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DIRECTIONAL AND SHORT-RANGE ORDERING KINETICS IN METALLIC ALLOYS,
CRYSTALLINE AND AMORPHOUS

J. HILLAIRET

Centre d'Etudes Nucléaires de Grenoble, Département de Recherche
Fondamentale, Service de Physique, Groupe Métallurgie Physique,
85 X - 38041 Grenoble Cedex, France

Résumé. Nous présentons ies méthodes d’'analyse ge la mise en orgre a courte
gistance et de I'établissement de I'ordre directionnel anélastique et leur
apptication a 1'étude des alliages métalliques, cristallins et amorpnes. L’accent
est mis sur ia détermination de la mobilité atomique et des propriétés des défauts
ponctuels. Les renseignements d’ordgre structural qu’apporte ta retaxation Zener
au sujet de la transition ordre—-aésordre et gde l'ordre directionnel auto-induit sont
égaiement discutés.

Abstract. This presentation describes the methods based on analysis of stress-
induced directionai ordering and short~-range ordering and their application to the
study of metallic alloys. crystaitine and amorphous. It focuses on the
determination of the atomic mobility and point defect properties. it discusses also
the structurai information which can be gained by Zener relaxation studies about
the order-disorder transition and self-induced directional ordering phenomena.

{. INTRODUGCTION

The state of short-range order is an important characteristic of concentrated alloys. since
it reflects the existing interatomic forces between the constitutive atoms and influences a
number of physical praperties. A convenient description of the local atomic environments
is pravided by consideration of the Warren-Cowley parameters. An interesting feature of
these parameters is that they are accessible to experimental determination by use of
diffraction methods. X-rays or neutrons. However.. the inherent sensitivity of these
methods is in general not high enough to enabie detailed study of the variations of the
degree of order which occur during thermal treatmenis or irradiation. The object of the
present paper is to describe indirect methods. resistometric and anelastic. which offer
better potential to the determination of the ordering kinetics. In turn. these bring
information about the atomic mobility and the fundamental properties of the elementary
point defects involved. In some cases, additional information about structural aspects is
also obtainable, in particular in conditions when order—disorder transition or self~
induced -ordering phenomena take place, as discussed in the second part of this brief
survey. The kinetic aspects are presented first.

Basically the physical parameter which wiil be considered is the rate at which local order
evolves, in a solid initially at equilibrium. in response to a sudden maodification of
temperature or the application of a mechanical stress. This rate, 1, s directly
proportional to the atom jump frequency. vg. Consequently, it is the product of the
instantaneous concentrations cg of the defects responsible for atomic mobility, and mean
rate., vy, at which atom defect interchanges occur. Hence

1 = x Vat = X Cg. Vg (@D

x denotes the mean efficiency of an atom jump in promoting orgering by the vacancy or the
interstitialcy mechanism. it is of the order of unity for vacancies {1].
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From tne atomic giffusion coefficient D being reiated 1o the ordering characteristic tme
by D = A2/67T. where A is the distance that an atom moves in one atomic yjump (13, 1t is
apparent that, by measuring T, we obtain information about atomic transport. Ordering
times.of the order of 10° seconds are readily measured. They are equivaient to diffusion
coefficients of 10721 cm2xs™1, compared to the usual nmus of 10718 - 10719 cmaxs™1 jor
tracer ang otner aifiusion methods.

This inherent sensitivity has several important consequences : (i) ordering experiments
can be conducted in a much iower temperature range than conventionai diffusion
experiments. Stated differently, atomic mobility can be studied in conditions of very low
vacancy concentrations. typically'IO“9 at™1, which means that mostly monodefects are
present ; (ii) by combining diffusion and ordering data., coverage of 7 to 9 decades in c is
possible as reported in a~CuZn and a—AgZn solid solutions [2.3] ; (iii) since equitibrium
short-range order is established with an average of a few atom jumps per atom. the
desired information about atomic mobility Is gained in a time iapse during which the
constitutive atoms are not allowed to diffuse over more than a few interatomic distances.
Thus ordering can be properly analyzed in out-of-equilibrium solid sotutions and metallic
glasses also.

1. EXPERIMENTAL APPROACHES. RESISTOMETRIC AND ANELASTIC

The 1wwo approaches most frequently followed to investigate ordering Kinetics are
mechanical after—-effect experiments and electrical resistivity measurements. 1t is
recalled that the resistivity associated with short-range order, Apgpo. referred to the
one of a random sofid solution, pg=g. IS given by (4]

2P5R0/ Pa=o = F ZjoY,

The o; are the Warren—-Cowley parameters. Z;, coordination numbers and Y, a function
which depends on the number of conduction electrons per aiom and detaills of the
electronic structure. Depending on these details, resistivity can be increased or
decreased when the degree of SRO increases. Interestingly. by combining resistivity ana
neutron diffraction measurements, Wagner et al. {5] have shown that. over a wide
temperature range which spans 300 K, Apgrp is directy proportional to the first Warren—
Cowley parameter. the one for the first coordination sheil.

in resistivity methods. a typical procedure IS one In which a sample is heat treated at a
moderatety high temperature and quenched in order to freeze—in the equilibrium degree of
SRO characteristic of the anneal temperature. Then resistance 8 measured at a
reference. low temperature. Cycling the anneai temperature gives rise to a reversibie
resistivity effect which reflects the temperature gependence of the equilibrium degree of
SRO. Next, isochronal or 1sothermal anneals after quenching enabie to foliow the return of
the as—quenched metastable disordered state towards the equilibrium as exemplified in
section 3.

in Zener relaxation methods, the procedure is different. A change in the state of stress is
applied to the sample at the appropriate time in the anneal or irradlation schedule and the
strain response is studied as a function of time. The anelastic strain relaxation Is then
analyzed by methods described in the titerature [1.7,10]. It is only recently that the more
elaborate formalism developed in the anelastic field was applied to the treatment of the
resistivity results [6,8]. Prior work (see for example [9]) had shown that the kinetics
were identical for the two processes., short-range ordering and directional ordering., as
could be expected from the two base mechanisms being very similar. A unique property of
the methods based on analysis of the directional order. anelastic or magnetic [10,11] is
that owing to the delayed creep method proposed initially by Berry and Orehotsky [10]
sensitivity remains the same during the whole time range from the initial defect population
to indefinitely iong times. [10.11]. This makes possible the accurate study of the build-
up or decay times for a defect super-(or sub-) saturation. Hence important parameters
such as defect life~times and hence sink densities are inferred. Thermal generation of
vacancies at internal sources can also be studied [12,13]. The evolution of a defect
population is less easily followed by resistivity methods and care must be exercised
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about the derivation of the true build~up or decay kinetics of a supersaturated defect
popuiation.

. VACANCY FORMATION AND MOBILITY PARAMETERS

As concerns the determination of the activation parameters relevant to vacancy defects,
both approaches offer comparable potential. We shalli consider quench and resistivity
experiments. A typical behaviour is iliustrated In Fig. 1 for an «—Cu-30 at. % Zn solid
solution. Quenches from 300 °C were followed by isochronal anneals at successively
increased temperatures. Two types of ordering profiltes can be distinguished depending on
the sink density. If high. no evolution occurs until about 150°C when the atomic mobility
becomes high enough. Then the frozen-in disorder gets progressively eliminated until the
equilibrium SRO at the anneal temperature is reached at about 240°C. if the temperature is
increased further. equilibration takes piace in a much shorter time than the duration of
the anneals and the equilibrium line is followed. The dotted curve- indicates the
corresponding evolution of the vacancy supersaturation during the same anneal sequence.
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Fig. 1 (eft) Isochronal evolution of the resistivity excess induced by a quench from 300°C,
in Cu-30 at% Zn. The two patterns shown are typical of specimens with a high and a iow
sink density, respectively. The upper curves are experimental. The lower curves indicate
the estimated corresponding vacancy supersaturations (right scale) [9].

Fig. 2 (right) Arrhenius representation of the ordering rates measured as follows (a) In
conditions of equilibrium vacancy concentrations. The activation energy, 1.59 eV, refers
to seli-diffusion by a monovacancy mechanism. (b) As a function of the quench
temperature, as derived from the initial slopes of a series of isochronal curves traced at
48°C. (¢) As a function of the anneal temperature after quenches from 340°C. Vacancy
formation and migration enthalpies. respectively are inferred.

When sink density is high, the excess vacancies are annealed out rapidly during the first
anneals, that is in a very limited number of jumps. such that they cannot produce any
significant ordering. After a brief transient period, only equitibrium vacancies are still
present and ordering takes place by means of these defects. Consequently, only the self-
diffusion energy can be inferred. In contrast to this. in the case of a weil annealed
material with very low sink density. the supersaturated vacancies diffuse over long
distances before annihiiation. Along their diffusion path they produce a large amount of
ordering. This results in a suppiementary ordering stage which occurs at lower
temperatures (fig. 1). But simuitaneously the vacancy supersaturation is progressively
decreased. When it vanishes the oradering is stopped. A second ordering stage is observed
when equilibrium vacancies become again operative. It is jocated in the same temperature
region as in the preceding case. Then, ciearly, by analyzing the Kinetics in the first
ordering stage. direct information about the vacancy parameters can be gained. By
changing the quench temperature. that is the vacancy concentration, the formation
energy of vacancles is determined . similarly by varying the anneal temperature, ‘the
migration energy of these defects is obtained. Thus the three activation enthaipies which
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characterize the monovacancies can be studied by the same method. at neighbour
temperatures. Fig. 2 is an lllustration of the resuits for the o«—~Cu~-30 at. % Zn altoy under
consideration.

IV IRRADIATION STUDIES

In conventional irradiation studies. vacancies and self-interstitiais are produced at low
temperatures and stored before being analyzed during postirradiation annealing
treatments. A somewhat different approach is one in which the irradiation is conducted at
temperatures when both created defect species, seif-interstitiais and vacancies, have a
significant mobility. Then the dynamic behavior of the corresponding defect popuiations is
stugied directly under flux. The physical parameter to be considered is the enhanced
atomic mobility : -it is monitored by the enhanced ordering rate T"l =

Xv(Cy, @q*Cy) Vy*+XiCi¥; where the subscripts v and i refer to vacancies and self-
interstitials, respectively. For the analysis of the resuits, use is made of the general
balance equations proposed initially by Damask and Dienes [14] to describe the radiation
enhancement of atomic mobility :

ac

— = + + —

at <J'eq’—zci(cv,eq cv) (Vi Vv) pcvvv
:3ci
_— = + e

at qe“’—zci( cv,eq cv) (Vi+vv’ pcivi

in these expressions, the production of freely migrating defects 1s due to fiux ¢. with
efficiency equal to the product of the displacement cross—section ¢ and the number e of
uncorrelated Frenkel pairs emitted by primary knock-on. Their destruction is both by
mutual annihilation characterized by a recombination factor Z and by elimination at fixed
sinks having a density p Cv, eq is the equitibrium vacancy concentration at the irradiation
temperature. Without entering into details. one can feature the evoiution pattern with
time—of-irradiation for the resulting relaxation rate as follows. First, on application of
flux, a build—up transient occurs. until a quasi-stationary maximum is reached. On further
irragiation. eifimipation at fixed sinks, such as dislocations, starts being significant,
resuiting in a decreased rate, until a stationary level is reached.

It is readily shown that the quasistationary and the stationary rates are governed by the
faster and the siower moving defect species. respectively and refated very simply to the
jump rates of these defects by

-1 _ [oep 1/2 -1 _ [geo 1/2
(%2 = vd] 52 = vl

= X v
T Tst 7 s

£

Thus experimental observation of such a profile is able to bring detailed information about
the defect mobilities and ali the other parameters which control the dynamics of the defect
popuiation under permanent flux [16,17]. investigations of this type were conducted in
our laboratory with employment of mechanical after-effect measurements [15-19]. An
inverted torsional pendulum with negiigible inertia was adapted to work in-line with a Van
de Graaff accelerator. A resonant cavity system was devised also to perform in situ
anelasticity measurements in the core of a nuclear reactor. Both devices enabled rate
measurements 1o be performed continuousiy during the irradiation. Fig. 3 shows a rate
curve traced In a Ag-24 at % Zn ailoy. at 60°C. In a constant electron flux. it can be seen
that, after a rapid rise. a quasistationary maximum occurs, after some hundred seconds of
irradiation, in accordance with the pattern predicted by the modei. The interrupted line
indicates the resuft of a computer calculation obtained by plugging into the balance
equations the numerical values for the various physical parameters involved, as
determined in specific studies ([15-18]. Agreement between the calculated and
experimental curves is good. Among the resuits, one point is to be emphasized. From the
ratlo of the quasistationary to the stationary rates being about two and a half, it is
inferred that the mobilities of vacancies and seif~interstitiais differ by only a factor of six,
which is surprisingly small Deeper insight is brought by consideration of activation
energigs, filg. 4. For this purpose. the rate profile was traced at various temperatures.
Activation energies of 0.56 eV and 0.82 eV for the migration of the faster and the slower
moving defects were found.
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The essential picture which emerges from the resuits Is the inversion in the mobilities of
the vacancies and the self-interstitiais [16.17]3. The physical reason is that the self
interstitials are siowed down by the presence of the undersized solute atoms at the extent
that they become slower than the vacancies, as is probably the case in ali substitutional
alloys with a marked difference in atom size between the constitutive elements.

150100 50 0°¢%)

lox
5° S —— E —
58 : 2[R E-137eV
v, = -~
Q7L // ~g T NIO'Z - ‘\ stationary
e / [YRY Oa7ev
oL / \ 2 b n\
51 / ] 1] quasist.
" 3. 0.27eV]
i AN LT K
NN
3t Ag24ai%Zn Rl I N
2] T~ 60°C - o7 \ Nd
'o/onf u 2 N
L Z-1.6xl0e7/crmixsec i B=axi0'evermixsec.
@] i TR 1 L 2l T ,0-5 | X =
1 1o o} og i i i 25 30 35 49
tirr{sec.) /T (K %ICY

Fig. 3 Relaxation rate versus time of irradiation in an Ag-24 at % Zn solid solution exposed
to a constant electron ftux of 1.6 x 101 1em=25~7, at 60°G (15]. Both the solid line and the
data points are experimental. The former was derived from the direct relaxation curve by
local slope analysis [10]. The data points are initial slopes of a family of relaxation curves
obtained by alternately toading and unioading the specimen. It is apparent that relaxation
experiments yield the ordering rate with the same accuracy over several decades in the
time scale.

Fig. 4 Arrhenius piot for the anelastic ordering rate in Ag-24 at % Zn (151. The left curve
refers 10 the relaxation rate measured in zero flux. under thermodynamical equilibrium
conditions for the vacancy concentration. The other two curves indicate the ordering rates
for the quasistationary and the siationary conditions under the same electron flux as for
the preceding figure.

All the other parameters which intervene in the above balance equations can be
determined eqgually well, in particular recombination volumes [18]. The specific interest
ot this present approach is that it enables exploration of a temperature range. generally
0.3 to 0.5 of the absolute melting temperature. in which experimental data are scarce
Another interesting potential of the ordering methods is that they enable one to
discriminate between close-pair. or correlated recombination or else. in the case of
irradiations with heavy particles, those defects which are confined to their native
displacement cascades and the long-range diffusing ones. An application to the
determination of the efficiency of neutron displacement cascades in producing free
defects, that is defects escaping recombination or clustering within the cascade. has been
reported [191].

V. SELF-INDUCED DIRECTIONAL ORDERING

Another area of recent progress is the study of self-induced ordering. Indeed, a
parameter of particular interest is the relaxation strength, A, which characterizes
directional ordering. The various theories for the Zener relaxation predict a temperature
dependence of the type a = To/(T-Tg) [1.20]1. T4 is a constant and Tg. the critical
temperature for selt-induced ordering. A non-zero value of T, means that the free energy
levels depend not only on the stress but alsc on the existing state of order in the alioy. In
terms of relaxing entities, this means that these would all spontaneously align themselves
into a single orientation, if the necessary atom movements coutd occur. This phenomenon
is analogous to the onset of ferromagnetism below a Curie temperature, while the 1/(T-
Te) dependence of A Is akin to the Curie~ Weiss law for the paramagnetic susceptibitity
above the Curie temperature.
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A situation of this sort could recentiy be observed experimentally, in an a—Au-30 at % Ni
solid solution. It is recalled that the gold-nickel system exhibits comptete solid solubiiity
above a miscibility gap. Preliminary anelastic and resistivity experiments have shown that
the solid solution can be retained by quenching and the evolution of short-range order in
the metastable phase analyzed at temperatures well beiow the domain of solid solubility,
without any disturbances produced by the eventual advent of unmixing (21}, More recent
work by Halbwachs {221 and by Mazot et at. [23] has indicated that the relaxation strength
A follows a Curie-Weiss law. in the temperature range examined, from 310°C to 200°C. itis
worth noticing that. at 200°C, the anelastic strain is more than twice the elastic one (fig.
5). By extrapotation, a critical temperature of 175 * 10°C is inferred.

When appropriate mobility conditions are met, a remarkabie behaviour of the solid
solution is observed. As soon as temperature is lowered below T.. in conditions of no
applied stress. large permanent strains spontaneously occur. which are manifested by
shape variations. This effect is entirely reversed by increasing the temperature
above T, [22]. it is thought that self-induced atomic rearrangements resuit in the
formation of local domains in which the macroscopic strain would be unidirectional. Direct
evidence of this ferroeiasticity by electron microscopy wouid be of interest as well as
examination of the detailed features of this transformation above T.
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Fig. § (teft) Reciprocal relaxation strength versus temperature in the a-Au-30 at % Ni
solid solution : determinations were by use of mechanical after-effect measurements €D
{221 and of a variable frequency torsional pendulum (+) [23].

Fig. 6 (right) Same in the vicinity of the critical order—disorder temperature. 7., in
AuzCu. Triangles are from prior work {241 and circles from present observation.

V. SHORT-RANGE VERSUS MEDIUM OR LONG-RANGE ORDER

A more compilex case is when. in addition to short-range ordering. longer-range ordering
phenomena take place. The AuCu system is the archetype of long-range ordering alloys. In
particular a number of relaxation experiments have been conducted in the disordered solid
solutions (for a recent survey. see ref. [25]1). We wili focus on the AugCu composition
and on critical phenomena in the vicinity of the order—disorder transition; the critical
temperature is 200°C. Recent quench and resistivity measurements have shown that the
temperature variations of resistance associated with equilibrium short-range order exhibit
a pronounced positive deviation from the extrapolation of the high temperature
equilibrium line [28]. It is accompanied by a marked enhancement of characteristic
ordering times. the so—called critical slowing down. A parallei X-ray determination of the
Warren—Cowley parameters has shown that, in similar conditions. an extension of the
spatial range of the local order was occurring {271 Zener relaxation measurements in our
iaboratory bring further arguments along this view. It is seen in Fig. 6 that the
temperature dependence of the relaxation strength exhibits marked geviations from the
usual Curie-Weiss law in the vicinity of the criticai order—disorder temperature.
Interestingly. a similar effect has been reported in CugAu close to the critical temperature
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of 380 C [251. Thus, just like Zener relaxation is decreased or even absent in a crystal
with high degree of long-range order. a high degree of iocal order causes a reduction in
the strength of the relaxation.

Vil. AMORPHOUS ALLOYS

Amorphous alioys have received much attention in the last few years. A quite interesting
and important feature of them is the structural relaxation which occurs in the amorphous
regime during aging at subcrystallization temperatures. This relaxation involves the
reduction and redisiribution of the "free volume" characteristic of the amorphous
condition. It implies aiso modifications to the nature of the local chemical atomic
coordinations. For convenience the corresponding atom rearrangements are subdivided
into changes in topotogical short-range order (TSRO) and compositional short-range order
(CSRO). We have studied these phenomena by resistivity and anelasticity methods. The
most striking aspects of the results are as follows : first, quench and resistivity
experiments of the type aiready described have enabled separation of two eiffects. of
raversible and non-reversible character, respectively, Fig. 7 is an lilustration of the
resistivity pattern that was observed in a number of ailoys [28]. Starting from the as-
amorphized condition, progressive annealing by Isochronal temperature steps resuits in a
rosistivity peak. The Isochronal first heating anneal sequence was stopped periodically.
Then anneal and quench cycies were performed at successively decreased and increased
temperatures. Also a second heating sequence was conducted. Reversible changes akin to
the ones found in crystalline alioys were observed. Thus the above treatments enable
separation of the chemical short-range ordering. manifested by a resistance increase,
from the topological. medium-range ordering revealed by a non-reversible resistance
decrease.
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Fig. 7 Resistance variations, measured 4.2 K, In three specimens which were given
successive 10min. isochronal anneals : (a) flrst heat up. (b) temperature cycles after
prestabilization at 618 K. Curve ¢ was obtained in conditions of prolonged isothermal
treatments.

Fig. 8 Length variations measured during annealing at 575 K, after direct heating to this
temperature.

Fig. 9 Evotution of strain, in NiaggTigs preanneaied tor about a day at 675 K and several
hours at 555 K before the stress cycle was started.

Second, anaiysis of the reversible resistivity effect shows that ordering kinetics are of
Gaussian type with an extremely wide distribution of relaxation times, characterized by
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half-width of the order of 4. Interestingiy, the shape of the curves for down and up anneal
cyctes cannot be explained if ordering occurs homogeneousiy. The experimental profile is
understood as showing that the material is a conglomerate of ordering domains—at an
unspecified scale larger than some interatomic distances — each characterized by its own
evolutionary degree of CSRO (29].

Finally, first evidence of stress—induced directional ordering in a metallic glass was
brought in melt-spun NiggTigs by reaiization of combined iength and mechanical after—
effect experiments (in tension). The length variations associated with the structural
relaxation were measured directly at the anneal temperature of 575 K. Initially a rapid
contraction is observed (fig. 8). It is progressively slowed down and tends towards an
asymptotic level for anneal times of the order of 105 seconds. This treatment was intended
to stabilize the structural state of the specimen before a stress cycle was conducted, at
the temperature of 555 K,. A stress of about 500g mm~2 was first applied. The
instantaneous resulting strain is about 2.2 x 1074, Creep is aiso observed. When the
stress is released, most of the strain is recovered, as appears in Fig. 9. Analysis of
the kinetic features of this reversible strain effect has shown that they are very close to
the ones found in similar structural conditions for the reversible resistivity effects. This
indicates that the relaxing entities are the same for the two processes. in analogy to
similar effects in substitutional crystalline alioys, the observed anelastic effect was
traced to stress-induced directional ordering (30].

REFERENCES

{11 A.S. Nowick and 8.S. Berry., Anelastic Relaxation in Crystalline Solids (Acad.
Press. New York and London) (1972)

2} J. Hino. C. Tomizuka and C. Wert. Acta Met. 5 (1957) 41

[8]1 D.P. Seraphim., A.S. Nowick and B.S. Berry. Acta Met. 12 (1964) 891

{41 P.L. Rossiter and P. Welis. J. Phys. G : Soiid St. Phys. 4 (1971) 354

£5) W. Wagner, R. Poerschke and H. Wollenberger. Phil. Mag. B. 43 (1981) 345

{61 E. Balanzat and M. Halbwachs. Phys. Stat. Sol. (a)> 76 (1983) 667

[7} A.S. Nowick and B.S. Berry. 1.B. M. JI. Res. Dev. 5 (1961) 297 and 312

{81 J. Hillairet, D. Beretz, M. Halbwachs and £. Balanzat. int. Friction and Uitrasonic
Attenuation in Solids (Pergamon Press) (1980), 143

[91 E. Balanzat and J. Hillairet. J. Phys. F : Metal Phys. 11 (1981) 1977

{101 B.S. Berry and J.L. Orehotsky. Acta Met. 16 (1968) 683 and 697

{111 A. Caplain and W. Chambron. Acta Met. 25 (1977) 1001

£123 J. R. Cost. Lattice Defects in Quenched Metals (Acad. Press, New York) (1965) 443

(131 E. Balanzat and J. Hillairet, int. Friction and Ulitrasonic Att. in Solids (Pergamon
Press. C.C. Smith editor) (1980) 123

{141 G.J. Dienes and A.C. Damask. J. Appi. Phys. 29 (1958) 1713

[15] M. Halbwachs and 0. Beretz, Int. Friction and Ultrasonic Attenuation in Solids
(Pergamon Press. Oxford and New York) (1980) 139

[16) M. Halbwachs and J. Hillairet, Phys. Rev. B 18 (1978) 4927

[171 M. Hailbwachs, J.T. Staniey and J. Hillairet. Phys. Rev. B 18 (1978) 4938

[181 M. Halbwachs and J. Hillairet. Phys. Rev. B, 23 1981. 2860

193 D. Beretz, M. Halbwachs and J. Hillairet, Rad. Eff. 62, 1981, 219

£201 D.O. Welch and A.D. Le Claire. Phil. Mag. 16 (1967) 881

{211 E. Balanzat. M. Halbwachs., J. Hillairet, C. Mairy, P. Guyot and J.P. Simon, Acta
Met. 31 (1983) 883

[22) M. Halbwachs (private communication)

{231 P. Mazot. ). Saissi, M. Halbwachs. J. Woirgard. J. Phys. C9 (1983) 271

£24]) S. Radelaar and J.M.J. Ritzen. Phys. Stat. Sol.. 31(1969) 277

£251 F. Povolo and A.F. Armas. Acta Met. 31 (1983) 643

[261 G. Bessenay (private communication)

[271 M. Bessiére. Thesis. Université Pierre et Marie Curie. Paris VI (1984)

{281 E. Balanzat, J.T. Staniey. C. Mairy and J. Hillairet, Acta Met., 31 (1985) 883
[29] E. Balanzat and J. Hillairet, J. Phys. F : Metal Phys. 12 (1982) 2907

[301 N.E. Derradji, E. Balanzat and J. Hiilairet, Rapidly Quenched Metals. S. Steeb, H.
Warfimont (eds), Elsevier Science Publishers. 1985, 691



