
COMMISSARIAT A L'ENERGIE ATOMIQUE 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY 
Service de Documentation 

F9I191 GIF SUR YVETTE CEDEX 

W Mo/r 
CEA-CONF __9284 

M2 

HELLIO C. - NCVION C.H. de 
Institut National des Sciences et Techniques Nucléaires (INSTN), 
Centre d'Etudes Nucléaires de Saclay, 91 - Gif-sur-Yvette (FR) 

BOULANGER L.-
CEA Centre d'Etudes Nucléaires de Saclay, 91 - Gif-sur-Yvette (FR), 
Service de Recherches Métallurgiques Appliquées 

INFLUENCE OF ALLOYING ELEMENTS ON THE DISLXATION LOOPS CREATED 
BY Zr+ ION IRRADIATION IN ALPHA-ZIRCONIUM 

Communication présentée à : International workshop on mechanisms of 
irradiation creep and growth 
Hecla Island, Manitoba (CA) 
22-25 Jun 1987 



INFLUENCE DES ELEMENTS D'ALLIAGE SUR LES BOUCLES DE DISLOCATIONS 

CREEES PAR IRRADIATION AUX IONS Zr + OU AUX ELECTRONS DANS LE 

ZIRCONIUM-a 

C. HELLIO, C.H. de NOVION* 

Laboratoire de Métal lurgie , INSTN, CEN-Saclay 

91191 GIF SUR YVETTE CEDEX, France 

L. BOULANGER 

IRri-DMECN-DTECH-SRMA, CEN-Saclay 

91191 GIF SUR YVETTE CEDEX, France 

RESUME 

Du zirconium pur et quatre alliages recuits à base de zirconium-cr 

(Zr-1760 ppmpoids 0, Zr-1% Nb-430 ppm 0, Zr-H Nb-1800 ppm 0, zircaloy 

4) ont été étudiés par microscopic électronique à transmission après 

irradiation aux ions Zr+ de 500 keV ou aux électrons de 1 MeV à haute 

température (£. 4O0*C). Les boucles de dislocations ont toutes un 

vecteur de Burgers du type b * a/3 <1120>, et sont préférentiellement 

dans les plans du type lloïol ; dans le cas de Zr-1760 ppm 0 irradié 

aux électrons, les boucles ont été trouvées de nature interstitielle. 

Les éléments d'alliage augmentent la densité de boucles. La cinétique 

de croissance de boucles a été étudiée "in situ" pendant les irra

diations aux électrons de 1 MeV entre 400 et 700°C : l'oxygène réduit 

considérablement la vitesse de croissance des boucles. Des recuits 

effectués in-situ A 450 ou 500*C après irradiation aux ions ont pour 

conséquence une importante coalescence des boucles dans le zirconiun 

pur, mais modifient seulement légèrement la structure de défauts 

des alliages. 

• et IRDI-DMECN-DTfCH-SESI, CE* PAR, BP 6, 92265 FONTENAY AUX ROSES 

CEDEX, Prance. 
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ABSTRACT 

Pure zirconium and four (annealed) a - zirconiu» based alloys (Zr-
1760 ppn weight 0, Zr - 1% Nb - 430 ppm 0, Zr-lt Nb-1800 ppm 0, 
zircaloy 4) have been studied by transmission electron microscopy 
after 500 keV Zr* ion or 1 MeV electron irradiation performed at 
high temperature {>, 400*C). The dislocation loops were found to all 
have b • a/3 <1120> type Burgers vectors, and were preferentially 
in {1010} type planes; in the case of electron irradiated Zr-1760 
ppm 0, the larger loops were found of interstitial type. Alloying 
elements increase the loop density. The kinetic of loop growth was 
observed in situ during 1 MeV electron irradiation between 400 and 
70O'C : oxygen was found to reduce considerably the growth speed 
of loops. In-situ annealing at 450 or 500*C after ion irradiation 
led to a large coalescence of loops in the case of pure zirconium, 
but modified only slightly the defect structure of the alloys. 

• and IRDI-DMECN-DTECH-SESI, CEM PAR, BP 6, 92265 PONTBMAY AUX ROSES 
CEDEX, Prance, 
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1. Introduction 

Anisotropic detonation ("growth") under irradiation of hexagonal 
zirconiua and dilute alloys has been the object of many experimental 
and theoretical studies (for a review see [1,2] ). it is generally 
agreed that in the case of strongly cold worked materials, the main 
microscopic mechanism responsible for macroscopic growth is the 
preferential attraction of interstitiels by the high density (edge) 
dislocation network, while vacancies disappear within neutral sinks 
(grain boundaries, screw dislocations, etc..) [3,4] . But in the 
case of annealed materials, the situation is less clear; in particular 
the role of irradiation induced dislocation loops for trapping of 
defects, especially at the beginning of the irradiation, is still 
object of discussion [5]. In the present paper, we present transir n 
electron microscope studies of irradiated annealed zirconium ai-oys. 
We focus on the following aspects : 
- in situ observation of dislocation loop growth under high energy 
(1 MeV) electron irradiation; this has been up to now only the object 
of one study by Buckley et al [6] ; but the irradiations were made 
at a single temperature (500°C) and only indirect information was 
given, i.e. the sample deformation calculated from the loop density 
and size assuming all the loops were of interstitial nature; 
- irradiation by Zr* ions which is a reasonable simulation of neutron 
irradiation in reactors, and has not been the object of experimental 
studies up to now. Post-irradiation annealings have been performed 
in-situ, to define the kinetic of coalescence and shrinkage of loops; 
these latter experiments give physical parameters about recovery of 
growth and prediction of the deformation during a loss of coolant 
accident; 
- systematic discussion of the role of alloying elements or impurities, 
in particular oxygen. It is known that macroscopic growth is sensitive 
to the presence of alloying elements, and that the created dislocation 
loops in alloys are of smaller size than in pure zirconium; but this 
effect of alloying elements has not always been separated of other 
microstructural effects, and the role of oxygen, which is always in 
important concentration in industrial alloys, has never been analysed. 
Preliminary results concerning the present study have been published 
in ref- [7]. 



2. g»n*rimental 

2.1 Samples 
Five polycrystalline materials were studied s 
- pure zirconium (containing SO ppm weight oxygen) elaborated by the 
Van Arkel technique; 

- zirconium doped with oxygen (1760 ppm weight) from melting of pure 
zirconium with zircona Zr02 7 

- two zirconium-niobium alloys with different oxygen contents : 
Zr - 1% Nb - 430 ppm 0 and Zr - 1% Nb - 1800 ppm 0; 

- one zircaloy-4 alloy (1.6% Sn, 0.23% Fe, 0.11% Cr, 1800 ppm weight 0). 
All materials* under the form of platelets of 3mm diameter and 170 urn 
thickness, were annealed 2 hours at 800*C under a vacuum of 10~ 6 torr. 
After thermal treatment, the mean grain sizes observed by metallography 
were respectively ? 100 urn for pure Zr, ~ 30 un for Zr - 1760 ppm 
0 and Zircaloy-4, and 10 u m for Zr-1% Nb (430 and 1800 ppm 0) samples. 
All the samples were single phased, except the two Nb containing alloys, 
which presented a small quantity of hexagonal precipitates at the 
grain boundaries, due to the low I - J + J transition temperature, 
and to the martensitic transformation } — a ' during quenching 
(figure 1). 
In the zirconium-niobium alloys, the homogeneity of niobium concentra
tion in the matrix was checked by microprobe analysis. 
Zirconium is known to have a high reactivity with oxygen. We have 
analysed the total oxygen 16 content by the nuclear reactions 0 1 6 

(d,p) 0 1 7 , using 850 KeV deutons produced by a Van de Graaff 
accelerator; the equivalent thickness of oxide Zr02 deduced from these 
measurements was typically 60 nm for cold worked and unpolished samples, 
and 7 nm for polished samples before as well as after annealing; 
therefore polishing reduces considerably the thickness of the oxide 
layer, while annealing left this layer unchanged. 

2.2. Irradiations 
a) Electron irradiations 
They were made at the high voltage electron microscope (HVZM) of CNRS 
(ONZRA Chatillon) with 1 MeV electrons; the flux, directly measured 
using a Faraday cage, ranged from 5 to 25.10 2 2 e".m" 2.s _ 1, and the 
duration of irradiations was 20 to 30 minutes corresponding to a fluence 
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•A 

figure 1 i Zr/lt Nb a l loy af ter annealing at 80O*C during 2 hours 

a) Optical micrography of the two-ph«se a l loy 
b) A detai l of en hexagonal second phase a' precipitate 
with a lamellar structure, located at grain boundaries. 
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of ? 0*2 dps. The experiments were performed "in situ" in the 
temperature range 400 - 7oo*C, under a vacuum of 4.10"8 torr. The 
sample temperature was measured with a thermocouple attached to the 
sample holder. Zirconium being very reactive, it was difficult to avoid 
the formation of hydrides during polishing; after dissociation of the 
hydrides at 150'C in the HVEM, remaining dislocations were observed; 
these dislocations were able to glide above 400*C (see figure 2); the 
irradiations were made in the zones free of hydride-induced 
dislocations, 
b) Ion irradiations 
They were made at the SAMES accelerator (CEN-Cadarache). The samples 
were irradiated at 400 or 450*C under a vacuum of 10~® torr. The sample 
holder allowed to irradiate simultaneously four samples; the thermocou
ple was attached to the sample holder, and the cooling rate after 
irradiation was ~ 0.22'C.s"1.. The ions were Zr* of 500 keV, with a 
flux of 1.25 10" 1 0 A.cm"2 (i.e. 7.10 1 4 ions, m^.s" 1) during half 
an hour. 
The numbers of displacements calculated using the program TRIM [7j 
were 0,7 dpa (total) and 4.10~4 dpa.s"1. These values are to be compared 
with neutron irradiation in a reactor : 1 dpa for 1025 

n.m^(£>lMeV, 

1/10 duration of a fuel element), 10"^ dpa.s"*, primary ion energy 

of 43 keV for neutrons of 1 MeV. 

2 . 3 . TEM observations 

The "in situ" observation of the nucleation and growth of dis location 

loops during electron irradiation was directly made in the HVEM. 

The crystallographic analys is of dislocations and the study of Zr* 

ion irradiated samples was made in a JEM-1200 EX JEOL transmission 

electron microscope of 120 KV. The vacuum around the sample was 10~ 7 

torr , using a liquid N2 trap in contact with the sample holder. 

3. £ejul£l . 

3.1. Crystallography of dislocation loops 
All the samples, with the exception of Zr-1760 ppm 0, presented a 
strong texture. The foils were always oriented with the normal making 
a 30' angle with the (0001) crystallographic direction, and the irra
diations were parallel to the normal of the foil within 10*, i.e. 
typically in crystallographic directions such as [1126) or [1104]. 
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figure 2 t Dislocation «nissions from hydride-matrix interface above 
40O*C 
a) Dislocation glide from the foil surface in the (0001) 
plane with a a/3 <1120> Burgers vectors 
b) Schematic representation of dislocation glide 
e) Extinction condition of these a/3 <1120> Burgers vector-
type dislocations. 
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Tha main irradiation-induced defects in zirconium and it» alloys ara 

dislocation loopa with a circular shapa. All tha analyaad loops have 

s diameter in tha rangs of 10 to ISO nm. 

- Tha Burgers vactors of tha loops have baan always found of type 

b* - a/3 <1120>, in ion and electron irradiated samples of pure zirconium 

and zirconium alloys. This ia in agreeaent with «est of the previoua 

work[9,10) . Loops with a/3 <1123> and a/3 <2023> Burgers vectors 

[11] were not observed. 

- The loop planes which have been characterized in ion irradiated 

samples of pure zirconium, for the range of loop diameter 20 to 50 

run, are preferentially located close to the IlOÏO} crystallographic 

orientation; [7] . 

- The interstitial or vacancy nature of dislocation loops has been 

determined in electron irradiated Zr-1760 ppm 0, with the method used 

by Kelly [12] and Levy [13]. This method consists to define, in agree

ment with a convention on the normal of the loop, plane which is always 

chosen in the opposite direction of the electron beam : 

(i) the direction of the Burgers vector b using the internal-external 

contrast method (figure 3), (ii) the direction of the loop plane 

normal 7T. 

Knowing IT and b, the loop is of interstitial type if the product 

InT.bT is positive, and of vacancy type in the opposite case. 

All the analysed loops (of size > 10 nra) have been found of intersti

tial-type. 

3.2. Kinetics of clustering 

a) Loop nucleation 

Tha interstitial loop nuclaation is a very brief stage at the beginning 

of irradiation. Indeed, one can observe on figure 4, that the loop 

density becomes constant after a quite short irradiation time. Also 

the loop density increases whan we decrease the irradiation temperature 

(figure 4). The temperature dependence of the loop density in electron 

irradiated samples of pure zirconium, Zr-1760 ppm 0, Zr-Nb - 430 ppm 0 

and Zr-Nb-1800 ppa 0 has baan plotted as an Arrhenius diagram. The 

valuas of tha activation energy hava baan found between 0.1 and 0.2 

eV, tha uncertainty of measurement being too larga to determine an 

appraeiabla variation of this activation energy with tha addition 

of alloying elements, nevertheless, tha same influanca of alloying 

elements has baan obsarvad in both elactron and ion irradiated samples s 
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0,1 pin ' 

figure 3 : The contrast inversion of loops between • g and - g reflexion 
conditions 
a) g « (1120) : external contrast of loops 
b) g » (1120) : internal contrast of loops. 
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figure 4 : Influence of the irradiation temperature on the loop density 
in pure zirconium, (flux t 4 . 6 . 1 0 2 2 e . « " 2 . s - 1 ) . 
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an addition of niobium or oxygen (or elements contained in zircaloy) 

increases considerably the loop density (see Table 1). 
b) Loop growth 
The growth of interstitial loops was observed during in situ 1 NeV 
electron irradiations of four materials in the HVEM. The density of 
loops remained constant during each irradiation. 
- The temperature dependence of the loop growth speed R (R : the mean 
radius of loops) has been determined using a constant flux of 4.6 
10 2 2 e.m" 2.s _ 1. Prom "in situ" observations (figures 5 and 6), 
histograms of loop sizes were established at several times during 
each 1 MeV electron irradiation. Then one can plot the change of average 
radius with irradiation time (figure 7); after a transitory period 
(incubation time for pure Zr, accelerated loop growth for the alloys)» 
a constant value of growth speed for one irradiation temperature is 
obtained. Repeting the same experiment at several temperatures, one 
can plot the change of loop growth speed with temperature in an 
Arrhenius diagram (see fig. 5 of ref. [7]) , and obtain the values 
of the apparent activation energy; these are respectively 0.36 eV, 
0.52 eV, 0.79 eV and 0.88 eV for pure zirconium, Zr-Nb-430 ppm 0, 
Zr-1760 ppm 0 and Zr-Nb- 1800 ppm 0. 
These results lead to the following conclusions : the average loop 
growth speed decreases a» the oxygen concentration increases; moreover, 
the activation energy of the temperature dependence of the loop growth 
speed increases with the concentration of oxygen, and the influence 
of niobium on the loop growth is not appreciable. 

o 
- The flux dependence of the loop growth speed R has been characterized 
in pure zirconium irradiated at 500*C (figure 8). We have determined a 
relation between the flux 0 and the loop growth speed R : R<x0 °«56# 

Unfortunately, a failure followed by a definitive shut-off of the 
high voltage electron microscope prevented us from performing the 
sane experiments on the zirconium alloys. 
c) Annealing behaviour 
-Annealings after electron irradiation have been performed on thin 
foi ls allowing "in situ" observations during the treatment. No apprecia-
ciable change of the dislocation loop shape and size have been obser
ved, after annealing treatments at 500*C and even at 600*C during 
3 hours. 
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Tabla 1 » Characteristic» (mean size, density, interstitial concen
tration) of loops induced by ion irradiation, before and 
after annealing treatments, ir> pure Zr and three of its alloys. 

Alloy Zr Zy-4 Zr-Nb Zr-Nb 
Treatment SO 1800 430 1800 wt ppm oxygen 

6.9 < 5 mean size (nm) 
A 2.3.10" none none > 2.10" density (a»"*) 

1.4.10"* <12.I0-* interstitial 
concentration (at*1) 

10,5 7.0 < 5 < 5 
B 1.6.10" 2.6.10" ' 2.10" > 2.10" 

4 .10"* 3 .10-* 1.10-* <!2.10** 

19.9 8.9 9.5 
C 1.4.10" 9.6.10" none 3.9.10" 

2 .10-* 2 .10** 8 lO-*"" 

9.9 8,7 
D none 9.2.10" oone 2.3.10" 

2 .10-* 3 .10-* 

A irraditMd (400*C) ; B irfftdittad (450'C) ; C : irr»di««d (450'C) * »nn«»)*d (4S0*C) ; 
D : irrsdiftMd (4S0'C) * »nn«»l«d (SOO'C) 
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figure 5 s Growth of dislocation loops in purt zirconium under 1 MeV 
electron irradiation (4.6.1022 e.»" 2.»" 1). 
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550 °C Mi». 

» . \ ' ' 

' ' 4 ' • 

<V-

7001C 
» . • -

figur* 6 s Growth of dis location loops in Zr / l l Nb/430 ppm 0 under 
1 MeV electron irradiation (4.6 l o 2 2 e .rn" 2 .*" 1 ) . 
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00°C 
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4 0 L Zr/O 
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figura 7 : Fluence dependence of the average loop radii at several 
températures (flux : 4.6 10 2 2 e.»" 2.*" 1) 
a) pure zirconiua 
b) Zr - 1760 ppm 0. 
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- Annealings after It* ion irradiation have been performed on thick 
specimens (~ 150 urn) at 450 and 500*C (see figure 9). A very strong 
influence of the thermal treatment, i.e. a coalescence of the loops 
and a decrease of the total numl, ±r of point defects (probably inters
titiels) in the loops is observed in the case of pure zirconium. On 
the contrary, the change of the loop structure is much weaker in the 
alloys, particularly in Zr-Nb 1800 ppm 0 (Table 1). 

4. Discussion 

4.1 Analysis of clustering kinetics 
We have applied the simple chemical kinetic model of interstitial 
and vacancy concentration variation to our kinetic study of nucleation 
and growth of dislocation loops under electron irradiation. As the 
irradiations were made at a temperature high enough (:>. 400"C) to allow 
fast vacancy migration (> 103 jumps, s"1, from the available values 
of self-diffusion coefficient), the only stable dislocation loops 
are in principle of interstitial character [14], as was checked directly 
for Zr-1760 ppm 0 for loops larger than 10 nm (see S 3.I.). The linear 
increase of average loop radius with time shows that, after a transitory 
period, a steady state of both kinds of point defects is reached; 
we then obtain the following expression : Hj Cj » My C v [15j , Cj 
and C v being the concentrations of interstitials and vacancies, and 
Mj and Hp the point defect mobilities. 
(i) The models describing the interstitial loop nucleation are generally 
based on the two following hypothesis [15,16] : 
- the di-interstitial is a stabli nucleus of loop, 
- the nucleation is homogeneous within the crystal. 
These models give the expression of the loop density C L as a function 
of the interstitial mobility Mj and the electron flux 0 : 

C L ce *!* 0 *» 
So, a value of the effective interstitial migration energy can be 
obtained as twice the value of the activation energy corresponding 
to the temperature dependence of the loop density, i.e. between 0.2 
and 0.4 eV for the presently studied zirconium base materials. For 
pure zirconium, this is in agreement with the activation energy deduced 
from the first recovery stage after low temperature irradiation, gene
rally attributed to interstitial migration (0.26 eV (17] ). 
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figure 9 : Annealing behaviour of IT* ion irradiated zirconium alloys 
(flux 7.10 1 4 iona.m"2.*"1) 
a) Pure zirconium irradiated at 4S0*C 
b> Pure zirconium irradiated at 450*C and annealed at 4S0*C 
during 1 hour 
c) Zr-l%Nb - 1800 ppm 0, irradiated at 450*C 
d) Zr-llNb - 1800 ppa 0. irradiated at 4S0*C and annealed 
at 4S0*C during 1 hour 
e) Zr-llNb - 1800 ppa 0, irradiated at 450*C and annealed 
at SOO'C during 1 hour. 
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(ii) The models describing the interstitial loop growth consider thet 
the variation of loop radii with irradiation time is proportional 
to th» difference between the interstitial and vacancy flux arriving 
on interstitial type loops. So, if we make the hypothesis that the 
mutual recombination of point defects is predominant, the loop growth 
speed R depends on the vacancy mobility Mv and the electron flux 0 
as t 

R a My1» 01» 
From our experiment concerning the flux dependence of the loop growth 
speed in pure zirconium, we have obtained the following relation : 
R a 0 0 - 5 6 ; consequently, we can consider that our electron irradia
tions are in the condition of mutual recombination predominance. 
Then, values of the effective vacancy motion energy can., be obtained 
as twice the values of the activation . energy corresponding to the 
temperature dependence of the loop growth speed : 0.72, 1.04, 1.58 
and 1.76 eV for pure zirconium, Zr-1% Nb - 430 ppm 0, Zr-1760 ppm 
0 and Zr-ll Nb - 1800 ppm 0 respectively. For p'ire zirconium, the 
vacancy motion energy obtained from loop growth is in agreement with 
the value deduced from positron annihilation [18] . 
The validity of the chemical kinetic model will be discussed below. 

4.2. Effect of alloying elements on the irradiation induced loops. 
a) Nucleation of loops 
Atoms of alloying elements are preferential sites of loop nucleation; 
this explains that an increase of the loop density has been 
systematically observed with an addition of substitutional (Nb) as 
well as of interstitial (0) impurities. Unfortunately, as mentionned 
in S 3.2, the dispersion of data did not allow to observe an effect 
of alloying elements on the interstitial migration energy, although 
the recovery of electrical resistivity after low temperature irradiation 
shows unambiguously trapping of self-interstitials by Nb f 19] or Sn 
(20] impurities. 
b) Growth of loops 
A strong effect of oxygen on the loop growth stage has been shown ; 
oxygen decreases the loop growth speed, but to understand how the 
oxygen acts, we have to know its atomic configuration (single inters
titial atoms, or oxygen clusters [21] segregating or not on 
dislocations). 
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By applying the chemical kinetic model of Kiritani [15] to loop growth 
in zirconium alloys» we have deduced that oxygen increases apparently 
the vacancy motion energy. Nevertheless, this is in apparent 
contradiction with the fact that after low temperature irradiation, 
the recovery stage III (around 250 K), generally attributed to vacancy 
migration, remains unaffected by the presence of oxygen impurities 
(at least up to 300 ppm weight) [22J . On the other hand, the fact 
that in Zr-1760 ppm 0 the linear R versos t curve intercepts the 
ordinate axis at a finite value and not at the origin (see figure 
7 b) suggests a transitory accelerated loop growth period, not predicted 
by the Kiritani model. The true behaviour is then probably more complex. 
Two supplementary mechanisms, not taken into account by the analysis 
of S 4.1, can be suggested (but up to now have no experimental justifi
cation) : 
- the existence of another type of sinks, for example microvoids which 
could be too small to have been observed by electro microscopy, 
- possible segregation of oxygen on the loops during the first stages 
of loop growth. 
c) Annealing of loops 
Impurities have an important effect during ann«„-li.ig treatments after 
irradiation : the recovery of loops is much easier in pure zirconium 
than in zircaloy-4 and moreover than in zirconium-It niobium. Oxygen 
in presence of niobium stabilizes the dislocation loops during 
annealing; it would be interesting to check if oxygen has the same 
effect in pure zirconium. The fact that loop recovery is found after 
ion irradiation but not after electron irradiation in pure zirconium, 
suggest that the vacancies responsible for loop recovery are not 
produced by the surface, but might be emitted by microvoids created 
at the place of atomic displacement cascades in the ion irradiated 
samples. 

We have shown that alloying elements and impurities, in particular 
oxygen, change considerably the dislocation loop behaviour in irradiated 
zirconium » nucleation, growth and recovery. They play very probably 
a similar role on the climb of dislocations, and therefore on the 
macroscopic growth of cold-worked *» well s of annealed zirconium 
alloys, and should be taken into account in any quantitative model 
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intending to describe the behaviour of zirconium-based materials under 
irradiation. But a detailed interpretation i s hindered by our lack 
of knowledge of elementary defect-impurity of impurity-impurity 
interactions. 
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