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MODEL OF MASS TRANSPORT IN Pd—Si
LIKE AMORPHOUS METALLIC MATERIALS

E. ILLEKOVA?", Bratislava

The temperature dependence of the activation energy of crystallization AE* of
amorphous metallic alloys (PdooNii0)asSits and (PdssNi;s)ssSix7 is shown. Reorganization
of the structural units is explained by means of the motion of the cooperative rearranging
of regions during crystallization — the so-called viscous flow of the undercooled liquid.
The temperature dependence of viscosity 7 of the undercooled liquid around the
anSEN.»:oa temperatures is determined from the viscous flow model.

The generalized model of mechanism of crystallization of metallic glasses of the type
Pd—Si is proposed.

MOJEJHh NMEPEHOCA MACCHl B AMOP®HBIX METAJUIHIECKHMX
MATEPHAJIAX HA BA3E Pd—Si

B pa6oTte npuBEAEHBI PE3YABTATHL H3MepeHHil TEMIIEPAaTYPHO! 32BHCHMOCTH 3HEPTHU
aXTHBAIMH KPUCTALM3ALHH aMOPQHBIX METAILTHIECKUX MATEPHATIOB {(PdgoNiio)ssSirz #
(PdssNi,sSir. Tlepepacnipenenenne CTPYKTYPHBIX €MHHI B XO1€ KPHCTAIUIH3ALMH 06-
BACHACTCH C NIOMOINBIO IEePEeMEIIEHAs noououmdsumo.novnﬂvgnouwﬁrl obnacrei,
T.e. HA OCHOBE TaK Ha3bIBAEMOrO BS3KOTO MOTOKA NMEPCOXNAXACHHON XMIKOCTH. Y3
3TOi MOJENH ONpefe/icHa TeMIepaTypHas 3aBHCHMOCTb BS3KOCTH flepeoXNaXNCHHOM
XUKOCTH B O0NacTH TeMIepaTyp KpHCTaTM3almH. Ha ocHoBe mnoiy4eHHBIX 3JKC-
NepHMEHTANBHEIX ‘JaHHBIX TIPEA/IONEHO OOOOHICHHE MOJENN MEXaHM3MAa KpHCTan-
JM3aIEHM METAJTMUECKHX CTeKoN Ha 6aze Pd—Si.

I. INTRODUCTION

The transport properties of amorphous metallic materials are not fully known
yet. The standard eperimental techniques (where the diffusion profile is deter-
mined by a gradual grinding of radioactive layers) cannot be applied here due to
a very small thickness (20 um), unsuitable mechanical properties, and a too low
diffusion rate in comparison with the kinetics of crystallization processes of these
materials. The only published direct data which characterize diffusion of non-metal
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{(boron) into an amorphous alloy [1] give abnormally low values of the diffusion
coefficient, namely D < 10-'*m?2s~*. The empirical fact that the diffusion coeffi-
cient is a function of viscosity (D~ n~") and temperature within a wide tempera-
ture range can be explained on the basis of the molecular-kinetic approach to the
relaxation processes in amorphous material using the mechanisms of the viscous
flow.

[I. EXPERIMENTAL

According to the viscous flow model [2,3] the rheological behaviour of
amorphous material is essentially based on the cooperative motion of certain
regions — subsystems of the material which, due to a sufficient fluctuation energy
(free enthalpy to be exact), can be rearranged or diplaced to a new arrangement
with no relation to their surroundings. The size of these associated regions and its
temperature dependence is limited by the tightness of the amorphous ordering.

The entropic model [2] yields the activation energy of viscous flow AE] as
a function of temperature T

AE*(T)~R3 (In n)/3(T™") = CRT*/(T — To). . (1)

The free-volume model [3] gives the activation energy AE} as an exponential
function of temperature T, namely

AE#(T)=D exp [W/(RT)] )

where C, D, Ty, W are material parameters (temperature independent) and Ris
the gas constant. . ‘ .

The temperature dependence of the activation energy of viscous flow is not
surprising. In fact (1) (obeys an expectation which) follows from a general
assumption that the viscosity of amorphous materials fulfills within the temperature
range between melt (T.,) and glass-forming (T,) temperatures the Fogel-Fullcher
law, i.e.

n=A exp [B/{R(T-To)}] 3)

where the parameters A, B, To do not depend on temperature.

We have studied the crystallization of (PdsoNiro)sSiy and (PdasNiss)esSis7
amorphous alloys using the DSC thermal analysis methods [4—6}. The apparent
activation energy of the crystalline phase growth AE# for the degree of conversion
o ~0.5 was determined in two ways: In the case of isothermal annealing of samples
the analysis of the temperature dependence of the period required for the
crystallization of 50 % of the material, tos(T.) was performed. In the case of the
linear heating of samples the Kissinger method was used. In both cases the
determined value was in fact an average thermal coefficient corresponding -0
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a non-zero temperature interval. For the activation energy determined by the
isothermal method, AEf%es corresponds to the temperature interval
Te (671—679) K for (PdooNi;4)e:Siss and T € (678—684) K for {(PdssNi;s)ssSii7,
respectively. In the second case the activation energy AEZ%,. corresponds to the
temperature interval T € (689 — 705) K for (PdooNio)s:Siiyand T € (692 —-708) K
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Fig. 1. Comparison between the calculated viscosity and the experimental rates of transformation of the

amorphous (PdsoNiio)s:Siz7 [4]. The activation energies AEX are in kI mol ™.

Methods used for the kinetic analysis: + — jsothermal incubation time analysis; A — isothermal

Avrami analysis of time of a 50 % conversion; - — isothermal Avrami analysis of time of 2 100 %

conversion; O — Avrami rate constant analysis; x — Kissinger non-isothermal analysis ; Solid line is
extrapolated viscosity described by expression (4).
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for (PdgsNiys)ssSirz, respectively. The apparent activation energy of crystalline
growth for (PdsoNi0)asSiy, decreases from AE*,s ~ 455 kJ mol™" at T~675 K to
AE%.. ~ 364 kJ mol™" at T~695.5 K, and for (PdssNi,s)e:Shy7 it decreases from
AE*,.~573 kImol ™ at T~681 K to AER, ~ 372 k¥ mol™* at T~ 702.5 K.

Due to a short temperature interval the theoretically predicted curvature in
temperature dependence In(fos) versus T, and In( P/ T)versus Tx' caused by the
temperature dependences of AE#(T) were not observed (@ denotes the heating
rate and Ta is the temperature of the crystallization exotherm peak).

Assuming that temperature dependences (1), (3) are valid and at the softening
temperature T, the amorphous material is in a isoviscous state, i.e. n(T;)=
=10" Pa s, the following values have been determined:

for Gvn_oezm_evmumm: for AmuamuZHvaumm:

1817 T __ 12T
AEY=(T-54012) AT =T 60229y @
~ 2184 - ) g4
n=6837 exp A,T %a.sv = 153X 10" exp Aeioi.%v

Fig. 1 shows the comparison between the calculated viscosity and the experimen-
tal rates of transformation of the amorphous (PdsoNio)esSiss [4].

- L. DISCUSSION

The model of the viscous flow and the postulation of the viscous flow as a driving
mechanism of crystallization of investigated amorphous materials (ie. AEX=
AE%) can be applied when there is a difference by an order between alternative
activation energies, i.e. the activation energy AEZ of the viscous flow and the
activation energy AE} of the diffusion of moving units. Generally in crystalline
metallic alloys it is AE} ~ (40—130) kJ mol~". In the case of Pd—Si-like alloys the
diffusion coefficient of Si* ions are not known. Usually the activation energy of the
viscous flow is higher. The activation energy of the viscous flow in a pure silicon
melt within the temperature range Te€ (1983—2173)K is AE; e
(735—568) kI mol™* [7]. On the basis of the relatively high value of activation
energy of transport through the phase boundary in the crystallizing amorphous
alloy AE¥ ~ (350—550) kJ mol~* and its pronounced temperature dependence
(4) (Fig. 1) one may assume that the nucleation and growth of the crystalline phase
in the studied type of amorphous material is controlled more probably by the
motion of spatially associated regions than by migration of individual ions
occurring in the amorphous material. There can be several reasons for long range
diffusion not being decisive in the process of transport although it has a lower
activation energy than the viscous flow (e.g. a too low preexponential factor in the
dependence of the diffusion coefficient on temperature).
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IV. CONCLUSION

On the basis of complex thermal analysis results [4—6] and the knowledge of the
structural changes appearing during the heat treatment of amorphous samples 81,
the following model can be proposed for the crystallization of Pd-—Ni—Si-like
amorphous alloys: The diffusion rate in amorphous alloys is very low {1]; however,
the observed transport stage of this heterogeneous transformation of material is not
slow enough to account for this fact. This is confirmed by the fact that kinetic
equations of transformation controlled by diffusion processes are little probable in
this case [4, 9]. The activation energy of transport in an amorphous alloy as well as
the activation energy of transport through the phase boundary in a crystallizing
amorphous alloy is AEF ~ (350—550) kJ mol ™ with a temperature dependence
(4). Therefore, there is little probability that the formation and growth of the
crystalline phase in an amorphous material at a temperature T, could be caused by
long-range diffusion. More realistic seems to be the transport by means of
a cooperative motion of volume aggregates — a viscous flow mechanism.

Positron annihilation proved [10] that there are no vacancy-like defects in
amorphous alloys. Structural models of amorphous metallic materials (hard sphere
model and more realistic interatomic potentials) show that “holes” representing
the free volume of an amorphous material cannot fulfil the transport function
although their volume and activation energy of formation correspond to the
properties of vacancies [3]. The main difference between vacancies and “holes” is
the too short lifetime of the latter. A simulation of the defect in an amorphous
material has shown {11] that practically jmmediately — after several elementary
steps — it disappears. Its free volume is rearranged into the surrounding structural
units. The free energy of the system does not increase like in a crystal but, on the
contrary, due to this relaxation mechanism it decreases. This cooperative motion
__ the viscous flow — is caused by the amorphous state of the material, namely its
non-regularity and inexpressive potential profile of the amorphous “latice”.

In the place where the crystalline structure is formed in an amorphous material,
each structural unit is fixed in a new, compared with the amorphous state, much
deeper potential minimum. Then, the mechanism of dissipation of the “holes” in
the surrounding space is disadvantageous and practically impossible.

This is confirmed also in practice. During the crystallization of Pd—Si-like
amorphous alloys the enrichment to the required stoichiometric composition does
not occur. A metastable strongly supersaturated solid solution is formed in the case
when the critical concentration of the metalloid is not reached. The formed
crystalline phase has the lattice of the host metal with metalloid atoms being
bonded up to a certain concentration. This crystalline phase further transforms by
means of a growth mechanism probably due to diffusion from the closest vicinity to
stable stoichiometric phases (Pd;Si, Pd.Si;, ...). It results in crystallites whose sizes
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represent heterogeneities existing already in the amorphous state. At a higher
concentration of the metalloid a cellular decay appears and a lamellar structure is
formed.

The crystallization runs similarly in ternary amorphous alloys Pd—M—Si up to
a critical concentration of a 3d metal, M [4, 6]. The presence of impurity worsens
(by gcometric and force effects) the transport properties of the material. At the
moment of critical supersaturation of the amorphous alloy by a 3d metal the
heterogeneities with a high content of this impurity will reach the size of a critical
aucleus thus becoming nucleation centres of the new phase (PdNi, a-PdCo, Pd;Fe,
). The stoichiometric phase of the 3d metal primarily crystallizes from an
amorphous alloy.
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