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RESUME 

L'objectif de la présente recherche est de mieux comprendre les processus qui régissent les changements 
de phase radio-induits et la ségrégation des solutés dans les alliages de zirconium. Auparavant, on avait 
trouvé qu'une irradiation par un faisceau d'ions 40Ar de 0,5 à 1,5 MeV entraînait le passage de la phase 
cristalline orthorhombique à la phase amorphe dans le Zr3Fe. Au cours de la présente recherche, des 
irradiations par un faisceau d'ions 209Bi (10n à 1014 ions cm"2) ont été effectuées afin d'obtenir plus 
d'informations détaillées sur les cascades de collisions dans le Zr3Fe. Des bombardements consécutifs au 
moyen d'ions 209Bi de 1,5, 1,0 et 0,5 MeV ont montré que l'amorphisation complète se produisait à partir 
de 35 K jusqu'à au moins 600 K. Les irradiations à faible fluence (10u à 10112 ions cm'2) effectuées à 
des températures entre 35 et 40 K au moyen d'ions 209Bi de 15 à 350 keV ont fourni des informations sur 
la nature des dommages produits au sein des cascades de dommages individuelles. 

À des valeurs élevées pour la densité d'énergie déposée moyenne 9„ dans la cascade, qui correspond à des 
implants d'ions lourds à faible énergie (p. ex., 15 à 30 keV dans le Zr3Fe), les dommages visibles produits 
dans une cascade consistaient en une seule zone de dommage. Avec des valeurs décroissantes de 8„ (c.-à-
d. en augmentant l'énergie des implants d'ions), on a noté une tendance croissante à la formation de 
nombreuses zones de dommage (sous-cascades) au sein d'une cascade principale. Les zones de dommage 
visibles semblaient amorphes. On a aussi trouvé que, au fur et à mesure que l'énergie des ions Bi 
augmentait (6„ diminuait), la fraction du volume théorique de cascades de collisions qui était occupée par 
les zones de dommage visibles au sein d'une cascade diminuait rapidement. La transformation de la phase 
cristalline à la phase amorphe semble le résultat de l'amorphisation directe à l'intérieur des cascades de 
collisions et de l'atteinte d'une concentration critique de défauts dans les zones de chevauchement des 
cascades, entraînant la production de nouvelles zones amorphes. 
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ABSTRACT 

The objective of the present research is to understand better the processes that control 
irradiation-induced phase changes and solute segregation in zirconium alloys. Previously, it 
was found that 0.5 - 1.5 MeV40Ar ion irradiations resulted in the conversion of the crystalline 
Zr3Fe orthorhombic phase to the amorphous state. In the present investigation, 15 - 1500 keV 
209Bi ion irradiations (1011 - 1014 ions cm'2) were performed to provide more detailed 
information on collision cascades in Zr3Fe. Consecutive ion bombardments with 1.5, 1.0 and 
0.5 MeV 209Bi ions showed that complete amorphization occurred from 35 K to at least 600 
K. Low fluence (10u - 10112 ions cm"2) irradiations performed at 35 - 40 K with 15 - 350 
keV 209Bi ions provided information on the nature of the damage produced within individual 
damage cascades. 

At high values for the average deposited-energy density 9,, in the cascade, which correspond 
to low-energy heavy-ion implants (e.g., 15-30 keV in Zr3Fe), the visible damage produced in 
a cascade consisted of a single damaged region. With decreasing values of Qv (i.e., increasing 
ion implant energies), there was an increasing tendency for multiple damaged regions 
(subcascades) to form within a main cascade. The visible damaged regions appeared to be 
amorphous. It was also found that as the Bi ion energy increased (9\, decreased), the fraction 
of the theoretical collision-cascade volume that was occupied by the visible damaged regions 
within a cascade decreased rapidly. The crystalline-to-amorphous transformation appeared to 
be the result of direct amorphization within the collision cascades and a critical defect 
concentration being reached in the cascade overlap regions, thus producing additional 
amorphous regions. 

Reactor Materials Research Branch 
and System Chemistry and Corrosion Branch* 

Chalk River Laboratories 
Chalk River, Ontario, Canada KOJ 1J0 

1994 November 

AECL-10819 
COG-92-299 



TABLE OF CONTENTS 

PAGE 

1. INTRODUCTION 1 

2. EXPERIMENTAL DETAILS 1 

3. RESULTS AND DISCUSSION 2 

4. CONCLUSIONS 5 

5. REFERENCES 6 

TABLE 1 8 

TABLE 2 8 

FIGURES 9-11 



1. INTRODUCTION 

The irradiation behaviour of the various intermetallic compounds of zirconium containing Fe, 
Cr, Ni, Sn and Si, which are found in the fuel cladding and pressure tubes (e.g., Zircaloy-2, 
Zircaloy-4 and Zr-2.5Nb alloys) in water-cooled nuclear reactors, is of technological interest. 
An irradiation-induced crystalline-to-amorphous transformation has been observed for 
Zr(Cr,Fe)2 and Zr2(Ni,Fe) precipitates in Zircaloy-2 and Zircaloy-4; see reference [1-4], for 
example. Depending upon the precipitate, temperature of irradiation and nature of the 
bombarding projectile, the transformation could occur with or without a concurrent 
preferential depletion of Fe from the precipitates. The intermetallic compound Zr2Ni can also 
be rendered amorphous by irradiation [5]. Irradiation-induced redistribution of Fe has also 
been observed in neutron-irradiated zirconium alloys [2, 6, 7]. Consequently it is of 
considerable interest to obtain more detailed information on the mass transport of Fe in 
irradiated Zr alloys, including the irradiation behaviour of various intermetallic compounds 
(Zr3Fe, Zr2Fe, ZrFe2, and (Zr,Nb)3Fe). 

Previously [8, 9], it was observed that Zr3Fe underwent a crystalline-to-amorphous 
transformation during irradiation with 40Ar ions. There was no change in the chemical 
composition of the matrix accompanying the irradiation-induced crystalline-to-amorphous 
transformation, i.e., it remained Zr3Fe. Those investigations [8, 9] also revealed pronounced 
effects of temperature and ion flux on the amorphization process and indicated the 
temperature regimes in which point defects became mobile in Zr3Fe. In the present 
investigation, 209Bi ion irradiations (15-1500 keV) have been performed at 35-600 K with the 
intent of examining the role of the average deposited-energy density 6,, on the crystalline-to-
amorphous transformation. The results of the various ion irradiations are discussed and 
compared with recent data for electron irradiation of Zr3Fe [10] and a model is proposed for 
the irradiation-induced transformation. 

2. EXPERIMENTAL DETAILS 

The Zr3Fe material used in the investigation was obtained by prolonged heat treatment at 
1025-1075 K of Zr-20.0 and Zr-25.0 at% Fe alloys that had been prepared by arc melting. 
The transformed alloys consisted principally of the orthorhombic phase Zr3Fe, with minor 
amounts of the body-centered-tetragonal phase Zr2Fe and the hexagonal oc(Zr) phase also 
present. Discs 0.30 cm in diameter were produced from this alloy using a combination of 
sparkcutting, sparkplaning, mechanical polishing and electropolishing operations. 

The samples were irradiated at 35-600 K in either the Chalk River high-voltage mass 
separator or the Chalk River 70 kV isotope separator. They were surrounded by a cryoshield 
operating at ~ 20 K, which maintained ultrahigh vacuum conditions around the target during 
the ion implantation. For studies of the nature of the damage produced in individual cascades 
(or early stages of cascade overlap), monoenergetic (15-350 keV) 209Bi ion implants were 
performed at 35-40 K to fiuences of 1.0 x 10u - 7.5 x 10" ions cm"2. Investigations of the 
irradiation-induced crystalline-to-amorphous transformation were performed at 35-600 K using 
1.5, 1.0 and 0.5 MeV 209Bi ions, successively. The irradiation damage that was produced in 
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this case was distributed over a depth of - 0.3 um, and was reasonably uniform over a depth 
of 0.1-0.21 urn because of the weighted ion fluences that were used for the three different 
energies of the incident Bi ions. Over this depth interval, an average value of 1.0 
displacement per atom would be reached after irradiating with 1.0 x 1014 Bi ions cm'2, 
assuming a value of 25 eV for the threshold displacement energy Ed. 

Thinned specimens suitable for transmission-electron-microscopy (TEM) were examined at 
295 K in a Philips CM 30 electron microscope operating at 300 kV. Analytical-electron-
microscopy (AEM) was also performed from selected areas of the irradiated specimens using 
the CM 30 coupled to a Link X-ray analyzing system. Detailed examination of the 
unirradiated specimens showed that no irradiation damage was produced in Zr3Fe in the 
electron microscope due to the 300 keV electrons. 

3. RESULTS AND DISCUSSION 

It will be useful to discuss the experimental results in terms of the average deposited-energy 
density Qv in the collision cascade. For monatomic implants, 0,, will be defined as follows: 

ë„ = 0.2 D(E)/NVVR (1) 

where \>(E) is the portion of the monatomic ion energy that is lost in nuclear collision events, 
Nv is the number of lattice atoms contained within a spheroid whose axes are determined by 
the longitudinal <AX2>1/2 and transverse <Y2>m straggling components of the statistical 
damage distribution [11, 12] and VR is the volume ratio defining the fraction of the statistical 
cascade volume filled on average by an individual cascade. Based upon Monte Carlo damage 
simulations, Walker and Thompson [13] determined that VR = 0.52 for 209Bi ions in Ge. The 
atomic charge Z and atomic weight A for Ge are 32 and 72.60, respectively, compared with 
average values of Z and A for Zr3Fe of 36.50 and 82.37. Hence a value for VR of 0.52 will 
also be used for 209Bi ions in Zr3Fe. The number nD of displacements per incident ion is 
given by the modified Kinchin-Pease relationship [14]: 

nD = 0.8 i)(E)/2Ed 

where Ed is the threshold displacement energy. Based upon electron irradiation investigations 
in Zr [15] and Zr3Al [16, 17], a value of 25 eV was used for Zr3Fe. Further studies are 
planned to determine Ed more precisely using electron irradiations. 

The theoretically determined values of u(E), KAXW2, <Y2>1/2, 9\, and nD are given in Table 
1. As the incident ion energy increases from 15 to 1500 keV, 0„ decreases from 4.04 to 0.01 
eV/arom and nD increases from ~ 190 to ~ 13000 displacements per incident ion. The 
number of point defects that actually survive in the cascade will depend upon the amount of 
recombination that occurs. Also given in Table 1 are values of <X>, the mean of the 
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statistical damage distribution [11, 12], and XT, the peak in the damage distribution as 
determined from Monte-carlo calculations using the TRM-90 computer program [18]. The 
values of <X> and XT are nearly identical for most of the incident ion energies. Results from 
the TRIM-90 calculations also show that the damage distributions are not Gaussian but are 
skewed towards higher penetration depths of the incident ions. 

Using various operating reflections, the damaged regions produced by Bi ion bombardment of 
Zr3Fe were imaged under dynamical conditions, as shown in Figure 1. Detailed bright and 
dark-field analysis indicated that the damaged regions were not dislocation loops, stacking-
fault tetrahedra or either vacancy of interstitial clusters having an appreciable strain field. 
Instead, they appeared to be regions in the crystal that have a significantly different structure 
than the crystalline matrix-hence the strong structure factor contrast. This would be 
consistent with the damaged regions being essentially amorphous, as also indicated by TEM 
investigations on ion bombarded Si [19-26], Ge [21, 27, 28] and NiAl3 [29]. Damaged 
regions having similar features have also been seen in Zr3Fe bombarded with 0.5 - 1.5 MeV 
40Ar ions [30]. 

At high deposited-energy densities (9V > ~ 2.0 eV/atom), which correspond to fairly low Bi 
ion energies (15-30 keV), the visible damage produced in a collision cascade consisted 
essentially of a single isolated damaged region (Figure la). With decreasing values of 9V 

(i.e., increasing ion implant energies), there was an increasing tendency for multiple damaged 
regions to form within a main cascade (Figure lb - If). Average values of the diameter of 
the damaged regions were obtained and these regions were correlated with a particular 
cascade, as determined by the longitudinal <AX2>1/2 and transverse <Y2>1/2 straggling 
components of the statistical cascade volume, as given in Table 1. These measurements were 
performed on Zr3Fe bombarded with 15 - 350 keV Bi ions and at fairly low ion fluences (1.0 
x 10" - 2.5 x 1011 ions cm'2) in order to avoid appreciable cascade overlap; note relatively 
large values of cAXV 2 and < Y V 2 for Bi ion energies above 350 keV, as given in Table 1. 

Information was obtained on the number of multiple damaged regions (subcascades) formed 
within an individual collision cascade and of the average total volume occupied by the 
subcascades within a cascade.- As shown in Table 2, the average number n sc of multiple 
damaged regions increased steadily from 1.07 at 15 keV to 3.08 at 350 keV. This is in good 
agreement with the results obtained for Si [22] and Ge [21] bombarded with various ions. 
Also shown in Table 2 is the fraction, F, of the theoretical (WSS statistical [11]) volume that 
was occupied on average by the visible multiple damaged regions comprising a cascade. The 
results show that F decreases quite rapidly with increasing ion energy (decreasing 6V values). 
Similar behaviour was found in ion implanted Si and Ge [21, 22]. For comparison with the 
volume calculated for individual cascades using the Monte-Carlo results of Walker and 
Thompson [13], the values of F given in Table 2 should be increased by a factor VR"1. 

The above results, as well as those for Si and Ge [21, 22], emphasize the important 
distinction between very high deposited-energy density cascades (6„ > - 2 eV/atom) and 
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those of considerably lower deposited-energy density (Qv < ~ 0.5 eV/atom). In the former 
case, appreciable fractions of the theoretical cascade volume have been rendered amorphous. 
This behaviour is certainly consistent with the operation of an energy spike for high 
deposited-energy density cascades as it would explain why amorphous regions could extend 
over the whole of the theoretical collision cascade volume and even beyond it. In Ge, for 
example, F = 0.93 and 1.18 for 15 keV Bi (6,, = 2.75 eV/atom) and 10 keV Bi (Ô„ = 4.10 
eV/atom) implants, respectively [21], In the lower deposited-energy density cascades, there 
are localized regions (i.e., subcascades) that are essentially amorphous but these are obviously 
surrounded by areas (which are still within the single main cascade) having a high density of 
point defects and small defect clusters (compare nD values given in Table 1). 

In agreement with our previous results on Si and Ge [21, 22], we have observed for various 
high energy Bi implants in Zr3Fe, that at ion fluences > 2.5 x 1011 ions cm"2, additional 
regions appeared (see Figure 2) that had lighter contrast than the multiple damaged regions 
formed in the initial stages (Figure 1). It is proposed that as overlap of the individual 
cascades occurs the damaged level in the peripheral regions becomes great enough to produce 
diffraction contrast in more extensive regions of the cascades. The detailed nature of these 
lighter contrast regions is not known to date, although diffraction contrast analyses also 
indicate that these regions are also fairly highly disordered. Similar regions were also 
observed by Ruault et al [23-25] during in situ implantation (200 keV Bi) and TEM studies 
on Si. 

Figure 3 depicts the transition from the crystalline-to-amorphous state at 35 K for irradiation 
fluences covering the range 5.0 x 10" to 5.0 x 1013 ions cm'2, for consecutive bombardments 
with 1.5, 1.0 and 0.5 MeV 209Bi ions. This confirms our previous results obtained with 40Ar 
ion bombardments [8, 9]. Those results also showed that in the region 160 - 280 K, the 
fraction of the irradiated volume that had been rendered amorphous at a given fluence was 
considerably less than at 35 - 110 K. More recent implantations with 209Bi and 40Ar ions 
suggest that the magnitude of this step appears to decrease with increasing 6\, values, which is 
consistent with the details of the damaged regions depending upon 6 ,̂ as discussed above. 
All of these results show that the fluence required to amorphize a given fraction of the 
irradiated volume was quite dependent upon the amount of annealing that occurred within the 
collision cascade at the temperature of the bombardment. 

Recently, 0.9 MeV electron irradiations of Zr3Fe have been performed at 28 - 220 K in a 
high-voltage electron microscope [10]. The critical temperature for amorphization by electron 
irradiation was found to be ~ 220 K (i.e., Zr3Fe could not be rendered amorphous during 
electron irradiation above this temperature), as compared to 570 - 625 K for 40Ar ion 
irradiation [8, 9] and possibly slightly higher for 209Bi ion irradiations, as suggested in this 
investigation. The electron irradiation results showed that the fluence required to produce 
amorphization increased exponentially with temperature, the rate of growth of the amorphous 
region under the electron beam decreased with increasing temperature and the fluence-to-
amorphization decreased with increasing electron flux. The fluence required to produce 
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amorphization also decreased with increasing ion flux during 40Ar ion bombardments [9]. It 
was also found that the electron irradiation did not produce distinct amorphous regions prior 
to the crystalline-to-amorphous transformation. 

The results of the ion and electron irradiations can be understood in the framework of damage 
accumulation under irradiation. At a certain level of irradiation damage in Zr3Fe, there 
appears to be a driving force to exchange the imperfect form of long-range order resulting 
from irradiation for a local configuration of short-range order, where the bonding restrictions 
of chemical species and directionality are followed more closely. The difference between the 
ion and electron irradiations is due to the fact that ion irradiation produces displacement 
cascades, while electron irradiation produces isolated Frenkel pairs. Within the cascades, the 
density of the damage is quite high and amorphization can then occur either directly in the 
cascade or upon cascade overlap. In the temperature regimes ~ 150 - 220 K and above - 400 
K, defects appear to become quite mobile in Zr3Fe [8-10]. The resulting defect annihilation 
due to recombination lowers the overall defect concentration and a higher ion fluence is 
required to produce amorphization than at lower temperatures. 

A critical temperature for amorphization of ~ 570 - 625 K for the ion irradiations is 
consistent with the observation that the discrete damaged regions produced during 40Ar ion 
irradiations anneal out at ~ 400 - 500 K [9]. Also, in Zr3Fe that had been rendered 
completely amorphous during ion bombardment, small crystals were observed to form in the 
amorphous matrix during 0.5 h anneals at 500 - 600 K arid extensive growth of crystalline 
regions was observed during a 3 h anneal at 623 K. Data obtained from energy-dispersive 
X-ray analysis (EDX) confirmed our previous observations [8, 9] that neither the irradiation-
induced crystalline-to-amorphous transformation nor its reversal during post-irradiation 
annealing produced any change in the chemical composition of the matrix, i.e., it remained 
Zr3Fe. 

4. CONCLUSIONS 

1. Visible damaged regions produced in individual collision cascades in Zr3Fe during 
heavy ion bombardment appear to be essentially amorphous. 

2. At high values for the deposited-energy density 6„ in the cascade, there were mainly 
single damaged regions produced within the cascades. 

3. With decreasing values of Qv, there was an increasing tendency for multiple damaged 
regions to form within a main cascade and the fraction of the theoretical collision-
cascade volume that was occupied by the visible damaged regions within a cascade 
decreased rapidly. 

4. For heavy ion irradiation of Zr3Fe, amorphization can occur either directly in the 
cascade or upon cascade overlap. 
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Table 1 

Collision Cascade Parameters for Zr3Fe Implanted with 209Bi Ions 

E v(E) ~% nD <X> XT <AX2>I/2 <YV / 2 

(keV) (keV) (eV/atom) (nm) (nm) (nm) (nm) 

15 11.68 4.04 187 3.8 4.6 2.3 1.5 
30 22.65 1.96 362 6.1 6.8 3.7 2.4 
45 33.33 1.29 533 8.0 8.5 4.8 3.2 
60 43.79 0.94 701 9.8 9.9 5.9 3.8 
90 64.18 0.60 1027 13.0 13.4 7.8 5.1 

120 84.05 0.42 1345 16.1 15.7 9.6 6.2 
250 165.96 0.17 2695 27.7 26.8 16.5 10.4 
350 225.63 0.11 3610 35.8 34.5 21.2 13.2 
500 311.12 0.07 4978 47.9 48.1 28.2 17.2 

1000 570.65 0.03 9130 87.2 85.3 50.4 29.5 
1500 802.03 0.01 12833 126.8 128.2 72.0 40.7 

Table 2 

Collision Cascade Parameters for 209Bi Ion Implants in Zr3Fe 
Obtained from Experimental TEM Observations and Theoretical Calculations 

E ©„ n,, F 
(keV) (eV/atom) 

15 4.04 1.07 0.56 
30 1.96 1.23 0.23 
45 1.29 1.40 0.17 
60 0.94 1.63 0.09 
90 0.60 1.85 0.02 

120 0.42 2.17 0.016 
250 0.17 2.76 0.004 
350 0.11 3.08 0.002 
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Figure 1 Bright-field electron micrographs of Zr3Fe irradiated at 40 K with 209Bi ions to 
fluences of 2.5 x 10" ions cm"2 (a-e) and at 35 K to a fluence of 1.0 x 10" ions 
cm"2 (f). 

(a) 30 keV 209Bi ions, (b) 45 keV 209Bi ions, (c) 60 keV 209Bi ions, (d) 90 keV 209Bi 
ions, (e) 120 keV 209Bi ions and (f) 350 keV 209Bi ions. 
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Figure 2 Bright-field electron micrographs of Zr3Fe irradiated at 40 K with 120 keV 209Bi 
ions to a fluence of 7.5 x 1011 ions cm"2 (a) and at 35 K with 350 keV 209Bi ions to 
a fluence of 2.5 x 10" ions cm"2 (b). Overlap of the collision cascades is now 
occurring. 
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Figure 3 Bright-field electron micrographs (a, c, e and g) and corresponding diffraction 
patterns (b, d, f and h) for Zr3Fe irradiated at 35 K with 209Bi ions to the following 
fluences: 5.0 x 10" ions cm'2 (a, b), 1.0 x 1012 ions cm"2 (c, d), 1.0 x 1013 ions 
cm"2 (e, f) and 5.0 x 1013 ions cm'2 (g, h). The series depicts the transition from 
the crystalline to amorphous state occurring as the result of the irradiation. 
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