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INTRODUCTION 

From two points of view the studies of ther
mal stability of metallic glasses are of great inte
rest. At first and very clearly it is the key point 
in technological interest with respect to tempera
ture use. But also more fundamentaly we can hope 
through theses studies to gain more insight about 
transport and structural properties of theses mate
rials where the d rect measurement are difficult. 
This is the aim of the article : to go to a quanti
tative understanding and modeling of crystallization 
in amorphous systems by the confrontation of growth 
kinetics .transport and also irradiation effect data. 

EXPERIMENTAL 

We choose to begin our study with the well 
known Metglass 2826 of Fe^ 0 N i 4 Q P 1 6 Bg composition 
as an example of eutectoTd system due to the large 
amount of base data in this alloys. To follow the 
growth kinetics of crystals two technics were used. 

In the first we isothermaly anneal in the bulk 
state small discs (9 3mn ) suitable for electron 
microscopy. After annealing at the righ temperature 
during increasing times, the discs were thinned to 
thin foils form. We can then built the hlstogramm 
of crystals size by counting on photographs. The 
déformation of histograms versus time gives the 
growth kinetics.Such an histogram») is given in Fig.l. 
However this technic is very lengthy due to the lar
ge number of crystals required \.o obtain a good sta
tistic. The second mode of observation consist to 
follow directly in an high voltage electron micros
cope at very low current the growt.i of some particu
lar crystals. In that case the précision is very 

high and the irradiation experiments are directly 
comparable to the one without irradiation. For 
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;Rg.l. Histogramm of crystals sizes for a sample 
annealed 58 rnn at 378°C in the bulk state. 

theses experiments the same small discs of Metglass 
are annealed at a right temperature in the bulk sta
te to obtain a suitable distribution of crystal 
size. Usualy some minutes at 400°C. They were sub
sequently thinned to electron microscopy thin foil 
form and then held and observeJ at tho desired tem
perature in the hot stage of the ONERA HVEM. 

The same procedure is followed for the elec
tron Irradiation experiments. The difference is in 

18 - 2 
the current density; below 10 e/cm for the stu
dies without irradiation and 2 1 0 1 9 i/cm2 with 
irradiation. However we must note a systematic 
difference between the two studies : without irra
diation we have to change the thin foil at each 
experiment. With Irradiation we can make several 
experiments on the same sample by changing the 
Irradiated area. After growth we have also checked 
the chemical composition of the thin foils inside 



and outside of the crystal by X ray emission in i 
JEOL 200 CX . In that case we could analyse a volu-
me of thousand A through the interface crystal-
amorphous alloy ai is shown on Fig. 2. 

Fig. 2. Dark field image using a low order reflex
ion of the crystal and the X ray analysis points. 

RESULTS 

a)- Morphology of crystals : 
The crystals which are formed during an iso

thermal annealing treatment, as pictured in figure 
two are in good agreement with Walter and ai (1), 
single crystals. Their form as viewed in section is 
either circular or elliptical, or nearly rectangu
lar ( see fig.2). So the 3 d form is probably a 
small barrel whose length is approximatly 1.4 time 
the diameter. They present a sharp contrast, white-
dark, like an irregular eutectoTde alloy, whose 
periodicity is approximately 200 A. 

Both sequencies of sample preparation growth 
anneal in the bulk state and in the thin foil form, 
display the same caracteristics either in the shape 
or in the inner contrast. 

The part of the crystal growth under the 
electron irradiation in the irradiation experiments 
has also the same orientation arid the same contrast 
at the thermaly grown one. We observeonly some chan
ges in the contrast probably due to a different 
level of stresses. 

b)- X ray analysis 
We have checked the composition by X ray 

emission at different point of the sample. On fig.2. 
we shown the location of the analysis, in the ther-
maly grown part of the crystal (point 1) in the 
peripheral part ( point 2} either grown without or 
with ê irradiation and also in the remaining matrix, 
near ( point 3) and far from the crystal (point 4). 
The size of the electron beam ( near 1000 A) gives 
us a mean composition over several periods of con
trast. We never detected any composition change 
associate with the crystallization. 

c)- Growth kinetics 

Consistent with the X ray observation is the 
result that crystals growth without interferences 
until they touch togother. Their growth speed is 
strictly constant in time at a constant temperature. 
The fig. 3. gives the mesured growth rate versus 

Fig. 3. *rrehnius plot of the growth speed of 
crystals. The temperature shift between the 
Arrehnius line obtained with and without irra 
diation is égal to the temperature rise under 
the electron beam. 

temperature. The • represent the results obtained 
in chin fotls and the A in the " bulk " state. 
We obviously did'nt observed any significant diffe
rences between the two results. The growth kinetics 
clearly display an Arrhenlus behaviour over three 
order of mangnitude ot rate with a well defined 



activation energy Q G of 3.1 eV. We did'nt mesure 
precisely the nucleation rate versus time nor tem
perature but it is very nearly constant during the 
experiments in good agreement with Scott (2). 

d)- Electron irradiation effect 

In theses measurements the major difficulties 
are lying in the precise temperature measurement 
under the electron beam.Due to the very poor thermal 
conductivity of metallic glasses temperature rise 
can be high as 150CC in irradiation conditions.We 
carefully checked this point by measuring the order-
disorder transition temperature in alloys with and 
without irradiation in the same current density 
conditions. The whole difference between irradia
tion-less growth and the growth under irradiation 
can be accounted for by this temperature rise. In 
particular we observed also exactly the same acti
vation energy under irradiation as without. 

DISCUSSION 

a)- Mechanisms 

The precise mechanism controlling the crystal
lization of each glasses group according to their 
composition relative to the nearest stable and meta-
stable crystalline phases are up to now very badly 
know. In the case of primary crystallization of 
nearly pure stable phases the role of diffusion in 
the amorphous matrix has been stressed (3-4)although 
there is approxiraatly one order magnitude between 
the boron diffusion coefficient measured directly 
(5) and the value deduced from crystallization 
kinetic (4). In our case the matrix has to decom
pose in two phases n order the crystals can growth, 
these two phases being probably an Fe r,1 austenite 
and a (Fe Ni) 3 (PB) phase (6). Therefore the con
trolling mechanism can be : 

- the diffusion drived segregation in the amorphous 
phase 
- the decomposition controled by an interfaciai 
diffusion 
- the decomposition of an instable crystal at a 
matrix composition 
- the amorphous to crystalline transformation of 

the segregated matrix. 

The fourth case is very improbable.Me know in 
fact the crystallization of pure metals take place 
at lower temperature (7) and also growth rate in 
polymorphous crystallization seems to be faster 
than in eutectic one (4)In favour of the third one 
we find a fairly high activation energy near from 
the self diffusion in Fe Ni alloys.But we have 
never observed any irradiation effect on growth 
kinetic. It is well know at these temperature that 
such electron irradiations should have a st.cng 
effect an atomic mobility in crystals. And it would 
be difficult to understand why the segregation does 
not take place in the amorphous material where the 
diffusivities are higher than in crystals (5.8 ). 
The first mechanism also is not consistent with 
know experimental results. In fact we expect in 
amorphous metallic alloys relativity low activation 
energies for self diffusion about half the crystal
line value (9-10)which are clearly rubed out by our 
present measurements. Also direct results concerning 
self diffusion of nickel(8) in this systems by us 
and metalloTd at a neighbour composition FeaNi.Bp 
by Cahn (5 )gives a lower diffusion than needed 
to explain the present growth kinetics. 

The second mechanism suggested by Herold (4) 
is now able to explain most of the experimental 
behaviour. 

We know indeed that (11) 

- interfacial diffusion can be very fast 
- activation energies, when know, are at the level 
of the bulk crystalline values and much larger than 
surface or grain boundaries ones. 
- as a first approximation it seems logical that a 
very rapid phenomenon like interfacial diffusion 
cannot be accelerated by irradiation.This is for 
example the case in crystal at high enough tempera
ture. 

b)- Crystallization parameters 

In the temperature range he has studied, Scott 
found a well defined Avrami exponent for the crys
talline fraction during an Isothermal anneal, with 



a value near of 4. Our results are compatible with 
those. According to the classical nucleation and 
growth theory this value can be interpreted with 
a constant nucleation rate and a constant growth 
speed. Luborsky also measured the activation energy 
for crystallization of the same alloy and found 
QQ= 3.9 eV. That means we can deduce the free ener
gy for the critical nucleus formation as 
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Q. is the activation energy for the migration 
in the amorphous matrix. 

If we use the crystallization enthalpy mesured 
by Antinione (13) to evaluate the chemical driving 
force we obtain evaluation of surface energy and 
size of embrio as : 

a -vl30 erg / cm 
n ̂ 4 at 

This values are of right order of magnitude it' 
we take into account the chemical segregation at 
the interface amorphous matrix - critical nucleous 
whose composition, although unknow is probably 
different from the mean one of the untransformed 
alloy. More work is in progress on nucleation mecha
nism. 

,rd p. 857 [4] V. HEROLD and U. KOSTER. 3 Int. Conf. on Rap. 
Quench. Met. B. Canto Ed. p. 281. University 
of Sussex. Brighton. 

[5] R.W. CAHN, J.E. EVETTS, J. PATTERSON, R.E. S0ME-
KA and JACKSON C. J. of Mat. Sci. IS (1980)702. 

[6] R. HASEGAWA and R.C. O'HANDLEY. 2 n d Int.Conf. on 
Rap. Quench. Met. ed. N.J. Grant and B.C. GIES-
SEN. p. 459. M.I.r. Cambridge. 

[7] P.K.LEUNG, J.G. WRIGHT. Phil. Mag. 30 (1974)185 
[8] G. BREBEC, D. BUISINES and Y. LIMOGES - to be 

published. 
[9] H.S. CHEN, L.C. KIMERLING, J.M. POATE and 

W.L. BROWN. Appl. Phys. Letters. 32. (1978)461. 
[10]W. CHAMBRON AND A. CHAMBEROD. Sol. Stat. Comm. 

33 (1980) 157. 
[11JG. MARTIN AND B. PERRAILLON. Grain boundary 

structure and kinetics. A.S.M. p. 239. Milmaukee 
[121F.E.LUBORSKY. Mat. Sci. and Eng. 28 (1977)p.l39 
[13]C. ANTONIONE, L. BATTEZZATI, A. LUCCI, R. RION-

TINO, and V. VENTURELLO. Scipta Met. XZ (1978) 
1011. 

ACKNOWLEDGMENTS 

The authors are grateful to Y. ADDA and 
G. BREBEC for helpful discussions. 

CONCLUSION 

Studying crystallization mechanisms and trans
port properties in amorphous metallic alloys we 
propose a model for systems wich are displaying * 
eutectoTd decomposition. Bringing together self 
diffusion, electron microscopy and election irra
diation experiments on a Fe Ni PB alloys we have 
shown that crystallization controled by interfacial 
diffusion at the crystal surface can explain all 
the observed feature of the experimental behaviour. 
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