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I - INTRODUCTION 

It is now clearly recognized that irradiation by energetic particles 
may not only accelerate the kinetics of phase tranformations, but also modify 
the respective stability of the various possible phases in a large variety 
of alloys [l, 2]. Among the clearest evidences for this latter effect are : 

- Radiation induced precipitation in undersaturated solid solutions [3-9]; 
- Precipitate re-solution in supersaturated solid solutions [10]; 
- Anti-coarsening in two phase alloys [11]; 
- The inversion of the relative stability between the a and x phases in W-Re 

alloys [12]; 
- The shift of the long range order parameter towards a non equilibrium 

steady state value in ordering solid solutions [13, I'O. 
Such radiation induced (as opposed to accelerated) phase transformations 

are of technological relevance, since the radiation induced formation of y' 
precipitates has been claimed to control the onset of void swelling in AISi 
type 316 steels under neutron irradiation [15]. 
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Elaborating a theory of the stability of alloys under irradiation 
is therefore of main practical and fundamental interest. 

The problems raised by the definition of stability criteria under 
irradiation have been discussed in several previous articles [l, 2, 7, 16-20] 
and cannot be solved simply. Indeed a système under irradiation receives 
a permanent input of energy, most of which is dissipated; a minor part of this 
energy however is stored in the crystal in the form of free point-defect 
supersaturations, point-defect aggregates or non equilibrium phases. The 
question raised is to decide whether the structures which develop under 
irradiation have their origin mainly in kinetic processes (displacement end 
replacement sequences, point-defect fluxes and point-defect mutuel recombination) 
or in static processes (minimization of the free energy of the crystal in the 
presence of the actual point-defect supersaturation). 

The kinetic approach to phase stability under irradiation is the most 
popular one ; as examples, precipitate re-solution is explained by dynamical 
solute atom injection into the matrix [21]; radiation induced precipitation 
in undersaturated solid solutions is accounted for by the drift of solute by 
point-defect fluxes towards the point-defect sinks [22-24] or saturable traps [9]. 

However ether radiation produced structures are better understood 
in terms of the static approach : for instance, the stability of void lattices 
is usually accounted for by the interaction energy between voids (although 
kinetic processes do also contribute to this stability [18, 191); similarly 
void nucleation [25, 26] or incoherent second phase nucleation [27] under 
irradiation are described by nucleation models, the driving force of which 
is the lowering of the free energy of the crystal supersaturated with point-
defects. In these models, the non-conservative nature of point-defects, (which 
is at the root of the kinetic processes) merely introduces a correction to 
the expression of the ariving force. 

The advantage of the static approach with respect to the kinetic ones 
is the broader degree of generality of the former and the difficulty often 
encountered with the latter ones to accertain that the kinetic model proposed 
is more than an ad hoc explanation. The static approach is also appealing 
due to the simplicity of the basic underlying assumption ; the structure of 
a crystal under irradiation is in thermodynamical equilibrium with the 
actual point-defect supersaturation sustained by irradiation; point-defect 
fluxes and point-defect mutual recombination have no other effect than 
maintaining the point-defect supersaturation at a (quasi) steady state value. 
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In the following we shall Dften refer to this type of approach as a 
"constained thermodynamical equilibrium approach" or a "thermodynamical approach" 
as opposed to the kinetic ones. 

The purpose of this paper is to evaluate the capability of this 
simple assumption to account for modifications, by irradiation of the mutual 
stability of the phases of a model binary system. We first discuss the previous 
attempts done in this direction, then present the solid solution model which 
we use and the typical behaviour which may be anticipated under irradiation 
and finally compare with the available experimental results. 

II - DISCUSSION OF PREVIOUS ATTEMPTS 

Thermoaynamical approaches have already be n proposed [20, 281. 
Kaufman and al. [28] estimate from empiricaly computed free energy curvei 
(respectively, surfaces) of binary (respectively, ternary) alloys the relative 
free energy shifts necessary to account for the observed changes of mutual 
stability of the phases. In the particular case of W-Re alloys [28], the free 
energy change which is found is too large to be accounted for either by the 
static contribution of the point-defect supersaturation to the free energy, or 
by Maydet-Russell's model for incoherent precipitate nucleation under 
irradiation [27]. 

Wilkes and al. [20] give the above free energy shift 6G a more precise 
meaning : 

6G = C . g 

where C is the stationnary defect concentration in the phase under consideration 
and g the formation free energy for the defects in that phase. 

Both quantities depend on the mean concentration of the alloy; 
therefore the upwards shift for the free energy curves is not a rigid translation 
but is accompanied by a distorsion of these curves. 

Both approaches have two short-comings : 
- They neglect the configurational entropy of the defects. A more rigorous 

calculation should include this term in writing down the partition function for 
the system (A, B, defects); 
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- The defect concentrations in the various phases have to be inserted in 
the calculation; they are not provided by the self-consistency of the model 
but have to be supplied from outside. As far as second phase nuoleation problems 
are concerned, it seems more appropriate to assume that the point-defect 
concentration of the second phase results from a partition of the actual defect 
population between the precipitate and the matrix. 

In order to overcome these difficulties, we rather consider the point-
defects as additionnai components to the binary alloy. The latter becomes a 
quaternary one (A, B, interstitials, vacancies) but we shall reduce it to a 
ternary one. Indeed the stationnary interstitial concentration is several orders 
of magnitude lower than that of the vacancies and since the formation energy of 
the interstitial defect is at most ten times that of the vacancy,the main 
contributor, of the defects to the free energy of the system is that of 
vacancies. 

In what follows, we shall consider the alloy under irradiation as a 
ternary system (A, B, C) where C represents the defects which are mainly of 
vacancy type. We shall limit the discussion to the problem of irradiation induced 
precipitation of ordered and disordered phases in a f.c.c. lattice and to the 
inverse phenomenon (re-solution of precipitates under irradiation). For this 
discussion we need isothermal sections of the ternary diagram (A, B, C) (Fig. 1); 
if the point M on the binary axis AB represents the alloy with its equilibrium 
concentration of defects, the effect of irradiation is to move it towards some 
point M' along the straight line MC (Fig. 1). We have to determine whether the 
point M' belongs to a single phase or a two-phase domain. In the latter case, 
radiation induced second phase precipitation will correspond to those cases 
where the tie-line MJMA is such that the solute contents which correspond te M] 
and M~ are quite different. 

We have to emphasize that the use of the ternary diagram and its 
tie-lines implies that the three components are conservative; the creation of 
the new phase must not modify the overall point-defect production or 
recombination rate in the alloy. Coherent precipitation certainly meets this 
requirement. 

We now present the solid solution model which we have used. 
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III - CALCULATION OF TERNARY PHASE DIAGRAMS 

I II.1 - CHOICE OF THE MODEL 

Ab initio calculations of the free energy of alloys is still not a 
completely solved problem. Starting from the electronic structure of the components, 
several first principles calculations have been published, yielding a first 
approximation for the mixing enthalpy, vibrational entropy or formation energy 
of the vacancy in transitional alloys [32, 33, 3*0. Although important 
improvements have been (and are expected to be) realized in this area, this type 
of calculations never started from an accurate enough partition function to 
yield in the frame of a self consistent model, both the mean energy of the 
alloy and its total (vibrational and configurational) entropy. As an example 
Kittler and falicov in a recent paper [43] calculated the mean energy of the 
Au-Cu alloy with a band theory but had recourse to a combinational method to 
evaluate the entropy. 

This type of calculations yields however an important result : even 
if the total energy of the alloy cannot be written as a sum of pair energies 
(which is the case for the transition metals), the ordering energy can be 
modelled as such with a good approximation; it is then possible to define 
effective pair energies for the order-disorder transformation [31] (this explains 
a posteriori the success of such a simple model as that of Bragg and Williams ! ) . 

In what follows we assume that these pair energies are concentration 
independent; this is a crude approximation but the calculation of such a 
concentration dependence is only possible if we know the actual components of 
the alloy, which forbides any general formulation f. r the problem. Since we 
want rather to find general criteria for predicting the radiation induced 
precipitation, we must use a phenomenological description of the phase diagrams 
which keeps the number of adjustable parameters to a minimum. We are then left 
with the problem of evaluating the partition function of an alloy defined by 
pair interaction energies. 

To calculate the configurational partition function, Kikuchi has 
developed a series of increasingly higher irder approximations called the 
Cluster Variation Method (CVM) [29, 30]; the level of approximation depends 
on the highest order multisite correlation to be considered. In a prescribed 
fashion the theory seeks to correct for the inconsistencies in counting the 
distinct configurations, which are necessarily present when only a finite 



level of correlations are taken into account. In the single site and pair 
approximations, the theory reduces to the well-known Bragg-Williams and Bethe 
ones. For a f.c.c. lattice, Kikuchi has shown that the minimum order 
approximation for getting realistic phase diagrams had to include up to 4 order 
correlations between sites at the tops of a regular tetrahedron (the approximation 
/as therefore named tetrahedron approximation). 

The nearest-neighbour pair energies are written as £... (i, j, 
stand for A, B, or C) and are concentration independent. The model depends only 
on four parameters : the absolute temperature T and the ordering parameters W.-
of the three binaries (A, B), (B, C) and (C, A) defined as 

Wij • E1J " 7 < E11 + Ejj) 

The alloy free energy is calculated by solving a system of non linear equations 
with the aid of numerical methods. All the necessary details are mentionned in 
previous papers [35, 36, 37]. 

Ill.2 - REVIEWED CASES 

Different classes of ternary systems are obtained depending on the 
characteristics of the three constituting binaries, that is the signs and 

fact the independent parameters 
) 

relative magnitudes of the parameters W.. (in 
are not the W. .'s but their ratios to kT ' ). 

The cxitical on.dvu.nQ tempeAaXuxe& ^QK. the oKdened 

hd (I.,* ttAuctwie) and A-B [i,„ 6txuctuA.e) phaie* axe [38] 

kT°AB * 0.946? |W A 8 | 

feTA3B * °'9623 l W A 8 l 

The maximum tempeAatuAe T. g below which AB and A,8 axe in cquÂlibxiwn ii 
given by [38] ? 

fe4 * o-'1 IWAB! 
The CAiticat demix-ion tempcAatuAe TA R ii, [29] •• 

fcTA8 a S - m % 
The Cigufici 1 a and 1 b Kccalt the conAeiponding binaAij di.agnan\!>. 

http://on.dvu.nQ
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We studied the following cases : 

- The binary (A, B) shows ordering (W.g < 0) , clustering (K'AB > 0) or is 
ideal (WAB = 0 ) . 

- The binaries (A, C) and (B, C) show ordering or clustering. The case 
where they are ideal is irrelevant since point-defects always end by precipitating 
in one way or another when the temperature is lowered. 

Not only the signs, but also the relative magnitudes of the W-.'s have an 
important influence on the qualitative aspect of the diagram. In order to survey 
a l l the typical aspects of these diagrams, we have to choose the corresponding 
interesting values for the W..'s : to know these values demands a general 
classification of the ternary systems, which unfortunately does not yet exist 
(to build one is beyond the scope of the present paper). As a guide we 
used Meijering's one [391; although i t has been established only for ternary 
regular solutions W e noticed that i t is s t i l l useful for the CVM calculated 

HzljZAying hob constructed hi& clarification to -btudtj thz segregation in ternary 
regular solution-b, thz fazz energy o^ which can bz written as 

F = z I W. - C -C - + feT I C - Ln C -
i , j *•}<•! i *• *• 

[C • is thz concentration o$ species i and z thz cooKdination number). 

Thz systemb are distributed amongst S categories, according to thz signs 
o$ thz W- 's and thz possible existence o^ a demixion ternary critical point. This 

*-J 
c£&bsl$ication lb not fally convenient to our pnobtzm since : 

- The systems obtained by the CUM axe not regular one*; 

- The ordering placetses arz not takzn into account; 

- Uzljering ha* exanilned no cote* where one o$ the blnarlzb lb ideal. 
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diagrams as far as the two following points are concerned : 
- Wheneve** the W. .'s have been chosen such as to obey Meijering's 

classification, they have indeed given rise to qualitatively different diagrams. 
- When the binary (A, B) shows clustering, the shape of the niscibi'lity loop 

in the neigbourhood of the AB side is still controlled by the direction of the 
variation of the critical demixion temperature T.„ when C is added to the binary 
(A, B) : the miscibility gap widens when C addition raises T. g (Fig. 2 c) and 
becomes na ower in the reverse case (Fig. 2 d). 

The closer the temperature T to T. B, the smaller the angle with which 
the loop meets the AB side. The miscibility loop becomes tangent to the AE side 
when the temperature T equals T.». 

From above, we notice that the resultant effect of C addition on the 
properties of the binary (A, B) is all che more marked as the temperature is closer 
to T. g; therefore in most cases where the binary (A, B) shows clustering, we shall 
calculate the diagram at a temperature close to T« B. 

We must point out that the value W. • = + 1 kcal/mole corresponds to a 
mixing enthalpy approximative^ equal to 3 kcal/mole for a disordered equiatomic 
alloy. A survey of the thermodynamical data shows that this is the right order 
of magnitude for most binary alloys at solid state [40]. When one component has 
covalent bonding this enthalpy can be multiplied by a factor of five. The value 
of 10 kcal/mole is therefore an upper bound and was used only to favour the 
possible unsymmetric shapes expected in the diagrams. 

The results of our calculations are drawn on the figures 3 to 13. 
They call for the following explanations : 

- I represents the disordered solid solution where I is the major component 
U J and IJ stand for the ordered L ^ and L,« phases where K is the minor component. 
In the diagrams where it is possible to go continuously from K J to K K by 
gradual 'nterchange of K and J, the corresponding structure is represented by 
the unique symbol I,D as proposed by Kikuchi [37]. 

- When the existence domain of on ordered phase was too narrow, we did 
not respect the scale and drew it artificially wider to make the reading easier 
(Fig. 4, 5, 9, 10). As we shall see later, it does not modify any of our 
subsequent conclusions, because the discussion is grounded on the shapes of the 
domains rather than on their sizes. 
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- The figures 6, 8, 12, 13 have been already drawn by Kikuchi [37];we recall 
them for convenience (Figure 12 had been drawn by Kikuchi in the pair 
approximation; we have calculated it in the tetrahedron approximation). 

- The existence of a four-phase region (K,j + K.,1 + K K + I 3J) in the 
figure 3 is contradictory with the phase rule; it has been shown to be an artefact 
due to the rigorous symetry prescribed to the binaries (I, K) and (J, K) [37]. 

- Some tie-lines are indicated to help for the interpretation. 

IV - ANALYSIS OF THE TERNARY PHASE DIAGRAMS; APPLICATION TO A BINARY 
ALLOY UNDER IRRADIATION 

Each drawing can be interpreted in 6 different ways at most, according 
as each letter 1, J or K represents the solvent A, the solute B or the defects C. 

Taking account of the possible symétries which reduce the number of 
distinct cases, we obtain finally 22 cases which are classified in the tables I, 
II, III according as the binary (A, B) shows ordering, is ideal or shows 
clustering. Among these cases, those which correspond to a radiation induced 
precipitation should obey the two following conditions : 

- The defects concentration necessary to produce precipitation must be 
low (same order of magnitude as a stationnary defect concentration in an 
irradiated alloy). 

- The range of solute concentration in which such a precipitation occurs must 
be large enough to give the phenomenon a sufficient degree of generality. 
These two conditions mean that we look for those cases where the boundary of the 
solid solution domain makes as small an angle as possible with the AB side. 
Some of these diagrams have been drawn at a temperature where the extent towards C 
of the solid solution domain is several %. The most natural way to reduce it to 
a more reasonnable value is to draw the diagram at a lower temperature. The 
reviewed cases then split into two groups : 

First group (cases 1, 2, 4) : A is in equilibrium with the unique A.,D phase. 
The frontier of its stability domain shifts roughly parallel to itself as temperatur 
is lowered (Fig. 14 a). The shape of that frontier is such that only those alloys 
which are close to the solubility limit can undergo a transformation when 
irradiated. For other alloy compositions, irradiation will only increase the 
point defect concentration without any further change in the structure or the 
composition of the initial phase. 
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Sejond group : A is in equilibrium with more than one phase. The frontier 
of its stability domain is composed of several parts which behave differently 
when the temperature is lowered down to zero (Fig. 14 b). It is due to the 
fact that the solubility limit of B in A goes to zero when the temperature is 
lowered down to zero, where as the solubility limit of A-sB in A never goes 
below 14% ; this brings about a lot of cases where A is supersaturated with 
respect to C and not with respect to B (or conversely). If this is true at a 
certain temperature, it will sbill hold for all lower temperatures; H e cases 
5, 7, 9, 11, 12, 13, 16, 18, 20, 21 are trivial ones in the sense that the 
diagram simply predicts a precipitation of defects under irradiation (in the 
form of C or A 3C). 

The remaining cases(3;6,8 -I0,i^ 15'4?,'19 /W) a r e m o r e interesting because 
the tie-line of the two phase domain makes a smaller angle with the AB side : 
this implies the precipitation of a solute richer phase than the initial one. 
In the following we discuss these latter cases in more details. 

In order to draw up the tables I, II, III, we have taken into account 
the possible changes of the shapes as the temperature is lowered. We comment 
the diagram n°7 as an example : 

- When the temperature is lowered, the miscibility gap along the 10 side 
widens, touches the two phase domain KD, + I and looks like the diagram n°6, apart 
from the shape of the loop in the neigbourhood of the IJ axis (we notice the 
different angle with which the loop meets the IJ side). 

- When the temperature increases, the magnitude of the miscibility loop 
decreases; due to the existence of a ternary critical point for demixion as 
foreseen by Meijering, there is a temperature T T , at which the loop is tangent 
to the IJ side and above which the loop transforms into a closed miscibility n gap. In the neighbourhood of T,,, the diagram looks like that of figure 12. 

t ~ 
A4 a neiult, we do.du.czd that the. angle between the faontceA uluch the. domain* A 

and A + A,P have in common and the AB i>idc. cannot become, a* maJUL ai poaible 
in thoie dLagiami which WZAZ calculated with the Cl/M. Tliu angle nemainA 
alti'aip gxcatcA than a minimum value; thiA h.ct>ult i& due. to the tet/iahedton 
approximation and -U friAtheA ducub&cd in § II/. 4. 

http://do.du.czd
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A first survey of the tables I, II, III enlightens several non 
trivial points : 

- Even a very low defect concentration is able to make a new phase 
precipitate. This result shows that the thermodynamical approach cannot be rejected 
a priori by arguing that the free energy increase due to the defect is too small. 
( < 10"4eV/atom) (cases n°3, 6, 8, 10, 14, 15, 17, 19, 22). 

- An ideal solution can undergo a solute precipitation (cases n° 8, 10). 
- The precipitated phase, when ordered, is always defect rich (at least 20" !) 

(cases n° 3, 6, 8, 10, 14, 17). 
Keeping in mind that the physical cases correspond only to those cases where 
the defect-solute and defect-solvent binaries do not exhibit complete 
solubility, tables I, II, III lead to the following conclusions. 

IV.1 - FOR AN ALLOY (A, B) SHOWING ORDERING (WA < 0) 

No precipitation is expected if the binary(a,c)exhibits clustering 
(w B C > 0) . 

If the binary (B, C) shows ordering (WgC < 0), two cases are to be 
considered : 

- either the binary (A, C) shows clustering (W.- > 0); then precipitation 
occurs under the conditions that the ordering parameter for the binary (B, C) 
is greater than the one for the binary (A, B) (|WgJ > |W.B[) and that, the 
temperature is sufficiently low. 
The precipitated phase is ordered and defect rich (A 3D). 

- or the binary (A, C) shov/s ordering (W.c < 0); then precipitation occurs 
under the conditions that the ternary system (A, B, C) has a ternary critical 
point of demixion and that the temperature is sufficiently low. 

The precipitated phase is ordered and defect rich (B^D, BC). For the 
two-phase alloy A + A 3B, resolution of A 3B can never be total (apart from the 
case where the initial quantity of precipitates is excee dingly small). 

IV.2 - FOR AN ALLOY (A, B) SHOWING IDEAL BEHAVIOUR (W.p = 0) 

No precipitation can occur if the binary (B, C) shows clustering 
(w B C>P). 

If the binary (B, C) shows ordering (Kg* < 0) two cases are to be 
conside : 
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- Either the binary (A, C) shows clustering (to.- > 0) : precipitation 
always occurs if the temperature is sufficiently low. 

The precipitated phase is ordered and defect rich ( B 3 C BC, BC 3). 
- Or the binary (A, C) shows ordering (W.p < 0); then precipitation occurs 

under the conditions that the ordering parameter for the binary (B, C) 
is greater than that for the binary (A, C) (|WBC| > I W A C ^ a n c i t h a t t h e 

temperature is sufficiently low. 
The precipitated phase is ordered and defect rich (B 3C, BC). 

IV.3 - FOR AN ALLOY (A, B) SHOWING CLUSTERING (W A g > 0) 

A first condition for radiation induced precipitation to occur is 
thdt the temperature is close to the binary critical demixion temperature T.„; 
precipitation will occur only in a very narrow range contrary to the above 
cases where precipitation occurred for all temperatures below a limiting one. 

The examination of each case allows for determining whether a 
supplementary condition must be set or not : 

- If the binaries (A, C) and (B, C) show ordering (W.- < 0; W g c < 0) 
precipitation occurs under the condition that the ternary system (A, B, C) has a 
ternary critical demixion point ( W.g < |W„ C - W . J ) . The precipitated phase 
is disordered (B). 

- If the binary (A, C) shows clustering and (B, C) ordering (W« c > 0; W„ c < 0), 
precipitation occurs without any further condition. The precipitated phase is 
ordered and defect rich (B.C, BC, BC.,) if the solid solution A contains few 
solute, and disordered (B) if the solid solution contains much solute. 

- If the binary (A, C) shows ordering and (B, C) clustering (w"AC < 0; 
W g c > 0), precipitation occurs without any further condition; the precipitated 
phase is always disordered (B). 

- If the binaries (A, C) and (B, C) show clustering (W« c > 0; w*BC > 0), 
precipitation occurs under the condition that the binary critical temperature T^ B 

is raised by the introduction of defects (W.p < |W«C - W g J ) . The precipitated 
phase is disordered (B). 

For a two phase alloy A + B, re-solution of B is impossible if T^ is 
raised by the introduction of defects; on the contrary, re-solution can be 
complete in the reverse case. 
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IV.h - COMMENTS 

It isworHiquestioning how sensitive the above conclusions are to 
the basic assumptions of the model. 

We noticed above that the solubility limit of A-B in A, when 
calculated in the tetrahedron approximation of the CVM, did not fall to zero 
when temperature did : this is a result of the hypothesis of first neighbour 
interactions used in the model. Introducing second neighbour pair energies 
would change the ground state for the alloy at zero temperature into a two-
phase one [41, 421. 

A brief survey of the calculated diagrams shows that all the cases 
of induced precipitation would be preserved provided that more precise conditions 
applying to the critical ordering and clustering temperatures of the 3 binaries 
would be presoibed. In the case 6 of table I, taken as an example, the shape 
of the stability domain for the solid solution A is a function of the critical 
temperatures T.- and T? „ (see Fig. 14 b); in order that the shape of this 
domain is favourable to induced precipitation, we must ensure that its extent 
along the AB side is much larger than its extent along the AC side, that is "T.Q 
much larger than T. „. 

On the contrary,cases 1, 2, 4 must no longer be ruled out ; indeed if 
the binary (A, B) shows ordering and if the ordering parameter for the binary (A, C) 
is much larger than that for the binary (A, B) (W«c < 0 and |W.J » |W"AB|) then 
the boundary between the domains A and A + A~D may make a very small angle with 
the AB side and therefore will allow a radiation induced precipitation of A 3D, 
whatever the sign of the parameter w"Br. 
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V - DISCUSSION AND CONCLUSION 

In the preceding sections we have defined the general rules which 
systems have to obey to exhibit radiation induced precipitation. We compare 
them to the experimental available results. 

V.l - PRECIPITATION OF AN ORDERED PHASE 

When the binary (A, B) shows ordering (W„ B < 0), a necessary condition 
for induced precipitation is that the binary (B, C) shows also ordering (W„ c < 0); 
the precipitated phase is ordered and defect rich (more than 20% ! ) . 

Such a defect rich phase is not surprising : it is well known that 
several ordered phases compensate the deviation from stoechiometry by increasing 
their vacancy concentration : for instance the ordered phase Ni-oAl.g (vacancy),g 

has been observed in (Ni, Al) alloys [¥•]. 
This suggests that the stability of such phases can be sensitive to 

the defect concentration maintained in the neighbouring matrix by the irradiation. 
On the reverse the necessary condition (W„ c < 0) states that the defects 

must arrange themselves in ordered arrays in the pure component B. Although such 
a possibility has been theoretically predicted for some b.c.c. metals [45], it 
has never been observed. (An ordered array of defects in a pure metal would 
imply a repulsion between these defects in nearest-neighbour position). 

However, in the experimentally observed cases of radiation induced 
ordered precipitation ((Ni, Si) [3, 4, 5] and (Ni, Ge) [6]) : 

- No noticeable deviation from stoecbiometry has been observed, at least for 
Ni3Si [6]. 

- Interaction energies of divacancies in silicon and germanium an attractive 
ones [%] contrary to the condition W B C < 0 st3ted above. 
The known experimental cases therefore do not obey the predicted rules. 

V.2 - PRECIPITATION OF A DISORDERED PHASE 

When the binary (A, B) shows clustering (W > 0), a necessary condition 
is that the temperature must be close to the critical demixion temperature TJL of 
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that binary. 
To our knowledge, the only case where disordered induced precipitation 

has been observed is that of zinc (G.P. zones) precipitation in (Al, Zn) 
alloys [91; the experiments were carried far from the critical demixion 
temperature of the alloy, in contradiction to the predicted rule. 

These strong discrepancies between the predictions of our model and 
the available experimental facts, call for the following remarks : 

- Either the model used to evaluate the free energy of the defect 
supersaturated alloy is too crude; more realistic evaluation of this free 
energy should be undertaken for actual alloys. 

- Or the minimum free energy principle does not govern the evolution of 
the system. This conclusion must be checked by studying the kinetic processes 
in the frame of a model with the same underlying approximations as those of 
our static model and looking for the occurrence of steady states under 
irradiation with a structure different from the equilibrium structure computed 
in this paper. 
The Path probability Method is one possible method to reach this goal [47]. 
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FIGURE CAPTIONS 

Fig. 1 

Fig. 2 a : 

Fig. 2 b : 

Fig. 2 c : 

Fig. 2 d : 

Fig. 3 to 
13 : 

Fig. 14 a 

Fig. 14 b 

Ternary diagram representing a binary alloy (A, B) submitted 
to irradiation 

M : alloy (A, B) outside irradiation with its thermal 
equilibrium defect population 
M' : alloy (A, B) under irradiation with the defect supersatu
ration maintained by irradiation 

Qualitative aspect of a binary phase diagram showing clustering 
<WAB > °) 
Qualitative aspect of a binary phase diagram showing ordering 
(W.g < 0). Calculation performed in the tetrahedron approximation 
of the CVM. 
Shape of the miscibility loop in the ncigbourhood of the AB side, 
when the critical demixion temperature T.g of the binary (A, B) is 
raised by the addition of C 
Shape of the miscibility loop in the neighbourhood of the AB side, 
when the critical demixion temperature T.n of the binary (A, B) 
is lowered by the addition of C 

Ternary diagrams calculated in the tetrahedron approximation of 
the CVM 
Displacement of the frontier enclosing the stability domain of 
the solid solution A when the temperature if lowered; both 
binaries (A, B) and (A, C) show ordering 
Displacement of the frontier enclosing the stability domain of the 
solid solution A when the temperature is lowered. The binary (A, B) 
shows ordering : the binary (A, C) shows clustering. 

TABLE I : Resultant effect of the addition of a third component C to a 
binary (A, B) showing ordering (W.g < 0); the underlined cases are 
those corresponding to a radiation induced precipitation. 

TABLE II : Resultant effect of the addition of a third component C to a binary 
(A, B) showing ideal behaviour (W A B = 0);the underlined cases are 
those corresponding to a radiation induced precipitation. 

TABLE III : Resultant effect of the addition of a third component C to a binary 
(A, B) showing clustering (W.g > 0); the underlined cases are those 
corresponding to a radiation induced precipitation. 
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Characteristics 
of the 

constituting 
binaries 

Case Position of 
solvent and 
solute in the 
diagram 

TABLE I : EFFECT RESULTING FROM C ADDITION 

Precipitation 
of new phases 

C concentration 
necessary to 

produce such a 
precipitation 

Evolution of the 
initial quantity 
of precipitates 

C concentration 
necessary to 
produce complete 
re-solution 

Position in 
Keijering's 
classification 

l^c < 0 

"BC < 0 

Fjg. 
A=I 
A=CT 

3 and 4 
D=J or 
B=I 

A 3D 
High(except near 
solubility limit 

ESL ) 
Fig. 
A=K B=I or J A 3C High 

Fig. 
A=K 
A=K 

4 
B=l or I B 3D or BC I 

Low(if tempera
ture low enough: 

ITLE) 

JA **h 
High(except for 
very srrall ini
tial ouantity : 

ESIQ ) 

WAC< ° 
KDC>° 

Fig. 
A=K 

6 and 7 
B=I A 3D High II. and II_ A B 

KBC<° 

Fig. 
A=0 

6 and 7 
B=K Low(ITLE) High(ESIQ ) 

Fig. 
A=I 

6 and 7 
B=K C or A,D 

da- 1 a II A and II B 

Low(ITLE) High(ESIQ) II A 6n* Il B 

\c>° Fig. 
A=i 
A=J 

9 and 10 
B=J or 
B=I 

Low (ITLE) III. and IIIn A o 



Characteristics 
of the 

constituting 
binaries 

• 

Case 
n° 

TABLE II : EFFECT RESULTING FROM C ADDITION' 

IN TIE IDEAL SOLLTTION (A,B) 

Position of Precipitation C concentration 
solvent and of ncv; phases nocessary to 
solute in the produce such a 
diagram precipitation 

W B C < 0 

8 Fin. 5 
A=CT B=K 

I B,C 1 Lov;(if terpera-
1 1 ture low enough: 
! . ,| ITLE ) 

W B C < 0 

9 Fia. 5 
A=K B=a 

A3C Low(ITLE) 

K,„">0 30 Fig. 8 
A=a B=K 1 I 

B 3C or EC 1 Low(ITLE) 
WAC< ° 
WBC>° 

11 Fig. 8 
A=K E=a 

A3C Low(ITLE) if IB 
high 

KBC>° 
12 Fig. 11 

A=I B=J or 
A=vT B=I 

C LowdTLE) 



Charactcrist 
of the 

constituting 
binaries 

Case 
n° 

Position of 
solvent and 
solute in the 

diagram 

TABLE III : EFFECT KESUI.TINC, FROM C ADDITION 

into A 

Precipitation 
of new phases 

C concentration, 
necessary to 

produce such a 
precipitation 

into A + B 

Evolution of the 
initial quantity 
of precipitates 

C concentration 
necessary to 
product complete 

re-solution 

Position in 
fieijerinq's 
classification 

KAC ° 

"BC 

KAC ° 

^ ° 

High 
High(except for 
very small ini
tial quantity : 

ESIQ) 
High for DJZ 
Low for B 
if T » r.D 

High 

19 

20 

21 

Low if T«T^3 

High High (ESIQ) 

£ 3 or B 
according Z 

of B 

Low i f T » T ? n 

AB 

B g r a d u a l l y r e 
p l a c e d by B , C , 

BC . BC, 

T i g . 9 
B=I Low 

F i g . 10 
B=vJ EH Low i f T » T 

F i g . 
A=I 

13 
B=J o r 
B=I 

F i g . 

A=K 

12 
B=K o r 
B=cr 

i - ig . 
A=I 
A=J 

12 
B=J o r 
B=I 

AB 

Low High (ESIQ) 

High High (ESIQ) 

B i f IB h ig r .S Low i f T a T J) 
AB 

I I , 

H r 

I I I r 

I I I , 

I I I , 

I I I , 

I I I r 

I I I . 

I I I r 

IV„ 

I V . 

IV, 


