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AHAJIN3 KUHETUKHU TTPSIMBIX ®A30BBIX ITPEBPAILEHUN,
NMHAYINPOBAHHBIX BOAOPO/IOM, B CIINTABAX Y,Fe;; BPAMKAX
MO/JEJIN KOJIMOI'OPOBA

Kunernka  WHIyIUPOBAaHHOTO  BOJOPOJAOM  MOpsAMoro  (ha3oBOro
IIPEBpAICHUS] B MAarHUTOTBEPAOM CIUIaBe Y,Fe;; mpoaHann3upoBaHa B paMKax
KuHeTH4YeCcKo mozaenu KomMoropoBa. YCTaHOBIEHO, YTO HMHIYUHPOBAHHOE
BOJOPOJIOM INpsAMOE (pa30BOE MpEBpAIICHUE B MAarHUTOTBEPAOM ciuiaBe Y Fe;
knaccuummpyercss  kKak U Py3MOHHO-KOHTPOJIUPYEMOe  IpeBpaIicHue,
peanu3yronieecs Mo MEXaHU3MY 3apOKJICHHS U POCTa C YOBIBAIOIIEH CKOPOCTHIO
3apoXxeHus 1eHTpoB HOBBIX (a3 — a-Fe u YH,. Ha ocHoBe kuHeTnueckoii
Teopun (a3oBbIX mpeBpanieHuit KomMoropoBa mMoigydeHO KHHETHYECKOE
YPaBHEHHE, XOPOLIO OIHUCHIBAIOUIEE H30TEPMUUYECKUE KHHETUUYECKHUE KPUBBIE
¢dazoBoro mpeBpaimieHus B cruiaBe Y,Fe;; B 3aBHCHMOCTH OT TeMIeEpaTyphl
IIpEBpPALICHHUS.

Kntouesvie cnosa: kunetrka, (pa3oBbie MEPEXO/Ibl, MATHUTHBIC CIIABBI.
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ANALYSIS OF HYDROGEN-INDUCED DIRECT PHASE
TRANSFORMATION KINETICS IN Y,FE;; ALLOY ON THE BASE
OF KOLMOGOROV'S MODEL

Kinetics of the hydrogen induced direct phase transformation in Y,Fe;;
hard magnetic alloy has been analyzed in framework of Kolmogorov’s kinetic
model. It is established that hydrogen induced direct phase transformation in
Y,Fe;; hard magnetic alloy classified as diffusion controlled transformation
which occurs by mechanism of nucleation and growth with decreasing
nucleation rate of new phases — a-Fe and YH,. On the base of Kolmogorov’s
kinetic theory of the phase transformations has been obtained kinetic equation
that well described the isothermal kinetic curves of phase transformation in
Y,Fe,; alloy depending on transformation temperature.

Keywords: kinetics, phase transitions, magnetic alloys.

RoM; compounds (R-Sm, Y, M—Fe, Co) demonstrate very interesting
magnetic phenomenon during their interaction with interstitial atoms (H, N, C,
B) [1-3]. In particular, the new perspective technology well known as a HDDR-
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process (Hydrogenation—Decomposition—Desorption—Recombination) in R,M;
type alloys (SmyFe;;, Sm,Coy; etc.) alloys for permanent magnets allows
improve their structure and magnetic properties by hydrogen-induced reversible
phase transformations [4]. The most significant aspect of the HDDR process is
that there 1s a dramatic change in the microstructure alloy from an initial grain
size of typically ~150um to a very fine, uniform grain size of about 0.1-0.3um
[4]. On magnetisation, the HDDR nanocrystalline powder exhibits an
appreciable coercivity and this means that, in its simplest net shape form, the
powder can be mixed with a thermosetting resin to produce an isotropic and
anisotropic permanent magnet by compression moulding.

In particular, at HDDR-treatment the Y,Fe;; alloy undergoes the direct
hydrogen-induced phase transformation at temperatures above 500 °C with
decomposition of initial alloy on hydride YH,; phase and a-phase of Fe that can
be described by the following phase scheme [5]:

Y2F617 + H2 — YH2+ a-Fe. (1)

For Y,Fe;; alloy above-mentioned kinetic peculiarities have been
established earlier in work [5] and was established diffusive-controlled character
of such transformations. In this study the main goal is analysis of transformation
peculiarities in framework of the Kolmogorov—Johnson—-Mehl-Avrami (KIMA)
theory [6]. The results of studying a direct hydrogen-induced phase
transformation in Y,Fe,; alloy [5] are generalized in Figure 1a. As can be seen
from Fig. 1a, with increasing of transformation temperature in narrow interval
(140 °C) from 610 °C up to 750 °C the direct phase transformation lead to very
strong acceleration of transformation in some order of magnitude.
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Fig. 1. Kinetic curves of direct hydrogen-induced phase transformation in Y,Fe;7 alloy (a);

In[-In(1-¢£)] dependence on In¢ for direct hydrogen-induced phase transformation in Y,Fe;;
alloy (b)
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Then for further analyses has been used the KIMA theory. According to
this theory [6], a degree of transformation ¢ can be described by the following
expression:

&=1—exp(kt"), (2)
where ¢ 1s a transformation time and & and » are kinetic variables.

It is known that if the experimental results reconstruct in coordinates In[-
In(1-&)] versus In¢, it is possible to establish a kinetic constant » that gives us
some important information about the most probable mechanisms of
transformations. With this aim the experimental data from Fig. la were re-
plotted in coordinates In[-In(1-&)] versus Inf as it shown in Fig. 1b. As can be
seen from Fig. 1b at temperatures interval of 670-750 °C there are two linear
parts — before of 50% of transformation (n,) and after 50 % of transformation
(n,) as shown in Table 1.

According to Cahn’s theory [6, 7], this is provoked by the saturation of
nucleation sites. Before saturation of nucleation sites, the k& coefficient in
Equation (2) is proportional to the nucleation rate and growth and then it is
proportional to the growth rate only.

Table 1
Kinetic constant n value in Eq. (2) for direct hydrogen-induced phase
transformation in Y,Fe;; alloy obtained from KJMA plot on Fig. 1b

T,°C 610 630 640 650| 670 690, 710, 730 | 750
n (E<50%) | 1,88 146 1,83 | 1,53 1,71 | 1,51 | 1,37 ] 1,67 | 1,74
ny (£>50%) 1,52 1,11 ] 0,83 ] 1,58] 1,29

Because of this, value of kinetic constant n that varying from ~1 up to
~1.9 corresponds to diffusion controlled growth with decreasing nucleation rate
of new phases (a-Fe and YH;) in accordance with KIMA theory [6].

On the other hand, in accordance with the Kolmogorov theory the kinetic
constant » = 4 or n = 3 [8], but in case when the saturation of nucleation sites
occurs at the initial stage of transformation in accordance with Cahn’s approach
kinetic constant value n can be decreased to 2 or 1 [6, 7]. In our case as follows
from experimental data from Table 1 the kinetic constant value n ~ 2. Further,
on the assumption that the kinetic constant n = 2 the kinetic coefficient £ value
was calculated from Eq. (2) with taking into account of experimental data from
Fig. 1a for different of transformation temperature of direct hydrogen-induced
phase transformation in Y,Fe;; alloy that are presented in table 2.

Table 2
Kinetic coefficient k value calculated from Eq. (2) at kinetic constant n = 2
T (K) 923 943 963 983 1003 1023

k(c?) 12,97 %107 |588x 107 (1,31 x10® | 3,2x 107 | 0,97 x 107 | 2,79 x 107
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Then, was plotted dependence the kinetic coefficient £ from
transformation temperature 7 that is shown in Fig. 2a. In accordance with [9, 10]
the kinetic coefficient k& (that is proportional to the nucleation rate and growth)
can be approximated in dependence on transformation temperature 7 by

following equation:
U

k~aTe *", (3)
where 7 is a transformation temperature (K), R = 8,31 J/(mol-K) is the gas
constant, U=250 kJ/mol is the activation energy of transformation and a is the
constant. Approximation the data for kinetic coefficient k& dependence on

transformation temperature 7 in Fig. 2a give us the following expression:
U

k~1.17x10°Te & 4)
Then, substitute equation (4) into equation (2) we can obtain kinetic equation for
volume of the transformed area ¢ in dependence on transformation time ¢ and
temperature 7

U
E=1—exp(-1.17x10°Te ¥¢*), (5)
where ¢ is a transformation time (s), 7 is a transformation temperature (K), R =
= 8,31 J/(mol-K) is the gas constant, U = 250 kJ/mol is the activation energy of
transformation [10] and kinetic constant n = 2. In Fig. 2b are generalized kinetic
curves of direct hydrogen-induced phase transformation in Y,Fe;; alloy
calculated by Eq. (5) for various transformation temperature.
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Fig. 2. (a) Kinetic coefficient k dependence on transformation temperature for direct
hydrogen-induced phase transformation in Y,Fe;7 alloy; (b) kinetic curves of direct hydrogen-
induced phase transformation in Y,Fe;; alloy calculated by Eq. (5) for various transformation

temperature (dots — experimental data)
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As can be seen from this figure the calculated curves well approximate
experimental kinetic data transformation from Fig. 1a [5]. Therefore, the kinetic
equation of form Eq. (5) obtained on the base of Kolmogorov’s kinetic theory of
the phase transformations can be used for describing of the kinetics of hydrogen
induced direct phase transformations in Y,Fe,; alloy.

Finally, on the base of analysis in framework of Kolmogorov’s theory the
direct hydrogen-induced phase transformation in Y,Fe; alloy can be classified
as diffusion controlled transformation which occurs by mechanism of nucleation
and growth with decreasing nucleation rate of new phases (a-Fe and YH,). In
addition it is established that the kinetics of this transformation can be good
approximated by kinetic equation of form Eq. (5).

REFERENCES

1. Fujii H. Interstitial alloys as hard magnetic materials / H. Fujii, 1. Sasaki,
K. Koyama // J. Magn. Magn. Mater. 2002. V. 242-245. P. 59-65.

2. Kawamoto A. SmyFe;N; magnet powder made by reduction and diffusion
method / A. Kawamoto, T. Ishikawa et al. / IEEE Transactions on
Magnetics. 1999. V. 35 (5). P. 3322-3324.

3. Mandal K. The study of magnetocaloric effect in R,Fe;; (R =Y, Pr) alloys /
K. Mandal, A. Yan, P. Kerschl [et al.] // J. Phys. D: Appl. Phys. 2004. V. 37
(19). P. 2628-2631.

4. Yi Liu. Handbook of Advanced Magnetic Materials / Yi Liu, D. J. Sellmyer,
D. Shindo. Boston : Springer, 2006. 1802 p.

5. Dodonova E. V., Rybalka S. B. Kinetics of hydrogen-induced direct phase
transformation in Y,Fe;; hard magnetic alloy // Letters on Materials. 2013.
V.3 (3). P. 209-211.

6. Christian J. W. The Theory Transformations in Metals and Alloys /
J. W. Christian. Oxford : Pergamon Press, 2002. 1193 p.

7. Cahn J. W. The kinetics of grain boundary nucleated reactions // Acta
Metallurgica. 1956. V. 4 (5). P. 449-459.

8. Kolmogorov A. N. To the statistical theory of a crystallization of metals //
Izv. Akad. Nauk USSR, Ser. Matem. 1937. V. 3. P. 355-359.

9. Lyubov B. Ya. The kinetic theory of phase transformations / B. Ya. Lyubov.
Moscow : Metallurgiya, 1969. 263 p.

10.Rybalka S. B. Kinetic model for hydrogen-induced direct phase
transformations in RyFe;; (R—Sm, Y) // Letters on Materials. 2015. V. 5 (4).
P. 437-441.

234



