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ABSTRACT 

Crystal anisotropy forces vacancies and interstitials, in irradiated uranium, to cluster into two distinct 
families of dislocation loops. A consequence of this fortunate circumstance, the irradiation "growth", is 
easily observed by length measurements performed under neutron irradiation at s 30-40 K. 

These experiments are analysed in a way which allows to detect two distinct modes of clustering for 
interstitials and vacancies. The same analysis is applied to previous experiments performed at s 4 K[1-2J. 

The exceptionaly strong anisotropy of orthorhombic a uranium is the major component of the execra
ble reputation of this metal among technologists. In particular, at the early days of nuclear energy, its vio
lently anisotropic irradiation growth eliminated it from the list of decent potential nuclear fuels. 

We wish here not only to rehabilitate the image of a uranium, but even to show that this very aniso
tropy, working as a driving force to sort out interstitials and vacancies, is as well a blessing for the physi
cist as it may have been a draw-back for the engineer. 

1. IRRADIATION GROWTH (here-under called growth) 

A singfe crystal of a uranium submitted to thermal neuiron-irradiation (in fact, to fission fragment-
irradiation) changes in shape : length L increases along [010] whereas it decreases along [100], remai
ning unaltered along the third direction of the orthorhombic cell, [001]. For irradiations long enough, these 
two variations are equal, so that volume does not change at first order [3]. Defining the irradiation dose 
- or bum-up -1 as the number of fissions divided by the number of uranium atoms, we introduce the growth 
coefficient either macroscopically a s G s f ' (AL/L), or microscopically as g » L"' (dUdt). These coeffi
cients are greatly enhanced if irradiation takes place at low temperatures [4-5]. 

Growth is due to the accumulation of dislocation loops of adequate Burgers vectors (B.V.). These are 
respectively [100] and 1/2 < 110 > for vacancy and interstitial loops [6-7]. If the numbers of clustered vacan
cies and inteistitials are equal, the net result is an increase of length along [010] and an equal decrease 
along [100]. 
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The source of this asymmetry in point defect clustering is obviously the anisotropy of crystal proper
ties. The most likely mechanism involves the strong anisotropy of thermal expansion (at room tempera
ture : 24 x lOT* K"' along {100] and practically zero along [010)) of a uranium. This creates, in a cascade, 
an instantaneous environment of non-hydrostatic stresses in which the previously-mentioned B.V.'s are 
favoured [7]. This general idea has been utilized to create an artificial irradiation growth in uniaxially stres
sed isotropic crystals [8-10]. 

Anyhow the exact mechanism of asymmetrization is not really important in the following. All which 
we need to know is that : 
• inters'itials and vacancies do precipitate into the above-mentioned system of dislocation loops ; 
• cascades are necessary to create growth [11] ; 
• in the long term, the increase of length along [010] is equal to the decrease along [100], which implies 
equal numbers of clustered vacancies and interstitiais. 

2. THE EXPERIMENT 

We have irradiated uranium wires at low temperatures in the Fontenay-aux-Roses VINKA facility (a 
liquia hydrogen cryostat related to a cryogenerator [12]) immersed in the TRITON swimming pool reactor. 
Length and electrical resistivity have been measured simultaneously during irradiation. 

The wires, 0.2 mm in diameter and s 50 mm in lengtn, were initially annealed 3 hours under vacuum 
at 600°C (i.e. in the a phase). After this treatment, the mean size of grains is 50 jtm and the texture, deter
mined by measuring the thermal expansion of the wire, is essentially that of a single crystal with axis [010] 
along the wire. More precisely, a texture coefficient, equal to 0 for completely random grains, and to 1 
for a single crystal along [010], was found equal to 0.94 [13]. 

A wire, mounted in a closed capsule, is fixed to the magnetic coil of a linear transformer which allows 
length to be measured within 0.1 pm. Resistivity is measured by a classical 4-point method. While the 
capsule is plunged in liquid hydrogen, the temperature of the wire'(measured by thermocouples) is higher, 
due to ï heating. Anyhow, it never exceeded 42 K and remained constant, during a given experiment, 
within I K. The flux of thermal neutrons (those whicn induce fission, i.e. give the largest contribution to 
defect creation and to growth) is measured either punctually with Co monitors, or continuously with a 0 
collecting system called "neutrocoax", purchased from SODERN company. Knowing the concentration 
of 235y j n o u r s a r n pies, the burn-up t is easily deduced from the thermal neutron flux. 

3. RESULTS 

All the experiments gave essentially the same results which we summarize as follows (see fig. 1) : 
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Figure 1 

Changes of length and resistivity, under 
neutron-irradiation, of an a-uranium wire of 
strong [010] texture. 

t » burn-up (see text, § 1). 

Full line, tor length, is derived from model 
(§ 4) with numerical values in table 1. 

Broken line, for resistivity, is drawn to 
sustain the eye. 

Temperature : 36 K. 

Thermal neutron flux : 7 x 10 cm' s . 



M I The increase of electrical resistivity tends to • and eventually reaches - full saturation. 

Moderate recovery of resistivity between 4 and 40 K ( s 10 % [2]), and comparable saturation values 
at 4 and at 40 K, indicate that this saturation is essentially athermal. 

ii/ The length of the wires increases, which is the normal trend of growth since the wires have a strong 
[010J texture. After an initial period (see iii/), length increases linearly with burn-up. At temperatures bet
ween 30 and 40 K, the growth coefficient G is = 2 x 10*. confirming previous crude measurements [5]. 

iii/ In all samples measured, the length increase is not linear at low doses. More precisely, two inflexion 
points appear on the AL vs. t curves at two values t, and t2 of burn-up. One has approximately t, = 1 
x 10~ and tj = 4 x 10"'. 

This general behaviour is similar to that previously observed for identical samples at 4.6 K in the Gar-
ching reactor [2]. 

4. INTERPRETATION 

The geometry of samples used here (wires) does not allow the measurement of the length decrease 
along [100]. By chance, this measurement has been performed by Loomis and Gerber [1 ] on a single crystal 
irradiated at s 4 K. Their results, shown on figure 2, indicate that the decrease of length, characteristic 
of growth, is preceded by a slight increase. Here as above (in iii/), an incubation period - or burn-up -
of s 4-5 x 10"7 is necessary before the setting-up of a really linear negative growth. The connection bet
ween these two incubations, observed aiong [100] and along [010], compels recognition. 

4.1. Relation between defects and length measurements 

The changes of length measured here are due both to dislocation loops and to point defects. Point 
defects play a negligible role at high burn-ups, typically when their concentration comes to saturation (see 
resistivity on figure 1) whereas growth goes on linearly. However, at low doses (typically t < t2), they can
not be ignored. Our simple hypothesis is that they produce a swelling which, at first order, may be taken 
as isotropic. 

Let us call hp, hj and h v the relevant volumes for Frenkel pairs, interstitials and vacancies (h = forma
tion volume / atomic volume, with h p = hj + h v) ; c p , q an c v the point defect concentrations at "time" 
t of the irradiation ; q j and c^ the concentrations of interstitials clustered into dislocation loops (of respec
tively 1/2 <110> and [100] B.V.'s). The change of length along [010] is then : 

(ALA), = Cj| sin' u + J_ (h p c p + hj Cj + h v c v) (1) 
3 

where u is the angle between [100] and [110] (sin2 u = 0.8). Along [100], we write : 

(AL/L), = Cj| cos' u — Cy\ + _L (h p c p + hj Cj + h v Cy). (2) 

4.2. Evolution of the various populations of defects 

Two major experimental points must be considered first : 
1/ when saturation of point defects is reached (t > t,), factors 1/3 (..) in (1) and (2) become more and 

more negligible, which (together with AL, - — AL}) implies Cjj s c v j : interstitials and vacancies reach 
their respective loops in equal numbers ; 

2/ at low doses (t < t ), one has (AL/L)2 > 0 which means that, at first, the negative term - cV| in (2) 
plays only a minor role. This role becomes preponderant only at t > t,. This point implies that there is 
an incubation before the collapse of vacancies into vacancy-loops. 

The simplest hypotheses which can be proposed to integrate these points, plus points il... iii/ above, 
are the following. 



a) Point defects are created continuously by irradiation. For each fission, recombination (athermal + 
subthreshold) of Frenkv. pairs takes place in a volume V. 

b) Interstitials (number : k) appear at each fission, in particular at the first one, either as Frenkel pairs 
(number : p 0 per fission), or as free defects ( i 0 per fission), or as immediately clustered into loop nuclei 
of B.V. 1/2 <110> (b nuclei per fission, containing each m interstitials), with k = p 0 + i 0 + bm. 

Vacancies (number : k) are created, as p 0 Frenkei pairs plus v 0 vacancies agglomerated into z deple
ted zones [14] each containing w vacancies. It comes, at once : v 0 = i 0 + bm = zw. 

c) Interstitial loops grow from these nuclei by absorption of interstitials. This absorption is considered 
as proportional to the concentration q(t) of free interstitiais and to the total length Aj (t) of free interstitial 
loops. Short range migration is supplied by subthreshold events [16] and/or thermal spikes. 

d) Vacancy zones collapse into loops only when two zones are created (simultaneously or not) inside 
of a superposition volume V a [15]. The collapse gives rise to one vacancy loop containing the 2 w vacan
cies stored in the two parent zones. 

The system of equations derived from these hypotheses comes as follows : 

n(x.t) = K, î i c i ^ v T Ô T t T d t ' (3) 

where n (x,t) is the number of interstitials contained, at time (in fact : bum-up) t, in loops created at a pre
vious time x (x < t' < t), with n (x,x) = m. 

Aj(t) = K3 i 0 Vn (x4) dx (4) 

dCj /dt = i 0 - K3 Aj (t) C j (t) (5) 

Cj| (t) = b £ n (x,t) dx (6) 

dCy/dt = v 0 - K4 z V a c v (t) (7) 

dCy, /dt = K, Z V a Cy (t) (8) 

dc p /dt - p 0 - K, V c p (t) (9) 

Letters K,, ...Kt represent numerical (geometrical, crystallographical...) constants. Equations (3)... (6) 
describe, through hyp. b) and c), the growth of interstitial loops. Equations (7) and (8) express hyp. d) 
about the retarded formation of vacancy loops. Equation (9) describes close pair recombination (hyp. a)). 

4.3. Results 

Numerical solution of system (3) - (9) gives the variation of the different c's. If these c's are inserted 
in (1) and (2) with reasonable values of the h's, and with a minor geometrical correction for wire texture, 
the evolution of both (AL/L), and (AL/L)j - i.e. the behaviour of growth • can be deduced, and compared 
with experiments. 

The full lines concerning length measurements in figures 1 and 2 have been derived in this way, by 
adjusting the various constants of system (1) - (9). The same analysis has been carried out on the previous 
measurements at 4.6 K, using eq. (1) for the [010] results [2] and eq. (2) for the [100] results [1], of course 
with the same numerical constants in these two cases. These constants appear hereunder for two distinct 
temperatures : 36 and 4.6 K. 



Figure 2 

Open circles : length measurements 
along [010] at 36 K (this work) and at 4.6 K 
(from réf. Î.2]). 

Black circles: length measurements 
along [100] at 4.6 K (from ref. [1]). 

Full lines : present model (§ 4) with 
numerical values from table 1. Identical 
numerical values (those in table 1) for the 
two lines at 4.6 K. 

T(K) "i hv b m zV a (cm») v 0 'o Po 
4.6 1 0.5 100 15 6.10'7 34 500 33 000 130 000 
36 1 0.5 50 20 10" 31 500 30 500 50 000 

Table 1 

Numerical values of various parameters (see text) used to describe experimental results in fig. 1 (length measurement) and in fig. 2. 

We read in this table, for example at 36 K, that one fission creates 50 000 close pairs, 30 500 "free inters- ' 
titiais", 50 nuclei of loops each containing 20 interstitials, i.e. a total of 31 500 interstitials and 31 500 
vacancies. The total number of pairs is 81 500. The corresponding number at 4.6 K is 164 500, the diffe
rence being essentially due to close pair larger instability - thus lower production - at 36 K. 

These figures, plus the initial resistivity measurements, yield the following values for the resistivity of 
a Frenkel pair in uranium : 

A cip - 22 pQ cm / at % at 4.6 K 

Ap p » 20 nil cm / at % at 36 K. 

The difference between these two values is probably not significant. Anyhow it has the sign expected 
from reported deviation to Matthiessen's rule in uranium [17]. Both values agree with Lucasson's rule [18] 
which gives 25 jxfl cm. 



4.2. Discussion 

From full lines in figures 1 and 2, it appears that the previous hypotheses account reasonably weil 
for the experimental results especially those of points iii / and 21. All numerical figures in table 1 are plau
sible. In particular, from Linhard's theory [191, a mean fission fragment in uranium yields (8.7 ± 2.7) MeV 
to the lattice. Using the above figure of 164 500 Frenkel pairs created at 4.6 K, we find 22 eV as threshold 
energy in uranium, which is compatible with previous estimate of 15 eV [15]. 

Anyhow the oversimplifications of the model are obvious. In particular, point d) which requires that 
two depleted zones must superimpose in order to collapse, is just the simplest way to introduce the argu
ment of cascade superposition. One might as well rewrite the equations with more than two zones, three 
for example. This would change only numerical values (especially V a [15]), but not the general argument. 
Let us mention that this argument is also used to explain anomalous damage rate results in a metal like 
iron [20]. In the same way it is clear that, in addition to point c), one should consider expiicitely the recom
binations of free interstitials with vacancy zones and/or loops. In fact, part of those recombinations may 
be considered as implicitely contained in volume V of eq. (9). Moreover we believe that the short range 
of low temperature radiation-induced migration of " f ree" interstitials, added to the efficiency of cascades 
to separate interstitiaTs from their related vacancy depleted zone, makes it much more probable for an 
interstitial to encounter one of the b nuclei rather than the farther vacancy cluster. In any case, the very 
existence of growth at values of t > (or • ) t2 is a proof that interstitials do join the interstitial nuclei much 
more easily than the vacancy clusters. It is quite probable that elastic anisotropy also favours this prefe
rence of " f ree" interstitials towards interstitial 1/2 <110> loops. 

5. CONCLUSION 

Our main purpose, in this paper, was to show that anisotropy may help in understanding defect clus
tering. 

In the particular case of irradiated a uranium, length measurements make it possible to build a simple 
model, in which, essentially : 

— Interstitiafs join interstitial loop nuclei formed immediately in the cascades. 
— Vacancies are immobile, created as depleted zones. A zone is 3-dimensional and it will collapse 

into a vacancy loop only by superposition of another (or other) zone(s). 
— After an incubation period, a steady state occurs in which two distinct families of loops are nouris

hed respectively by interstitial and vacancies, in equal numbers. 

We thank R. Conte and J. Durai for invaluable help during the low temperature irradiations. 
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