth kinetics of NdH, hydride phase. On the other
hand, as can be seen from scheme (1) there is a reason to believe that diffusion of hydrogen into Nd,Fe 4B alloy
leads to nucleation and growth process of NdH, hydride phase and then diffusion of Fe atoms leads to formation
of a-Fe phase and Fe,B phase. Thus, in our case we can believe that evolution process of transformation is con-
trolled by two main process, i.e. nucleation and growth process of the main phases: NdH, hydride phase and a-
Fe phase.

In accordance with above described model let’s obtain kinetic equations for direct hydrogen induced
phase transformation in Nd,Fe 4B alloy. As well known from the Kolmogorov kinetic theory of phase transfor-
mation in solid state [17], the volume of the transformed area & in dependence on ¢ transformation time can be
written as

40) f
£ =—= =1=exp| — [ I(O)p(t—7)d | )
VO
0
where V(#)is the transformed area volume at time ¢, V,, is the initial volume, /() is the nucleation rate of
centres of new phases at time ¢, @(¢) is the volume of this nucleation centre at time ¢, 7 is the nucleation mo-
ment of centre of a new phase. For the isothermal conditions as in our case it is believed that 1(¢) = I = const .

In general case, according to the Lyubov kinetic theory approach [18] integral in Eq. (3) we can divide in
two integrals: from 0 to 7 and from 7 to ¢, where 7 is time which is necessary for growth of nucleus of new
phase up to critical size. Thus, equation (3) maybe written in following form:

T t
E(t) = 1—exp| - jzgal (t—7)dt + j Iy (t—7)dt ||, 4)
0 T

where 7 is time which is necessary for growth of nucleus of new phase up to critical size, @;(¢) and @, (?) is
the volume of new phases of NdH, and a.-Fe nucleation centres at time moment ¢, correspondingly.
Further, growth of volume of a spherical centre of NdH, phase ¢ (¢) may be written as:

4
%@=§mf®, )

where pj () is the radius of this centre at time ¢.
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Nucleation process of NdH, phase we can be considered as in single-component system taking into ac-
count of high diffusive mobility of hydrogen atoms to neodymium atoms in Nd,Fe 4B alloy and in this case ac-

cording to theory of absolute reaction rates [19] radius pq(¢#) of NdH, centre at time ¢ :

7rd4Ag U
1) = —— s, 6
A==, eXp[ RT) ©

where Ag is change of free energy at formation of volume unit of new phase, U is activation energy of atoms

at transition through interface of phases, d is diameter of diffusing atom (hydrogen atoms in our case), / is the
Planck constant, R is the gas constant, 7" is transformation temperature, ¢ is some time moment.
Analogously, growth of volume of a spherical centre of a-Fe phase ¢,(2) may be written as:
4

P20 =3 05> (1), (7)

where p5 (¢) is the radius of a-Fe centre at time ¢.
On the other hand, it’s known [6-7] that at diffusive-controlled transformations boundary of new phase
moves by parabolic low and p, (#) may be written in following form:

P2 (0)=25END1, ®)

9
where D =D, e RT s the diffusion coefficient of Fe atoms, O is the activation energy of Fe atoms diffusion,
R is the gas constant, £(&) is kinetic parameter, T is the transformation temperature, ¢ is some time moment.

Further, rate of nucleation / of new phase’s centers in condensed systems in accordance with Turnbull-

Fisher model [20] is
IzyﬂexpE—WJrUj, ©)

h RT

where W is the energy necessary for formation of critical nucleus, U is the activation energy at transition of

atoms through interface of phases, y = 10~ mol/m® [18], R is the gas constant.

Then, substitute equations (4)-(9) in (3) we can obtain kinetic equation for volume of the transformed area
& in dependence on ¢ transformation time and temperature 7

a2 ARTy - 647RT 3 - —2
2 ARy ket ORI pipse kT (92-052) o)
37 p 15h

3
+U+—
WU+ 0

g(t) =1-exp| -

As a rule, phase transformation kinetics for practical application describes by curves showing time trans-
formation ¢ needs for reaching some degree of transformation & dependence on transformation temperature 7 [2].
Thus, Eq. (10) has been written in following form:

W+U+%Q
_ 3
I5hin| ——|e KT — K93V
Sr7d " Ag 4 5/2
3/2 6 3 3 ~13/243 R vt (11)
647RTyB(E)° D, 3%4n°yB(&)> D3 2 h

2
5

He,T)=

Let’s consider further two main possible extreme cases, i.e. £ 27 and ¢ < 7. In the case when transfor-
mation time ¢ > 7 we can obtain equation:

2
5 2 3
15h ln(lj 3 E(W+U )+§Q

1E,T)= — RT (12)

647RTyB> (£)D,>"?

170 Rybalka S. B.



BICHUK JOHEIIBKOI'O HAIINIOHAJIBHOI'O YHIBEPCHUTETY. Cep. A: IIpupoauuyi Hayku, 2010, Bumn. 2

Further, for case when transformation time ¢ < 7 we can obtain following equation:
1

4
271{1] v
(ET) = o) R
RN RTy

(13)

Finally combines equation (12) and (13) it is possible to obtain kinetic equation for dependence of trans-
formation time #(&,7") from degree of transformation & and transformation temperature 7T :

2 1
5 2 3 4
15k h{lj g(W +U )+gQ " 27 ln(lj %+U

/2 K e K. (9
647RTyB> (£)D,> md?Ag? RTy

(s, T)=

Thus, rewrite Eq. (14) in following simple form:

2 %(W-O—U)-O%Q 1 %+U
2 1 g RT 1 1 Z RT
HET)=a;-[-In(1-&)]5 = e +a,-[-In(1-&)]4 =| e : (15)
where
2
5 1
o 15h L 3h {27}4
1= 30 2727 3 34| Ry
3 7d> A Ry
64mRB> (£)D,y 2 s

Thus, for the further analysis it is necessary to determine all unknown parameters in equation (15). In our
case we can believed that above determined effective activation energies (fig. 2) (, and Q, equal correspon-

2 3 w
dently Q) = g(W +U ) + gQ and O, = e +U , where W is the free energy of critical nucleus of a-Fe phase
formation, Q is the activation energy of Fe atoms diffusion (in our case we can take on following data for diffu-
sion of Fe atoms in Rare-Earth metals — Q =250 kJ/mol, D, =1 mm?/s [15]). Then, using obtained earlier acti-

vation energies (), and (J, from fig. 2 has been determined energy formation of critical nucleus of a-Fe phase

W, activation energy of hydrogen atoms at transition through interface of NdH, phases U and others parame-
ters in Eq. (15) which are shown in table.

Table
Values of the parameters in Eq. (15) for direct hydrogen induced phase transformation in Nd,Fe 4B alloy
for degrees of transformation: 0.5, 0.7 and 0.9, respectively
é‘,degree'of 0, 0y, U, w, B(E) a ar
transformation kJ/mol kJ/mol kJ/mol kJ/mol
0.5 265.5 -146.55 -290.2 574.65 100.8x10" | 6.0x10™" 2.58x107
0.7 233.18 -170.71 -296.33 502.48 58.0x10° | 6.36x10"" | 7.25x10°
0.9 213.06 -214.65 -338.6 495.8 27.0x10" | 7.42x10° | 2.0x10"

As follows from table values of activation energy of hydrogen atoms at transition through interface of
NdH, phases U= — (290+340) kJ/mol have good agreement with enthalpy of formation of NdH, phase
AH NdH, = —(187.7+£3.3) kJ/mol [16]. Moreover, estimated values of energy of critical nucleus of a-Fe
phase formation W = 495+575 kJ/mol have reasonable order of magnitude for energy of critical nucleus phase
formation in solid body [14]. On the base of Eq. (15) and data from Table 1 the isothermal kinetic diagram of

direct hydrogen-induced phase transformation in Nd,Fe 4B alloy has been plotted. This diagram is shown in
fig. 3. As can be seen from this figure the calculated curves well approximate experimental data from paper [4].
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Fig. 3. The isothermal kinetic diagram of hydrogen induced direct phase transformation in Nd,Fe4,B
alloy calculated by Eq. (15) for degrees of transformation: / — 0.5; 2 — 0.7; 3 — 0.9.
Points are experimental data for same degrees of transformation [Ref. 4]

As seen from Fig. 3 the proposed model also describes subsequent slowing down of direct phase
transformation evolution at temperatures above ~ 1200-1300 K (curve 3 in fig. 3) that has been determined
experimentally in Nd-Fe-B type alloys [21-22].

Thus, kinetic equation of form Eq. (14) obtained on the base of Kolmogorov and Lyubov kinetic theory of
the phase transformations well describes the kinetics of hydrogen induced direct phase transformations in
Nd,Fe 4B alloy. Above-mentioned kinetic approach in future can be applied not only for Nd,Fe 4B type alloys
but and others RE-type hard magnetic alloys for permanent magnets (Sm-Fe, Pr-Fe-B, Sm-Co, Er-Fe-B, Y-Fe
etc.).

Conclusions. It is proposed model for evolution of hydrogen-induced direct phase transformation in hard
magnetic Nd,Fe 4B alloy. On the base of Kolmogorov and Lyubov kinetic theory of the phase transformations
kinetic equation for this transformation has been obtained. It is shown that the experimental isothermal kinetic
diagram of hydrogen induced direct phase transformation in Nd,Fe 4B g alloy can be well described by the equa-
tion of the following form:

2 g(W+U)+3Q 1 %w

215 22— M17q
HET) =ar-[- 1n<1—§)EH5 e RT gy [- ln(l—f)E[;F e RT
where ¢(&,T) is the time needs for reaching of some degree of transformation £ at some transformation tem-

perature 7', a; and a, is the kinetic parameters, ¥ is the energy necessary for formation of critical nucleus

of a-Fe phases, U is the activation energy of hydrogen atoms at transition of atoms through interface of NdH,
phases, Q is the activation energy of Fe atoms diffusion.

PE3IOME

IIpennoxkeHa Mozenb Uil Pa3BUTHA WHAYLMPOBAHHOTO BOJOPOAOM IpAMOro (ha3oBOro IPEBpAlICHUS B
marautoTBepaom crutaBe Nd,Fe4B. Ha ocHoBe kuHermyeckoil teopun ¢azoBbeix npeppaiueHuii Koamoroposa u Jlro6oBa
MOTyYeHO KHHETUYECKOE YpaBHEHHE, XOPOIIO ONMKCHIBAOIIEe N30TEPMUUECKYI0 KHHETHUECKYIO AUarpaMMy JUIs IpeBparie-
HUIl TaKOro TUIA.

Kniouesvie cnosa: xuneTyka; (pa3oBble IPEBPAIIEHAS; MATHUTOTBEP/IbIE CIIABHI.

PE3IOME

3anponoHoBaHa MOJIENb A1l PO3BUTKY iHINIHOBaHOTO BOJHEM IPSIMOTO (pa30BOT0O IMEPETBOPEHHS B MarHiTOTBEPIOMY
ciaBi NdyFe4,B. Ha mincraBi kinernunoi Teopii ¢asoBux neperBopenb Konmoroposa Tta JlroOoBa oTpuMaHO KiHETHYHE
PIBHSIHHS, 1110 J0Ope ONMHUCYy€ i30TepMidHy KIHETHYHY Jiarpamy JUisl IepeTBOPEHb TAKOTO THILY.

Kniouoei cnosa: kinetuka; $pa3oBi nepeTBOPEHHS; MATHITOTBEP/li CIUIABH.
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