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Hbsumb. Nous prbsentons les mbthodes d'analyse de !a mtse en ordre A courte 
dlStanCe et ae I'Btabl~ssement de I'ordre directlonnel anbrastique et leur 
appltcatton & l'btude des alllages mbtail~ques. cristallcns et amorpnes. L'accent 
est mls sur la dbtermlnatlon de la moblilt6 atomlque et des propr16tes des dbfauts 
ponctueis. Les renselgnements d'ordfe structurai qu'apporte la relaxation Zener 
au sujet de la transition ordre-dbsordre et oe i'ordre dlrectlonnel auto-induit sont 
Bgaiement dlscutbs. 

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

I. INTRODUCTION 

The state of short-range order is an important characteristic of concentrated aiioys. since 
it reflects the existing interatomic forces between the constitutive atoms and influences a 
number of physical properties. A convenient description of the local atomic environments 
is provided by consideratlon 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 enable detailed study of the variations of the 
degree of order which occur during thermal treatments 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 informatlon about structural aspects is 
also obtainable. in particular in conditlons 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. 

Baslcaiiy the physlcal parameter whlch wlii be considered IS the rate at whrch local order 
evolves. In a solrd ~nltlaliy at equ~librtum. In response to a sudden modlficatlon of 
temperature or the appllcatlon of a mechanccal stress T h ~ s  rate, T - l .  1s dlrectly 
proportional to the atom jump frequency. vat Consequently. it IS the product of the 
Instantaneous concentrations cd of the defects respons~ble for atomtc rnob~llty. and mean 
rate. vd, at whlcn atom defect cntercnanges occur. Hence 

X denotes the mean ef f~c~ency of an atom jump In promotfng ordering by tne vacancy or tne 
~nterstlt~aicy mechanism. it IS of the order of uncty for vacancies C1 l .  
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From tne atomrc dlffuslon coefflc~ent O belng related to the orderlng cnaracterlstlc tlme 
by D = A z / 6 ~ ,  where A IS the dlstance that an atom moves In one atomlc jump C1 l. IT IS 

apparent that. by measuring T. we obta~n lnformatlon about atomlc transport. Orderlng 
ttmes of the order of 105 seconds are read~ly measured. They are equivalent to dlffuslon 
coeff~c~ents of 10-21 cmzxs-1, compared to tne usual Ilmlts or 10-18 - 10-19 cmzxs-l ror 
tracer ana otner dlffuslon methods. 

This inherent sensitivity has several important consequences : ( i)  ordering experiments 
can be conducted in a much lower temperature range than conventional diffusion 
experiments. Stated differently. atomic mobility can be studied in conditions of very low 
vacancy concentrations. typically l ~ ' . ~ a t ' - ~ ,  which means that mostly monodefects are 
present : ( i i )  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 f2.31 : (ii i) since equliibrlum 
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 anaiyzed in out-of-equilibrium solid solutions and metallic 
glasses also. 

11. EXPERIMENTAL APPROACHES. HESISTOMETHIC AND ANELASTIC 

The two approaches most frequently followed to lnvesttgate oraerlng Klnetlcs are 
mechanfcal after-effect experlments and electrical reslstlvrty measurements. It Is 
recalled that the reslstlvlty assoc~ated w~th  short-range order. A ~ S ~ O ,  referred to the 
one of a ranaom solrd solutlon. pWo, IS glven by 14: 

The a, are the Warren-Cowley parameters. Z,, coordlnatron numbers and Y .  a function 
whlch depenas on tne number of conduction electrons per atom ana aetalls of the 
electron~c structure. Depending on these aetails. reslstlvlty can be increased or 
decreased when the degree of SRO Increases. lnterestlngly. by combtning res~stivity and 
neutron diffraction measurements. Wagner et al. E51 have shown that. over a wide 
temperature range whlcn spans 300 K. A ~ S R O  is directly proportional to the first Warren- 
Cowley parameter, the one for the flrst coord~nation Shell. 

In reslstlvlty methods. a typlcai procedure IS one In wh~ch a sample IS heat treated at a 
moderately nlgh temperature and quenched In order to freeze-rn the equlllbrlum degree of 
SRO characterlstlc of the anneal temperature. Then reststance IS measurea at a 
reference. low temperature. Cycllng tne anneal temperature gtves rlse to a reversible 
reslstlvlty effect wh~ch reflects the temperature oepenaence of the equlllbrcum degree ot 
SRO. Next, lsochronal or Isothermal anneals after quencnlng enable to follow the return of 
the as-quenched metastable alsordered state towards tne equilibrium as exempllf~ed In 
sectlon 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 irradiation schedule and the 
strain response is studied as a function of time. The aneiastic strain relaxation Is then 
analyzed by methods described in the literature C l ,  7, 103. it is only recently that the more 
elaborate formalism developed in the anelastic field was applied to the treatment of the 
resistivity results C6. 81. Prior work (see for example C91) 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 unlque property of 
the methods based on analysis of the directional order. anelastic or magnetic C10. 11 l IS 
that owing to the delayed creep method proposed initially by Berry and Orehotsky C101 
sensitivity remalns the same during the whole tlme range from the initial defect population 
to indefinitely long times. f10. 111. 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 densltles are inferred. Thermal generation of 
vacancies at internal sources can also be studied C12. 131. The evolution of a defect 
population is less easily followed by reslstlvity methods and care must be exercised 



about the derlvatlon of the true bu~ld-up or decay klnetlcs of a supersaturated defect 
population. 

111. VACANCY FORMATION AND MOBILITY PARAMETERS 

AS concerns the determination of the activation parameters relevant to vacancy defects. 
both approaches offer comparable potential. We shall consider queilch and resistivity 
experlments. A typlcal behaviour is illustrated In Fig. 1 for an a-Cu-30 at. PYo Zn solid 
solution. Quenches from 300 "C were followed by isochronal anneals at successively 
increased temperatures. Two types of ordering profiles 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 240EC. If the temperature is 
increased further. equilibration takes place 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. 

Fig. l (left) lsochronai evolution of the resistivity excess induced by a quench from 300 '~ .  
in Cu-30 at% Zn. The two patterns shown are typical of specimens with a high and a low 
sink density, respectively. The upper curves are experimental. The lower curves indicate 
the estimated corresponding vacancy supersaturations ( right scale) C9 l .  
Fig. 2 (rlght) Arrhenius representation of the ordering rates measured as follows (a)  In 
conditions of equilibrium vacancy concentrations. 'The activation energy. 1. 59 eV. refers 
to self-diffusion by a monovacancy mechanism. (b)  As a functlon of the quench 
temperature, as derived from the initial slopes of a series of isochronal curves traced at 
48OC. (c )  As a function of the anneal temperature after quenches from 3 4 0 ' ~ .  Vacancy 
formallon and migration enthalpies. respectively are inferred. 

When sink density IS high, the excess vacancies are annealed out rapidly durlng the first 
anneals. that is in a very limited number of jumps. such that they cannot produce any 
significant ordering. After a brief transient perlod, only equilibrlum vacancies are stlll 
present and ord'ering 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 well annealed 
material with very low sink dens~ty. the supersaturated vacancies diffuse over long 
distances before annihilation. Along their diffusion path they produce a large amount of 
ordering. This results in a supplementary ordering stage whlch occurs at lower 
temperatures (fig. 1 ) .  But slrnultaneously the vacancy supersaturation is progressrvely 
decreased. When it vanishes the orderlng is stopped. A second ordering stage is observed 
when equilibrium vacancies become again operative. It is located in the same temperature 
region as in the precedlng case. 'Then, clearly. by analyzlng the k~nettcs In the first 
ordering stage. direct information about the vacancy parameters can be gamed. By 
changing the quench temperature. that is the vacancy concentration, the formatron 
energy of vacancies Is determined : similarly by varying the anneal temperature. the 
migration energy of these defects is obtained. Thus the three activation enthalpies whic,h 
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character~ze the monovacancies can be studied by the same method. at neighbour 
temperatures. Fig. 2 is an illustration of the results for the a-Cu-30 at. % Zn alloy under 
considerat~on. 

iV IHRADiATlON STUDIES 

In conventlonai trradtatlon studies, vacancles and self-lnterstlt~als are produced at low 
temperatures and stored before belng anaiyzed durlng postirradlatron annealing 
treatments. A somewhat d~fferent approach IS one In whlch the lrradfatlon IS conducted at 
temperatures when both created defect specles. self-lnterst~tlais and vacancles. have a 
slgnlfrcant moblllty. Then the dynamlc behavlor of the corresponding defect popuiat~ons IS 

studled dlrectly under flux. The physlcal parameter to be considered IS the enhanced 
atomlc moblltty . ~t is monitored by the enhanced orderlng rate ,-l= 
X ~ ( c ~ , ~ ~ + C ~ ) v ~ + x ~ C i v ~  where the subscripts v and i refer to vacancces and self- 
Interstltials. respectively. For the anaiysls of the results. use IS made of the general 
balance equations proposed initially by Damask and Dienes L141 to describe the rad~ation 
enhancement of atomic mobility : 

aCV 

-- at UE@-ZCi( CV, eq+cv) ( Vi+VV )-PCvvv 

In these expressions. the production of freely migrating defects IS due to flux Q.  w~th 
efficiency equal to the product of the displacement cross-section U and the number a of 
uncorrelated Frenkel pairs emitted by primary knock-on. Their destruction is both by 
mutual annihilation characterized by a recomblnatlon factor Z and by elimination at fixed 
sinks havlng a density p : c,, eq is the equilibrium vacancy concentration at the irradlation 
temperature. Without entering into details, one can feature the evolution pattern with 
time-of-irradiation for the resulting relaxation rate as follows. F~rst .  on application of 
flux. a build-up transient occurs. until a quasi-stationary maximum is reached. On further 
irradiatron. elimination at fixed sinks. such as d~slocations. starts belng sign~ficant. 
resulting 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 slower movlng defect species. respectively and related very slmpiy to the 
jump rates of these defects by 

Thus experimental observation of such a profile is able to bring detailed information about 
the defect mobilities and ail the other parameters which control the dynamics of the defect 
population under permanent flux C 16,171. investigations of this type were conducted in 
our laboratory with employment of mechanical after-effect measurements C 15-19], An 
inverted torsional pendulum with negllglble inertia was adapted to work in-line with a Van 
de Graaff accelerator. A resonant cavity system was devised also to perform In sltu 
anelasticity measurements in the core of a nuclear reactor. Both devices enabled rate 
measurements to be performed continuously during the irradiation. Fig. 3 shows a rate 
curve traced in a Ag-24 at % Zn alloy, at 60'~. 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 model. The interrupted line 
indicates the result of a computer calculation obtained by plugging into the balance 
equattons the numerical values for the various physical parameters involved. as 
determined in specific studies C15-181. Agreement between the calculated and 
experimental curves is good. Among the results, one point is to be emphaslzed. From the 
ratio of the quasistationary to the stationary rates being about two and a half. it is 
Inferred that the mobillties of vacancies and self-interstitials differ by only a factor of six, 
which is surprisingly small Deeper insight is brought by consideration of activation 
energies. fig. 4. For this purpose, the rate proflle was traced at various temperatures. 
Activation energies of 0. S6 eV and 0. 82 eV for the migratlon of the faster and the slower 
moving defects were found. 



The essential picture which emerges from the results is the inversion in the mobilitles of 
the vacancies and the self-interstltials C 16. 171. The physical reason is that the self 
interstitials are slowed 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 all substltutional 
alloys with a marked difference in atom size between the constitutive elements. 

Flg.3 Relaxation rate versus time of Irradiation In an Ag-24 at % Zn solid solution exposed 
to a constant electron flux of 1. 6 X 1 0 " c m - ~ s - ~ .  at 60°C C151. Both the soild line and the 
data points are experimental. The former was derlved from the direct relaxatlon curve by 
local slope analysls L 103. The data points are initial slopes of a family of relaxation curves 
obtained by alternately loadlng and unloading the specimen. It IS apparent that relaxation 
experiments yield the ordering rate with the same accuracy over several decades in the 
time scale. 
Flg.4 Arrhenius plot for the anelastic ordering rate in Ag-24 at % Zn ClSI. The left curve 
refers to the relaxation rate measured in zero flux. under thermodynamlcal equilibrium 
conditions for the vacancy concentration. The other two curves indicate the ordering rates 
for the quaslstationary and the stationary conditlons under the same electron flux as for 
the preceding figure. 

All the other parameters which intervene in the above balance equations can be 
determined equally well, in particular recombination volumes C181. The specific interest 
of 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 
discrlmlnate 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 C 191. 
V.  SELF-iNDUCE.0 DIRECTIONAL OHDERING 

Another area of recent progress is the study of self-induced ordering. Indeed. a 
parameter of particular interest is the relaxatlon strength, A, which characterizes 
dlrectlonal ordering. The varlous theories for the Zener relaxatlon predlct a temperature 
dependence of the type A =. To/(T-Tc) C1.201. To is a constant and T,. the critlcal 
temperature for self-induced ordering. A non-zero value of Tc means that the free energy 
levels depend not only on the stress but also on the existing state of order in the alloy. In 
terms of relaxing entities, this means that these would all spontaneously align themselves 
into a single orientation, if the necessary atom movements could occur. 'l-his phenomenon 
is analogous to the onset of ferromagnetism below a Curle temperature. while the 1/(T- 
Tc) dependence of A Is akin to the Curie- Weiss law for the paramagnetic susceptibility 
above the Curie temperature. 
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A situation of this sort could recently be Observed experlmentally. in an a-Au-30 at % Ni 
solid solution. It is recalled that the gold-nickel system exhibits complete solid solubility 
above a miscibility gap. Preliminary anelastlc and resist~vity experiments have shown that 
the solld solutlon can be retarned by quenching and the evolution of short-range order In 
the metastable phase analyzed at temperatures well below the domain of solid solubility. 
without any disturbances produced by the eventual advent of unmlxing C21 3 .  More recent 
work by Halbwachs 1221 and by Mazot et al. C231 has indicated that the relaxation strength 
A follows a Curie-Weiss law. in the temperature range examined. from 310% to 200°C. It is 
worth noticing that. at 200UC, the anelastic strain is more than twice the elastic one (fig. 
5 ) .  By extrapolation. a critical temperature of 175 +- 10°C IS inferred. 

When appropriate mobility conditions are met, a remarkable behaviour of the solid 
solution is observed. As soon as temperature is lowered below To, 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 Tc C221. It is thought that self-induced atomic rearrangements result In the 
formation of local domains in which the macroscopic strain would be unidirectional. Direct 
evidence of this ferroelasticity by electron microscopy would be of interest as well as 
examination of the detailed features of this transformation above Tc. 

A-' A .  
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Fig. 5 (left) Hec~procal relaxation strength versus temperature In the a-Au-30 at % Ni 
solid solution : determinations were by use of mechanical after-effect measurements (n) 
C221 and of a variable frequency torsional pendulum (+) L233. 
Fig. 6 (right) Same in the vicinity of the critical order-disorder temperature. Tc, in 
AugCu. Triangles are from prior work C241 and circles from present observation. 

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

A more complex case is when. in addltion 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. C251). We will focus on the A u ~ C U  composition 
and on critical phenomena in the vicinity of the order-drsorder 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 C281. It is accompanied by a marked enhancement of characteristic 
ordering times. the so-called critical slowing down. A parallel X-ray determlnatlon of the 
Warren-Cowley parameters has shown that, in similar conditions, an extension of the 
Spatial range of the local order was occurring C271 Zener relaxation measurements In our 
laboratory brlng further arguments along this view. It IS seen in Fig. 6 that the 
temperature dependence of the relaxation strength exhibits marked Oeviatlons from the 
usual Curie-Weiss law in the vicinity of the critical order-disorder temperature. 
Interestingly. a similar effect has been reported in CugAu close to the critlcal temperature 



of 390 C C251. Thus, just like Zener relaxation is decreased or even absent In a crystal 
with high degree of long-range order. a high degree of local order causes a reduction in 
the strength of the relaxation. 

VII. AMORPHOUS ALLOYS 

Amorphous alloys have received much attention in the last few years. A quite interesting 
and Important feature of them is the structural relaxatlon which occurs in the amorphous 
regime during aglng at subcrystallization temperatures. This relaxation involves the 
reduction and redistribution of the "free volume" characteristic of the amorphous 
condition. It implies also modifications to the nature of the local chemical atomic 
coordinations. For convenience the corresponding atom rearrangements are subdivided 
into changes in topological 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 : flrst, quench and resistivity 
experiments of the type already described have enabled separation of two effects. Of 

reversible and non-reversible character, respectively. Fig. 7 is an illustration of the 
resistivity pattern that was observed in a number of alloys C281. Starting from the as- 
amorphized condition, progressive anneallng by lsochronal temperature Steps results in a 
resistivity peak. The lsochronal first heating anneal sequence was stopped periodically. 
Then anneal and quench cycles were performed at successively decreased and Increased 
temperatures. Also a second heating sequence was conducted. Reversible changes akin to 
the ones found in crystalllne alloys were observed. Thus the above treatments enable 
separation of the chemical short-range orderlng, manifested by a resistance increase. 
from the topological. medium-range orderlng revealed by a non-reversible resistance 
decrease. 

Fig. 7 Resistance varlatlons. measured 4 .2  K. In three specimens which were glven 
successlve 10min. lsochronal anneals : (a)  flrst heat up. (b)  temperature cycles after 
prestablllzatlon at 618 K.  Curve c was obtained In conditions of prolonged isothermal 
treatments. 

Fig. 8 Length variations measured during anneallng at 575 K,  after direct heating to this 
temperature. 
Fig. 9 Evolution of strain. In N135T165 preannealed for about a day at 575 K and several 
hours at 555 K before the stress cycle was started. 

Second, analysis of the reversible reslstlvlty effect shows that orderlng kinetics are of 
Gaussian type with an extremely wide distrlbutlon of relaxatlon times. characterized by 



C10-22 JOURNAL DE PHYSIQUE 

half-width of the order of 4. Interestingly. the shape of the curves for down and up anneal 
cycles cannot be explained if ordering occurs homogeneously. 'The experimental profile is 
understood as showing that the material is a conglomerate of orderlng domains-at an 
unspecified scale larger than some interatomic distances - each characterized by its own 
evoiutionary degree of CSRO C291. 

Finally. first evidence of stress-induced directional ordering in a metallic glass was 
brought in melt-spun Ni35Ti65 by realization of combined length 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 stab~lize the structurai state of the specimen before a stress cycle was conducted, at 
the temperature of 555 K . .  A stress of about 5009 mm-2 was first applied. The 
instantaneous resulting strain is about 2. 2 X 1 0 - - ~ .  Creep IS also observed. When the 
stress is released. most of the strain is r8~0vered.  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 structurai 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 alloys. the observed aneiastic effect was 
traced to stress-induced directional ordering 1301. 
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