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The intermetallic precipitate particles Zr,(Ni, Fe) in Zircaloy-2 and Zr(Cr, Fe), in Zircaloy-4,
dissolve and amorphize under irradiation. Pursuing a previous analysis by Motta and
Lemaignan, we have studied those effects on the basis of the metastable free-energy diagram
of the reference system Zr-Fe (calculated using Miedema’s model) and considering some
aspects of the modification of this free-energy diagram by irradiation. We then can explain
why both phases Zr,(Ni, Fe) and Zr(Cr, Fe), can be amorphized at low temperatures (below
350 K) without composition changes if sufficient energy can be accumulated by irradiation-
produced defects and chemical disorder, and also that at intermediate temperatures (about
580 K) a driving force exists for particle amorphization at the matrix—particle interface for

Zr(Cr, Fe), but not for Zr(Ni, Fe),.

1. Introduction

In the amorphization of metallic alloys by irradiation,
two situations are commonly encountered. In one,
amorphization occurs at the interface of metals or
alloys in contact, and is mainly attributed to ion
mixing. In the other, ordered intermetallic phases can
be homogeneously amorphized by internal accumu-
lation of free energy due to chemical long-range dis-
order or to the buildup of simple irradiation defects or
defect complexes [1, 2]. Departures from stoichio-
metry [1] and irradiation-produced defects (2] are
believed to play key roles in the destabilization of the
compound.

Zirconium-based alloys such as Zircaloy-2 and 4
are used in nuclear reactors. These alloys contain
small amounts of tin, iron, chromium and nickel and
present a number of precipitate intermetallic particles
rich in those elements [3-5]. A variety of intermetallic
phases, structures and compositions have been re-
ported to occur simultaneously. Nevertheless, the
phases most frequently found are hexagonal close-
packed Zr(Cr, Fe), and body-centred tetragonal
Z1,(Ni, Fe) in Zircaloy-4 and Zircaloy-2, respectively.
Both kinds of particles have been reported to dissolve
and amorphize under irradiation.
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At low temperatures (below 350 K), both kinds of
particles amorphize under electron, heavy-ion and
neutron irradiation [6-8]. Dissolution of both par-
ticles was also reported to occur by neutron irradi-
ation [6] but not by electron irradiation [8]. At
intermediate temperatures (about 580 K), irradiation
dissolution of Zr,(Ni, Fe) and amorphization of Zr(Cr,
Fe), occurs. Amorphization from the periphery in-
wards to the centre of the Zr(Cr, Fe), intermetallic,
with iron depletion in the amorphous layer, was re-
ported to occur by neutron irradiation [6, 9-14]. At
high temperatures (above 640 K), both kinds of par-
ticles remain crystalline and dissolve [5, 8, 10, 12, 15].
Complete dissolution of Zr(Cr, Fe), without repreci-
pitation was reported [10], although reprecipitation
of the former particles and new ones has also been
observed [12, 15].

Two types of arguments have been used to describe
these effects. In one, the destabilizing effect of irradi-
ation-induced point defects fluxes has been raised,
while in the other an irradiation-modified ther-
modynamic local phase equilibrium was qualitatively
described [13]. In the present work, we proceed along
the lines proposed by Motta and Lemaignan [13] and
extend their qualitative analysis by calculating the free
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energies of some stable and metastable phases for
the reference model system Zr-Fe by means of the
Miedema model [16-23]. Plausible modifications of
the free-energy diagram by irradiation will be con-
sidered to describe the new local “equilibrium condi-
tions”. With this simple approach, the different amor-
phization behaviour of Zr,(Ni, Fe) and Zr(Cr, Fe), can
be qualitatively understood.

2. Calculation of the metastable

free-energy diagram of the

Zr-Fe alloy
Our analysis is based on the comparison of the free
energies of some stable and metastable phases of the
Zr-Fe alloy. Those will be calculated using a semi-
empirical theory due to Miedema and co-workers
[16-23] and further developed by Lopez et al. [24]. As
we discuss extensively in Section 3 below, the phases
whose free energies are to be compared are the Zr-Fe
amorphous alloy, the metastable solid solutions
formed between iron and zirconium and the inter-
metallic compounds Zr,Fe and ZrFe,.

The enthalpy of formation of a crystalline solid

solution of two transition metals consists of three
terms

AH, = AH. + AH, + AH, (1)
The chemical contribution, AH,, is due to the electron
redistribution that occurs when different atoms mix
together. The elastic contribution, AH,, originates in
the size difference between the two types of atoms,
and the structural contribution, AH,,, depends on the
crystalline structure and the valencies of the transition
metals that form the solid solution.
The chemical contribution has the form

AH, = AH*™"xp [ Vi (alloy)]**fecze 2

C

where AH*™ is an amplitude due to the electron
redistribution, xg, and Vg, (alloy) are, respectively, the
atomic fraction and the atomic volume of iron in the
alloy [16], and fg., which accounts for the degree to
which iron atoms are surrounded by zirconium atoms
as neighbours, is given by the empirical expression

Jeeze = Nzl + 1)z} ()

(x%)z; and (x°);, being the surface-area concentrations
of zirconium and iron in the alloy, and y the parameter
that specifies the degree of chemical order. y can take
values between that corresponding to disordered
alloys (y =0), up to the value corresponding to
ordered compounds (y = 8). To calculate AH*™®, f..,.
and Vg, (alloy) using the equations of the Miedema
model, the following parameters are used, as defined
and tabulated elsewhere [16]: electron densities
at the boundary of the Wigner—Seitz cells, electro-
negativities and molar volumes of the pure metals.
The elastic term is calculated as

AH, = Xp Xz [%pAh(ZrinFe) + x, Al (Fein Zr)]
4)

where Ah, is the elastic energy of the solid solution at
infinite dilution, which was modelled with the theory
of the elasticity for continuum media [18, 25, 26]. To
calculate Ah,, we have used the shear and the bulk
moduli of Fe(bcc) and Zr(h cp) taken from the com-
pilation in [27].

The structural contribution accounts for the fact
that there is a systematic variation of the crystal
structure as one moves across the transition metal
periods, that is, as the number z of valence (s + d)
electrons changes. It is then reasonable also that the
structure-dependent energies in solid solutions will
vary systematically with the average number of val-
ence electrons per atom if the two metals form a
common band of d-type states. Consequently, dis-
solving metal A in host B changes the energy that
stabilizes the crystal structure of the matrix. For our
case this structural contribution is

AIisu- = Eo‘(zalloy) - xFeEbcc(ZFe) - erEhcp(ZZr)
(5)

where ¢ symbolizes the crystalline structure of the
alloy and the reference state is given by the stable
crystalline structure of the pure metals at the temper-
ature of interest: bcc Fe and hcp Zr [28]. Ey(2)
are functions giving the lattice stabilities for each one
of the three main crystalline structures (¢ = hcp,
fce, bee) as a function of the valence, z, across the
transition metal periods. Those stability functions
have been calculated by Niessen and Miedema for
non-magnetic metals [18] and also for the ferromag-
netic state of metals with more than half-filled d bands
[23]. zg. = 8 and z,, = 4 are the valencies of the pure
metals, and the valence of the alloy is the concentra-
tion averaged value

Zalloy = xFezFe + erZZr (6)

In the present work, E(z) has been calculated taking
into account ferromagnetic effects [23, 26].

Now, the free energy of formation of the solid
solution is given by the equation

AGS = AHs - TASstr - TASideal (7)

where AH, has already been discussed and the entropy
of formation is expressed as the sum of two terms. The
first one is the ideal entropy of mixing

ASideal = - R[xFelane + erlanr] (8)

Similar to Equation 5, there is a contribution, AS,,,, to
the entropy of formation when the crystal structure, o,
of the solid solution formed by zirconium and iron is
different from those of one or both metais. We approx-
imate AS,, as a weighted average of the entropy
contributions to the structural transformations of the
pure metals

ASstr = er(SO' - Shcp)Zr + xFe(SO' - Sbcc)Fe

®

(So — Shep)zs 18 the entropy change associated with
the structural transformation of pure zirconium from
the reference structure (h ¢ p) into the o structure. The
value of this structural transformation entropy when

197



o = bcc was taken from [29]. In a similar way, (S,
— Speolre Is the entropy change for the structural
transformation of iron from the reference bce struc-
ture into the o structure. To represent the free energy
of formation of the metastable solid solution phase as
a function of concentration, we have chosen the lower
envelope of the (AG), curves (o = hcpand o = bcc)
[19, 201.

The free energy of formation, AG,, of the amorph-
ous, or undercooled, alloy with respect to the pure
crystalline metals was calcuiated by adding to the free
energy of mixing of the liquid alloy (referred to as the
pure liquid metals) the differences in free energy be-
tween the undercooled liquid and crystalline phases of
the pure elements, AG,, [19-21, 24], ie.

AGa = AI{c - TASideal + xFe(AGas)Fe + er(AGas)Zr
(10)

This equation shows that the free energy of mixing is
just the sum of the chemical enthalpy of mixing and
the ideal entropy of mixing (elastic and structural
terms are, of course, absent in AG,) [19, 20]. AG,, is
well fitted by the Miedema approximation [21]

(AG,); = 0.0035[(T,); — T1(kJmol™1) (11)

where T, is the melting temperature of the pure
metals, i = Fe, Zr and (T, — T) is the degree of
undercooling.

Finally, the free energies of formation of the inter-
metallic compounds Zr,Fe and ZrFe, are just the
enthalpies of formation (the chemical term AH, with
v = 8) reported elsewhere [22], as we can assume that
the entropy of compound formation is negligible
[22, 24].

3. Application of the free-energy
diagram to discuss irradiation
induced amorphization and
dissolution of intermetallic
particles in Zircaloy

Because our discussion of the behaviour of ternary

intermetallic particles in Zircaloy under irradiation is

based on a restricted analysis of the “model” system

Zr— Fe, let us, as a previous step, check our method

by briefly discussing the amorphization range of this

binary alloy.

The calculated free energies of the Zr-Fe amorph-
ous alloy, AG,, solid solutions, AG,, and of the Zr,Fe
and ZrFe, intermetallic compounds, have been plot-
ted in Fig. 1. The calculation has been performed at a
temperature T = 580 K. The curves for Zr,Fe and
ZrFe, are schematic. Only the points corresponding
to perfect stoichiometry are actually given by
Miedema’s model [22], and the curves just indicate
that the free energy rises sharply when the composi-
tion deviates from the stoichiometric one. The free
energy plotted for the metastable solid solution phase
is the lower envelope of the (AG,)q—1,cp and (AG )5,
curves [19, 20]. The solid-solution phase is hcp
for concentrations very rich in zirconium, that is, for
xg. < 0.025, and b cc for other concentrations (xg, >
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Figure 1 Metastable free-energy diagram of the Zr-Fe alloy at
T = 580 K, showing the free energies of formation of the different
phases as functions of the iron atomic fraction. Those phases are:
s, solid solution (which is hcp for xg <0025 and bcece for
Xge > 0.025); a, amorphous alloy. Common tangents to the free-
energy curves of several phases have been drawn (dashed lines).
Arrows ¢ and d indicate the effect of energy accumulation in the
particles discussed in the text. The region labelled GFCR indicates
the predicted glass-forming composition range assuming that the
crystallization of intermetallic compounds can be kinetically by-
passed.

0.025). For the solid solutions, as well as for the
amorphous alloy, we have taken v = 0 in Equation 3,
which assumes the absence of chemical short-range
order in both phases. This leads to results consistent
with the negligible solid solubilities of zirconium in
bcce-Fe and iron in h¢ p-Zr, and with the fact that the
equilibrium phase diagram below 1000 K is domin-
ated by the presence of intermetallic compounds [28,
30, 31]. Two of those compounds, Zr,Fe and ZrFe,,
have been included in Fig. 1. The other two, Zr;Fe and
ZrFe,;, have not been plotted because those are not
relevant for our discussion in this paper.

The predicted glass-forming composition range
(GFCR) is indicated in Fig. 1. A comparison of AG,
and AG, shows that AG, is below AG, over almost all
the concentration range. The limits of the GFCR have
been obtained by calculating the metastable equilib-
rium between the amorphous phase and the two pure
metals through the common-tangent construction. If
we assume that the formation of intermetallic com-
pounds can be kinetically by-passed, then the predic-
ted GFCR is rather broad (0.2 < xp, < 0.86). This
extended range agrees quite well with the experi-
mental one obtained by Krebs [32] by co-sputtering
on silicon substrates at T = 623 K. Amorphous films
were obtained by this author over the whole composi-
tion range studied, 0.20 < xg, < 0.93.

To explain the phenomenology concerning the
stability of ternary intermetallic particles in Zircaloy
under irradiation by particle beams, we will use,
as a reference, the binary “model” system Zr—Fe. This



seems to be a reasonable approximation considering
first that chromium, iron and nickel behave rather
similarly as solutes in zirconium [33], and second that
a relevant part of the behaviour to be explained is
related precisely to adjustments of the iron concentra-
tion in the intermetallic particles and in the Zr(o), hcp
matrix. We will not consider the detailed effect of
different kinds of radiation beams on the stability of
the intermetallic particles, as all of them are able to
produce, even at small doses, amorphization of the
intermetallic particles. The differences observed for the
different kinds of radiation beams can be related to
differences in damage morphology and displacement
efficiency, and to the ability of the different irradiated
phases to recover from irradiation damage.

At low temperatures, where atomic diffusion is slow,
the low rate of defect recombination and the difficulty
in adjusting compositions up to long distances favours
the accumulation of energy, homogeneously, in the
bulk of both kinds of precipitate particles (Zr,(Ni, Fe)
and Zr(Cr, Fe),) until these become unstable with re-
spect to the metastable amorphous phase. The build-
up of complexes (coupled interstitial-vacancy pairs)
[2] could be a suitable mechanism of energy accumu-
lation. This effect can be taken into account by raising
the free-energy curves of the intermetallics relative to
the free-energy curve of the amorphous phase [34];
this is represented by arrows ¢ and d in Fig. 1. Once
the free energy of the particle is higher than that of the
amorphous phase, the whole volume of the particle
will be able to transform spontaneously into the
amorphous phase. This process does not involve
adjustments of composition in the volume of the
particle. From the Miedema model, the free-energy
change required for the amorphization of Zr,Fe is
~8kJImol~*! (arrow c in Fig. 1). This free energy is of
the same order of magnitude, although greater, than
the free energy (~6.2 kJ mol ') calculated by Motta
et al. [8] for the amorphization of Zr,(Ni, Fe) particles
under irradiation, assuming a mechanism of accumu-
lation of simple point defects and lattice disordering.
At low temperatures, particle dissolution can also take
place [15]. We suggest that irradiation-enhanced
solubility in the zirconium matrix is a plausible mech-
anism for particle dissolution. Irradiation can produce
many defects, mainly vacancies and vacancy-
interstitial pairs, in the zirconium matrix. These va-
cancies provide sites to which the atoms of the irradia-
ted precipitate can migrate. The very low solubility in
Zr(o) can be increased by this non-equilibrium pro-
cess, leading to dissolution of the intermetallic par-
ticles. Evidently the relevance of this effect is limited
by the slow low-temperature diffusivity.

In the intermediate temperature range, diffusion is
faster than at low temperatures (also defect recombi-
nation in the particle is more efficient) and processes
involving adjustments of composition become more
significant. Consequently, the capacity to store energy
in the intermetallic particles is progressively lowered
and the dissolution of both kinds of particles becomes
increasingly relevant. Nevertheless, at this point, dif-
ferent behaviours have been observed. While Zr,(Ni,
Fe) preferently dissolves, Zr(Cr, Fe), is still able to

amorphize under neutron and heavy-ion irradiation.
The last process begins with the formation of an
amorphous layer of composition around 33 at % (Fe
+ Cr) at the interface between the Zr(a) matrix and
the Zr(Fe, Cr), intermetallic particles [11] (notice that
the concentration of Fe + Cr in the amorphous layer
is lower than in the intermetallic). Afterwards, the
amorphous layer advances into the particle. The limit-
ing composition, xg, ~ 0.2, for equilibrium between the
amorphous alloy and the zirconium matrix in Fig. 1
coincides with that observed by Yang [11] after the
particle is completely amorphized. Evidently, for the
reasons given above (low capacity to store energy
in the particles), a mechanism for amorphization
similar to that represented by arrow d in Fig. 1 is
not possible in this range of temperature. But, in Fig. 1
we observe that the curve representing the free energy
of the amorphous phase is, for xg, smaller than 0.45,
below the straight line joining the free-energy curves of
Zr(x) and the ZrFe, intermetallic (this straight line
represents the metastable equilibrium between the two
crystalline phases). The relative position between
those two lines then shows that there is a driving force
for the nucleation of the amorphous phase. Fig. 1 also
shows that simultaneous local metastable equilibrium
conditions can be sustained at the respective interfaces
Zr(a)-amorphous phase and ZrFe,—amorphous phase
during the growth of this amorphous layer (notice the
common tangents between Zr(a) and the amorphous
phase, and between the amorphous phase and ZrFe,)
and that the amorphous alloys are depleted in iron
compared to the original composition in the inter-
metallic particle. However, similar conditions cannot
be met for the nucleation of an amorphous phase
between the zirconium matrix and Zr,Fe. In this case,
the mechanism of radiation-enhanced solubility de-
scribed above can explain the dissolution of this par-
ticle in the zirconium matrix.

Once the amorphous layer nucleates at the interface
between Zr(Cr, Fe), and the Zr(o) matrix, it can
advance into the particle, probably driven by ion
mixing, to relax the free energy of the whole system.
Interdiffusion of zirconium and iron (and chromium)
adjusts the compositions of the phases to their local
metastable equilibrium values.

Finally, amorphization of the particles has not been
obtained under irradiation at high temperatures.
Instead, dissolution of the particles with and without
reprecipitation is the effect observed [5, 8, 10, 12, 15].
Both the dissolution and reprecipitation can be ex-
plained by the same mechanisms operating at inter-
mediate temperatures, namely irradiation-enhanced
solubility combined with a high atomic mobility,
which can lead first to the dissolution of the particle,
producing metastable supersaturated solid solutions
and, later, to reprecipitation of the original inter-
metallic particles from the supersaturated solution.
However, a new constraint should exist to prevent the
formation of amorphous alloys from Zr(Cr, Fe),. A
plausible one is that at high temperatures the system
is probably above the glass temperature of the alloy
(which to the best of our knowledge has not been
measured yet) and amorphous phases cannot form.
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4. Conclusion

Pursuing a previous analysis by Motta and Lemaig-
nan [13], we have calculated the free-energy diagram
of the reference system Zr-Fe and have considered
some aspects of its modification by irradi-
ation. With this simple approach the difference of
amorphization behaviour between Zr,(Ni, Fe) and
Zr(Cr, Fe), intermetallic particles, which are present
as precipitates in zirconium-based alloys of interest for
the nuclear industry, is qualitatively understood.
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