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ABSTRACT 

We present in this communication the results of new experiments designed to 
study the mass transport mechanism in non-crystalline metallic alloys. They 
axe based on the isothermal measurement of the crystallization kinetics, 
either without constraint or under electron irradiation or hydrostatic 
pressure. These experiments show that in the alloys studied, ((FeNi)_(Pb)_ 
and Ni Nb ), irradiation enhances the diffusion on the one hand, end on the 
other that there exist an activation volume for diffusion, of the order of 
one atomic volume. We discuss then the atomic model of diffusion needed to 
explain our results. 

INTRODUCTION 

In crystalline metals the existence, and the properties, of points defects 
can be studied experimentally in two ways. The first is to measure, generally 
at a low temperature, the individual properties of those defects which have 
been produced either thermally or by some external constraints, irradiation 
for example. The key point of this way lies with the low signal of the 
crystalline lattice for the measurement used. This is the case for example of 
the resistivity measurement of irradiation induced defects. Whenever this is 
no more the case, as for example in the dilatometric measurement of the 
equilibrium vacancy concentration at high temperature, the experiments become 
very tedious [1]. The second way is to measure a physical property which is 
specific to the defect, namely diffusion at a high enough temperature. This 
method gives rise to a less direct interpretation but does not suffer from a 
weak signal to noise ratio. 
In amorphous metallic alloys the first method has been, up to now, the most 



frequently used. But in these systems, due to the lack of translational 
symmetry, the lattice signal is very high (resistivities up to 300uC xcm for 
example), giving generally a poor signal to noise ratio for the eventual 
defects and leading then to ambiguous results. 
Moreover the poorly known structure render theoretical evaluations and 
interpretations very difficult. For a review of this problem see for example 
Adda et al. [2]. 
This is the reason why we choose to study the eventual defects, and their 
role in diffusion, by high temperature measurement of the atomic mobility 
under pressure or irradiation by high energy electrons. Such studies have 
proved to be very usefull in establishing the mechanism, and guiding 
theoretical modeling, in other complex media, like grain-boundaries for 
example [3]. 
Clearly, the best way would be to study self-diffusion by' tracer methods. 
However, up to now, the precision of the experimental measurements on glassy 
metals, does not appear to be of an high enough level, to allow for the 
precise, and reproducible, measurements needed for an unambiguous 
determination of the effects. For these reasons we choose to monitor the 
crystallization kinetics of such glassy alloys, in cases where it is clearly 
controled by volume diffusion in the glassy phase. This method is not free 
from weaknesses, but in our cases, as only the variation of the mobility is 
needed, we think that the value of the result does not suffer from it. Fer a 
more carefull discussion of this point, and of the others, the reader is 
requested to refer to the detailed publications [5-6,8-10]. 

CRYSTALLIZATION MODEL 

We selected two alloys where at least one clearly separable step of the 
crystallization process, is controled by diffusion in the amorphous phase. 
The first is a (FeNi) (PB) 2 alloys kindly supplied by the Allied Chemical 
Society (trade mark 2826). In that case the crystallization take place in two 
steps. The first is the nucleation of (FeNi),(PB) crystals and is controled 
by chemical interdiffusion in the glassy alloy D . The second is the eutectic 
growth of the two phases (FeNi)iy and (FeNi) (PB) 8 controled by diffusion at 
the interface between the glass and the growing crystal [6]. Our previous 
studies have shown that in this case th<* classical nucleation and growth 
model was very well followed. The progress of crystallization is then well 
described by three following variables : 

- the incubation time given by t »\, îC'jLg A) 

- the steady state nucleation frequency j * ft o exp(-

A£ ) B) 
s t fl RT 

v the growth velocity (not relevant in this case), where o and 6 g are 
respectively the interfhcial free enthalpy between nucleus and glass and the 
chemical driving force of transformation. AG is the well known critical 
nucleus free enthalpy. In that case the time .evolution of the crystalline 
fraction Ç is given by £(t) « 1 - exp(-|- I v"*(t-T) ) Ç) 
Ve then see that the diffusion coefficient in the glass o can be given by 
either t? or I t subject to the knowledge of the o and 6 g* behavior [5]. The 
second alloy is a MJfb cast by melt spinning by Moret and Païdassl (CEN 
Grenoble, France). In this alloy the first crystallization step consist in 
the nucleation, and the following growth, of a complex Ni.Nb5 phase. It is 
then also controled by the chemical diffusion in the glass [7,8]. The 



diffusion coefficient D can be simply deduced from the rate of growth of 
crystal radius P versus* as C(t) s À(îf t) u), where X is a numerical 
coefficient of the order of 2 in this case [11]. In either cases we can then 
obtain the effect of the constraints used upon D by monitoring the variation 
of T or I.̂ ., or also the growth velocity of crystals in the Ni Nb case. or I , or also the growth velocity of 
under various constraint conditions. 

EXPERIMENTAL METHODS AND RESULTS 

Pressure effect 

Due to the very high activation energy for the growth in the case of Ni.Nb 
(see figure 3), we were able to measure the pressure effect only in the 
(FaNi)„(PB)_ alloy. In that case we monitor the electrical resistance R(t) of 
a small ribbon of metglass (approximately 15 x 2 mm ) during isothermal 
annealing around 650*K, either at low pressure (atmospheric pressure or 

GPa of purified argon gaz). 
Ve then can easily deduce 
We obtain with a good 
with less precision the 

1.5.10' Pa) or at high hydrostatic pressure (0.8 
Extensive experimental details are given in [10]. 
the crystalline fraction ̂ (t) from the P(t) curve. 
precision the variation of T with pressure, and 
variation of the product (Ifitv ), by a least square fitting procedure of the 
relationship C) on the experimental results at various pressures. As we known 
independently from previous studies [6], the values of T, I and v, in a 
large temperature domain, we can check the validity of the fitting procedure. 
Indeed the agreement is good between the present results and 
ones. The figure 1 gives the effect of the pressure upon ^ 
temperature of 385.5*C* From this we can deduce activation 
diffusion coefficient D . 
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Fig n" 1 : Pressure variation 
of the incubation time at 
a temperature of 385.5°C 
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A carefull evaluation of the quality of these resul ts leads us to think that 
the actual value should be in the lover part of the experimental uncertainty. 
As the pressure ef fect on the Iv term i s of the order of a factor of 2 , we 
can be confident that the contribution of the a / 6g term in A) i s 
négligeable. 

Irradiation effects 

The irradiations have been done with 1 MeV energetic electrons, in an high 
voltage electron microscope. In crystals such an irradiation produces 
vacancy-interst i t ial pairs which allow, inter a l l i a , for an enhanced atomic 
diffusion. In these amorphous a l loys too, 1 MeV electrons create atomic 
displacements, which, at least at low temperature, can be described by a 
vacancy concept [ 2 ] . «. 

• ••" 
• i 

12 
on'»-

tl * 

10 

9 

\ 
6 

• \ 
*x 

7 
A 

1.<5 155 •u> !£. 
Fig n 2:Irradiation effect' upon 
nucleation frequency (number of 
nuclei per cm per sec) versus 
temperature in FeNiPB alloy. 
Crosses are results without 
irradiation , dots under irra
diation. 
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Fig. nc3:Irradiation effect upon 
diffusion coefficient D„ (in m? / 
sec) in a NigNb^ alloy.The full 
line represent the diffusion out 
of irradiation and the dotted one 
the diffusion under irradiation 

The figure 2 recalls the results obtained on the (FeNi).(PB)_ alloy in our 
previous study [9], Here in nhown, in an Arrhenius plot, the nucleation 
frequency during isothermal annealing with or without irradiation. 
The same irradiation experiments have been done on m Ni.Nb. alloy. with the 
same experimental procedure. The figure 3 is an Arrhenius plot of D 
(in si /sec) as a function temperature.a is a factor of geometrical Origin the 
value of which is 45.2. In both cases the same behaviour is found : - a high 
temperature regime where irradiation as no influence on atomic mobility, - a 
medium-low temperature range where electron irradiation strongly enhances the 
diffusion. 
In the case of (FeNi)B(PB)_ alloy the diffusion under irradiation in the 
medium T range seems still to be thermally activated, but with a much lower 



activation energy, which could be accounted for by the AG term in I . In 
the case of NiNb however we are measuring directly the diffusion coefficient, 
and a clear temperature independent regime appears in a medium temperature 
range. At a lower empsrature again, a thermally activated decrease of D 
reappears. 
Such characteristics of atomic mobility under irradiation are very common in 
metallic crystals, and can be explained in the framework of the Lomer model. 
This model describes the elimination of radiation induced point defects, in 
terms of migration to defect sinks or mutual recombination of interstitiels 
and vacancies [12]. In this model the existence of a temperature independent 
regime is linked with a high sink density and/or a high defect mobility. In 
our case a crude application of this kind of model would provide a sink 
density of the order of 10~ atomic site. 

DISCUSSION 

In spite of their lack of transiationnal symmetry, the properties of glassy 
alloys are frequently described in the terms previously developped for the 
liquid state : dense random packing, for their structure, Ziman model for the 
resistivity, or free volume model for the atomic mobility. However in the 
case of diffusion, the transposition seems less Justified since the key 
parameter in the models of liquid diffusion, the volume per atom, is in 
glussy alloys, very nearly the same as in crystals, far from the one of the 
liquid. Ve are lacking from models explicitely designed for the glassy 
metallic state. Nevertheless if we adapt the free volume model, it is easy to 
convince oneself that it predict a very small activation volume, of the order 
of 1A , as the compressibility is very low [13-14]. However this model is an 
homogeneous model of diffusion. On the contrary what our pressure result show 
is that thermally activated defects, or irradiation induced ones, are needed 
in order atoms can move. Their volume is probably of the order of one atomic 
volume, as it seems highly probable that we measure mainly a formation 
volume. Therefore they can not be formed at the expense of density deficit of 
the amorphous phase with respect of the crystal. The "free volume" is not 
free but probably a part of the structure of the amorphous state, at least in 
its "ideal" state, i.e. relaxed state in the sense of diffusion experiments 
[15]. It is not clear if irradiation created defects are the same as the 
thermal ones, or if they are only the precursors of those. 
In order to be able tc discuss further the results it would be necessary to 
obtain now more direct results by self diffusion experiment, if they can 
achieved with a sufficient precision under these constraints. 
The atomic configuration, too, is not given by our results, even if a vacancy 
like defect seems us a possible candidate in order to account for the 
activation volume, and also probably the activation energy of diffusion [4]. 
Nevertheless we can not exclude a more diffuse defect, corresponding to the 
same formation volume. 
A last problem which has to be mentioned is the existence of defects sinks. 
The sink density compatible with our irradiation results, or with creep 
experiments [4-2] is very high. In the ligth of current ideas in crystals one 
could think in terms of diffurion in short circuits. Clearly this possibility 
has to be included in any interpretation of diffusion in glassy metals, 
bearing none the less in mind that sinks, even at a high density, could form 
an unconnected medium. 



BIBLIOGRAPHY 

II] SIMMONS, R.O., BALLUFFI, R.W.: Phys. Rev., 1960, 117, 62 
[2] ADDA, Y., BREBEC, G., GUPTA, R.P., LIMOGE, Y.: this conference 
[3] PETERSON, N.L. : Proc. of the Int. Conf. on Diffusion in Metals and 

Alloys, Tihany, Hungary, 1982, Diffusion and Defect Monograph Series 7, 
1983, ed. F.J. Kedves and B.L. Beke, Trans Tech Publication. 

[4] LIMOGE, Y., BREBEC, G., ADDA, Y.: Proc. of the Int. Conf. on Diffusion in 
Metals and Alloys, Tihany, Hungary, 1982 

[5] LIMOGE, Y.: to be published 
[6] LIMOGE, Y., BARBU, A.: Acte Metall., 1982, 30, 2233 
[7] COLLINS, L.E., GRANT, N.J., VAN DER SANDE, J.B.: J. of Mat. Sci., 1984, 

18, 804 
[8] MUSSEAU, 0., LIMOGE, Y., to be published 
[9] BARBU, A., LIMOGE, Y.: Acta Metall., 1983, 31, 559 
flO] LEJAY, L., LIMOGE, Y.: to be published 
III] AARON, H.B., FA1NSTEIN, D., KOTLER, G.R.: J. Appl. Phys., 1970, 41, 11, 

4404 
[12] SIZMAN, R.: J. Nucl. Mater., 1978, 69-70. 386 
[13] COHEN, M.H., TURNBULL, D.: J. of Chem. Phys., 1959, 31, 5, 1164 
[14] NACHTRIEB, N.H., PETIT, J.: J. of Chem. Phys., 1956, 24, 4, 746 
[15] HORVATH, J., PFAHLER, K., ULFERT, W.t FRANK, W., MEHRER, H.: J. de 

Phys., 1985, Ç8, 2, 645 


