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Zirconium alloys undergo structural changes under various types of irradiation. This is particularly the case for 
intermetallic precipitates such as Zr,(Fe,Ni), Zr(Fe,C& in Zircaloys and Zr(Fe,V), in Zr-Fe-V alloy: under irradiation 
those phases are subject to a crystalline-to-amorphous transformation. Experimental results obtained with electron and ion 
irradiations are presented. With both types of irradiations, the dose to amorphization increases with the irradiation 
temperature and diverges when a critical temperature is reached. The relative stabilities of the four types of precipitates 
studied appear to be reversed for low and high irradiation temperatures. 

1. Introduction 

Zirconium alloys such as the Zircaloys or Zr-Fe-V 
alloy, contain intermetallic precipitates which undergo 
a crystalline-to-amorphous transformation (amorphiza- 
tion) under irradiation. Several results have been re- 
ported on the amorphization of the precipitates of 
those alloys under neutron [l-4], ion [5,6] and electron 
171 irradiations. Recent reviews [8,91 have presented 
the experimental and modeling work done on the 
amorphization of precipitates in the Zircaloys and dis- 
cussed general amorphization mechanisms under irra- 
diation. 

The aim of the present paper is to complement 
previous high temperature electron and ion irradia- 
tions made in the laboratory with low-temperature 
irradiations, to allow a direct comparison of the differ- 
ent behaviors over a large temperature range. The 
results obtained on zr(Fe, Cr), and Zr,(Fe, Ni) pre- 
cipitates are, in addition, extended to Zr(Fe, V), pre- 
cipitates to compare their relative stability under irra- 
diation. 

2. Experimental procedure 

2.1. Materials 

The materials used in this work are recrystallized 
sheets of Zircaloy-4, Zircaloy-2 and Zr-Fe-V alloy 

furnished by CEZUS, Ugine, France. Their chemical 
compositions are presented in table 1. 

2.2. Irradiations 

The behavior of the precipitates present in these 
three Zr alloys has been studied under electron and 
ion irradiations: 

- Electron irradiations have been performed using 
the high voltage transmission electron microscope of 
the Centre d’Etudes NuclCaires de Grenoble (CENG). 
As the irradiation and observation were simultaneous, 
the irradiation-induced crystalline-to-amorphous trans- 
formation of the precipitates has been followed contin- 
uously from the beginning until complete amorphiza- 
tion. A temperature control system allowed the irradia- 
tion to be performed down to 7 K. The electron energy 
and the flux were respectively 800 keV and 4 x 10zs e 
m-* s- ‘. The temperatures reported in this work are 
not corrected for the heating due to the electron beam, 
which is estimated to be about 10 K in our conditions. 

Table 1 
Chemical composition (wt%) of the alloys used in this study 

Zircaloy-4 
Zircaloy-2 
Zr-Fe-V 

Sn Fe Cr Ni V 0 

1.48 0.22 0.11 0 0 0.10 
1.52 0.17 0.10 0.07 0 0.12 
0 0.25 0 0 0.25 0.10 
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- Ion irradiations have been performed with 127 
MeV Ar ions between 273 and 373 K on the three Zr 
alloys to complement the first irradiations performed 
with Ar ions (127 MeV, 323 K) and Kr ions (97.5 MeV, 
873 K) [5,6]. The three Zr alloys have also been irradi- 
ated in the Van de Graaff of the CENG with 1.5 MeV 
He ions between 77 and 123 K. 

2.3. Evaluation of irradiation damage and charactetiza- 
tion 

In the case of electron irradiation, the displacement 
damage (expressed in dpa) has been calculated with 
the fluence received by the sample and with the dis- 
placement cross section given by Oen’s tables. For an 
electron energy of 800 keV and a critical displacement 
energy of 25 eV, the displacement cross section is 14.5 
barns. In the nominal irradiation conditions, the dam- 
age rate was about 5 X 10m4 dpa s-l. 

The damage profiles induced in the sample by the 
incident He, Ar and Kr ions have been calculated using 
the software TRIM86 [lo]. The displacement damage 
is mainly localized in the nuclear stopping area, which 
is a few microns thick. In the case of Ar and Kr-ion 
irradiations, precipitates have been observed in this 
area and then the damage was taken as the average 
value over the nuclear stopping area. In the case of 
He-ion irradiations, precipitates have been observed 
directly on the surface of the irradiated specimens and 

then, the value reported was the average over the 
electronic stopping area, before the collision peak. 
Thus for He, Ar and Kr ions, the flux and damage 
rates were respectively equal to 8 x 1016, 2.3 x lO1’ 
and 4.4 x 1015 (ions me2 s-l) and 1.5 x lo-‘, 1.4 x 
10m4 and 6 x 10e4 (dpa s-l). 

Observations were carried out in a JEOL 1200EX 
scanning transmission electron microscope and chemi- 
cal composition data were obtained by energy disper- 
sive X-ray spectroscopy. 

To follow the structural evolution of the precipi- 
tates before and in the ion stopping area, cross sec- 
tional thin foils have been prepared in a plane contain- 
ing the ion beam. This special sample preparation has 
been described in detail elsewhere [6]. 

3. Results 

3.1. Reference materials 

The three Zr alloys studied exhibit four types of 
precipitates: 

- Zircaloy-4 contains mainly Zr(Fe, Cr), inter- 
metallic precipitates, with a Cl4 hexagonal and Cl5 
cubic Laves phase structure, and both have an Fe/Cr 
ratio equal to 1.7. 

- Zircaloy-2 contains mainly two kinds of precipi- 
tates: Zr(Fe, Cr), similar to those observed in 

Fig. 1. Reference Zr(Fe, V), precipitate in the Zr-Fe-V alloy. The stacking faults contrast typical of Laves phase is clearly seen. 
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Zircaloy-4 but with an Fe/Cr ratio equal to 0.7 and 
Zr,(Fe, Ni) precipitates with a Cl6 tetragonal Zintl 
phase structure and an Fe/Ni ratio equal to 1. 

- In the Zr-Fe-V alloy, the Zr(Fe, V), precipi- 
tates have the same Laves phase structure as 
Zr(Fe, Cr), precipitates, with a Fe/V ratio equal to 1 
(fig. 1) [ll]. 

3.2. Irradiation effects on precipitates 

For both types of irradiations (electron and ion), at 
low temperatures (< 230 K), the same observations 
have been made on the different precipitates studied: 
Zr(Fe, Cr), in Zircaloy4, Zr(Fe, Cr), and Zr,(Fe, Nil 
in Zircaloy-2, Zr(Fe, V), in Zr-Fe-V alloy. The amor- 
phous transformation is homogeneously distributed in 
the precipitate and no alloying element depletion is 
detected (fig. 2). 

The temperature dependence of the dose to amor- 
phization has been determined for Zr(Fe, V), precipi- 
tates using electron irradiation between 7 and 213 K 
and for Zr(Fe, Cr), precipitates in Zircaloy-4 between 
77 and 873 K, using He, Ar and Kr-ion irradiation 
data. In each case, the dose necessary to amorphize 
the precipitates increases exponentially with the irradi- 
ation temperature (fig. 3). 

The relative stability of the four types of precipi- 
tates has been studied at three different temperatures 
using electron irradiations (7 K), He-ion irradiations 
(123 K) and Ar-ion irradiations (333 K). 

At 7 K, under electron irradiations, Zr,(Fe, Ni) pre- 
cipitates are the first to become amorphous followed 
by Zr(Fe, V),, Zr(Fe, Cr), in Zircaloy4 and then 
Zr(Fe, Cr), in Zircaloy-2. 
At 123 K, after He-ion irradiations, a similar behav- 
ior was observed. This is illustrated on fig. 4, where a 
Zr,(Fe, Nil precipitate is amorphous close to a 
Zr(Fe, Cr), precipitate that remains crystalline, as 
indicated by the presence of stacking faults. 
At 333 K, after Ar-ion irradiations, the relative sta- 
bility of Zr,(Fe, Ni) and Zr(Fe, Cr), precipitates was 
observed to be reversed: at 2.8 dpa, Zr(Fe, Cr), 
precipitate in Zircaloy-2 and -4 is amorphous whereas 
Zr,(Fe, Nil precipitate remains crystalline. At 3.8 
dpa, they are all observed to be amorphous. 

These results are summarized in fig. 5. 

4. Discussion 

4.1. Effects of the three different incident particles 

The observations made on electron-irradiated 
Zr(Fe, V), precipitates and on ion-irradiated 
Zr(Fe, Cr), precipitates, over a large range of temper- 
atures, are in good agreement with those previously 
reported [5-71. 

As already proposed in ref. [8], the two different 
incident particles induce a similar temperature depen- 

Fig. 2. Amorphous precipitates after He-ion irradiation at 77 K and 0.4 dpa; (a) in Zircaloy-2, (b) in Zr-Fe-V alloy, (c) in 
Zircaloy-4. 
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dence of the dose to amorphization: a progressive 
increase for low irradiation temperature followed by a 
drastic change when a critical temperature G”,ti,,) is 
reached. This critical temperature depends on the irra- 
diation damage (rate, nature, point-defect distribution) 
and on the nature of the intermetallic precipitate tar- 
get. 

According to the experimental conditions reported 
[7] and to ours on Zr(Fe, Cr), precipitates, it is clear 
that T,,,(electrons) Q Tti,(ions). This large difference 
is in good agreement with the competition between 
thermal recovery and two kinds of irradiation damages. 
Electron irradiation produces Frenkel pairs and chemi- 
cal disorder homogeneously distributed in the inter- 
metallic precipitate, while ion irradiation produces 
point defects clustered in collision cascades. In the 
case of electron and ion irradiations, the critical tem- 

a) Electron irradiation on Zr(Fe,V)Z PmcipitateS 

x 

0 1 2 3 4 5 

X Crystalline n Fully amorphous 

Fig. 3. Relation between dose to amorphization and irradia- 
tion temperature for (a) ZriFe, VI, precipitates in Zr-Fe-V 
alloy irradiated with electrons, (b) Zr(Fe, Cr), precipitates in 

Zircaloy-4 irradiated with ions. 

Fig. 4. Precipitates at the surface of a Zircaloy-2 sample 
irradiated with He ions at 0.4 dpa and 77 K. The Zr,(Fe, Ni) 
precipitate is amorphous whereas the Zr(Fe, Cr), precipitate 
is still crystalline. (The a-Zr matrix surface appears to be 

oxidized.) 

peratures are respectively 300 and 850 K although the 
calculated damage rates are similar: m 5 x low4 dpa 
s-1. 

The same kind of temperature dependance of the 
dose to amorphization obtained with electron and ion- 
irradiations has already been reported in the case of 
neutron irradiation on both Zr,(Fe, Ni) and Zr(Fe, Cr), 
precipitates [2,8]. Moreover, when comparing ion irra- 
diations with neutron irradiations, both of which in- 
duce collision cascades, damage rates and critical tem- 
peratures are in good accordance: the highest damage 
rate results in the highest critical temperature 
(T,,(Kr) = 850 K for about 6 x 10e4 dpa s-l, while 
T,,,(neutrons) = 580 K for about lo-’ dpa s-l). 

4.2. Relative stability of Zr intermetallic compounak 

After electron and He ion irradiations at low tem- 
peratures ( < 230 K), the four intermetallic precipitates 



D. P&hew et al. / Precipitate stability in Zr alloys 449 

show the same relative susceptibility to amorphization. (Fe/Cr = 1.7) and Zr(Fe, Cr), (Fe/Cr = 0.7). Al- 
The Zr,(Fe, Ni) precipitate is the first to become though the irradiation defects of electron and He-ion 
amorphous followed by Zr(Fe, V),, Zr(Fe, Cr), irradiations are different, it appears that at low tem- 
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Fig. 5. Relative stability of the different precipitates; (a) after electron and ion irradiations at low temperature, (b) after ion 
irradiation at high temperature. 
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peratures the relative stability of these four precipi- 
tates is not affected. 

After Ar ion irradiation at 333 K, i.e. at higher 
temperature, Zr,(Fe, Ni) precipitates are observed to 
be crystalline while Zr(Fe, Cr), in Zircaloy-2 and -4 
are completely amorphous. The relative behavior of 
the intermetallic phases under He-ion irradiation at 
123 K and Ar-ion irradiation at 333 K appears to be 
reversed. Since the two ion irradiations induce similar 
damage, the temperature elevation seems sufficient to 
reverse the relative susceptibility to amorphization. 

The observation made after ion irradiation at 333 K 
is consistent with what has been reported on the same 
intermetallic precipitates after 580-600 K neutron irra- 
diations [2]: Zr,(Fe, Ni) precipitates remain crystalline 
up to 15 dpa while Zr(Fe, Cr), precipitates undergo a 
crystalline-to-amorphous transformation for much 
lower doses. It is moreover observed that the center of 
the Zr(Fe, Cr), precipitates in Zircaloy-4 (Fe/Cr = 1.7) 
becomes amorphous later than in Zircaloy-2 (Fe/Cr = 
0.7), which is in good agreement with the postirradia- 
tion annealing results showing that the amorphous 
phase is more stable in the Cr-rich precipitates [2]. 

Various approaches have been proposed to discuss 
the relative stability of intermetallic compounds under 
irradiation or more generally of binary systems, and 
have been reviewed in refs. [8,9]. In the case of the 
intermetallic compounds studied, additional thermody- 
namical and kinetical considerations can also be pro- 
posed: 

l The first involves the nature of atomic bondings in 
the irradiated intermetallic precipitates [2]. Two types 
of phases are involved: the Laves phases as Zr(Fe, Cr), 
and the Zintl phases as Zr,(Fe, Ni). The relative 
strength of the atomic interactions in those compounds 
can be correlated to their melting temperatures (re- 
spectively 1410, 1570 and 1946/1950 K for ZrzNi, 
ZrV, and ZrFe,/ZrCr,), the stronger the bonding, the 
more resistant to amorphous transformation. In the 
case of Zr(Fe, Cr),, it was shown that a higher Cr 
concentration allows long range disorder [12], and thus 
gives a structure more resistant to irradiation damage. 
In addition, the Laves phases are known to accept 
larger ,amposition ranges. In agreement with what has 
been observed at low temperature, a good correlation 
exists between the resistance to amorphous transfor- 
mation under irradiation of an intermetallic phase, and 
its ability to accept stoichiometry variations [13]. 
l The second is based on the fact that, even at low 
temperature (e, He), the dose to amorphization is 
temperature-dependent. This stresses the existence of 

some recovery during irradiation. Assuming a fast dif- 
fusion of Fe and Ni atoms in the precipitates, as in the 
Zr matrix [14], and a contribution of their mobilities to 
this recovery process, an increasing Cr concentration 
would slow the recovery and, thus, favour the destabi- 
lization of the microstructure (i.e. the stabilization of 
the amorphous phase). This consideration is in agree- 
ment with the relative stabilities observed after the 
high-temperature ion and neutron irradiations. For 
both irradiations, Zr,(Fe, Ni) intermetallic precipitates 
resist amorphization longer than Zr(Fe, Cr), precipi- 
tates and an increase of Cr with respect to Fe favours 
the amorphous transformation of the Zr(Fe, Cr), pre- 
cipitates. 

At low temperature, the relative stabilities of 
Zircaloy intermetallic precipitates are inverted. At the 
irradiation temperatures used (< 230 K), the diffusion 
rate of Cr, Fe and Ni atoms is probably too low to 
contribute to the recovery process by long-range migra- 
tion. So, the presumed faster recovery of irradiation 
defects due to the larger Fe and Ni atomic mobilities 
compared with Cr is not valid. 

Even if this analysis gives a general explanation of 
the behavior observed on the precipitates studied, the 
relative stability of the different types of precipitates, 
with respect to irradiation conditions, is still open for 
discussion. 

5. Conclusion 

The amorphization of four different precipitates 
[Zr,(Fe, Ni) and Zr(Fe, Cr), in Zircaloy-2, Zr(Fe, Cr), 
in Zircaloy4 and Zr(Fe, V), in Zr-Fe-V alloy] has 
been studied using electron and ion irradiations. The 
main results are that the dose to amorphization in- 
creases with increasing irradiation temperature and 
diverges when a critical temperature is reached. The 
relative stabilities of the precipitates appear to be 
reversed for low and high irradiation temperatures. 
The high-temperature results are in good agreement 
with those reported after neutron irradiations. 
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