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Abstract

The in situ irradiation growth kinetics at 448 K of a Zr±1.5 at.% Al±0.12 at.% 235U recrystallized specimen are

presented. An equivalent fast neutron dose of �1.4 ´ 1026 n mÿ2 obtained by a self-®ssion product irradiation technique

was achieved. The in situ growth kinetics are compared with the growth strain measurements performed after each

reactor shut-down and remarkable di�erences both at the beginning of the deformation and during its evolution are

observed. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.82.Bg; -61.80.Hg

1. Introduction

After many years of nuclear plants operation it has

been possible to obtain a lot of data on growth and

creep strains from irradiation programs of reactor

component materials. Indeed, data from irradiation ex-

periments in materials testing reactors and specialized

accelerators could be compared with data from the nu-

clear industry to give certain parameters which were

taken into account to predict the behavior up to 40 yr,

i.e. the potential lifetime of nuclear components. Nev-

ertheless, at present there is not a complete theoretical

description of the phenomena but only a general belief

that the underlying mechanisms in such processes are

more complex than previously inferred and dependent

on innumerable variables.

Simulation techniques to study radiation e�ects with

energetic particles, i.e. ions, electrons and protons

proved to be successful in revealing mechanisms like

void formation in steels. These techniques have been

applied to zirconium and zirconium alloys to particular

problems such as microstructural evolution with the aim

of understanding the mechanisms of processes like ir-

radiation creep and growth [1]. The simulation tech-

niques can be used to accelerate damage processes to

reach high ¯uences in short times, as is the case for

heavy ion irradiation, although the type and distribution

of the damage is not necessarily the same as that pro-

duced during neutron irradiation.

One of the feasible methods to accelerate damage

processes in an homogeneous way is to produce dis-

placement damage by means of ®ssion fragments gen-

erated in a specimen which has been doped with 235U

and submitted to thermal neutrons. Although high

equivalent ¯uxes are obtained, this technique does not

exactly represent the processes that take place in the case

of fast neutron irradiation, since the mechanisms are not

the same (e.g. a higher production rate of point defects

that enhance the recombination processes). However,

some macroscopic phenomena can be clearly observed

and measured with high experimental precision [2±4].

The mechanisms producing deformation of irradiat-

ed materials, such as growth, creep and void swelling,

are temperature dependent and its variations activate

processes which can result in a behaviour di�erent than

that obtained at a constant temperature. This is shown

in works where the e�ects on measured growth strain of
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changing irradiation temperature between 350 and 550 K

are studied [5].

Also during cooling from the irradiation to the post-

irradiation temperatures, both the intergranular stresses

and the modi®cation of the defect structures should

produce changes in the deformation measurement.

Therefore, a better assessment of phenomena like irra-

diation growth should be obtained by following the

processes during irradiation and not because of post-

irradiation measurements.

Therefore, the theoretical analysis of the mechanisms

responsible for irradiation growth should take account

of the possible e�ects of temperature changes and time

elapsed without neutron ¯ux. In this work, the in situ

irradiation growth kinetics of a Zr±1.5 at.% Al±0.12

at.% 235U specimen obtained by a self-®ssion product

irradiation technique are presented. The growth strain

kinetics was measured during 23 CNEA-RA3 reactor

periods up to an equivalent fast neutron dose of

�1.4 ´ 1026 n mÿ2 and is compared with growth strain

measurements taken after each reactor shut-down.

2. Experimental

The specimen was taken from a sheet of Zr±1.5 at.%

Al±0.12 at.% 235U alloy which had been subjected to a

sequence of cold rolling passes up to a 50% reduction in

order to obtain a preferential orientation of the grains,

the Kearns texture parameter on the rolling direction

being fL � 0:1 [6]. A heat treatment of 2 h at 973 K was

performed on the specimen after its manufacture in a

strip shape, 100� 1� 3 mm3, resulting in recrystallized

isotropic grain with mean sizes of �20 lm. The same

alloy was previously utilized to study irradiation growth

and it was considered convenient to perform a new study

in very di�erent irradiation conditions [7].

The specimen was fastened at the lower end, in the

upright position, to the bottom of the measurement

device (Fig. 1). The upper part of the specimen is linked

to the core of a linearly variable di�erential transducer

(LVDT), whose body is rigidly ®xed to the top of the

device.

Then, the device with the specimen were placed in the

high temperature irradiation facility [8], designed to

perform in situ experiments in the CNEA-RA3 experi-

mental reactor. The facility has a low inertia electric

furnace in order to compensate for possible temperature

variations due to c-heating during the experiment. The

measurement device has temperature homogenizers and

the heat transmission by radial conduction towards the

reactor refrigerant was assured to avoid signi®cant

thermal gradients along the specimen. High purity he-

lium was used as heat transfer gas and all the tempera-

ture oscillations caused by power reactor variations were

compensated by the electrical furnace. In this way an

almost a constant temperature of 448 K was reached; the

temperature due to c-heating alone being 400 K.

2.1. Calculation of damage acceleration

In a previous work the method to obtain the equiv-

alent neutron dose [4,9] was shown. That simple calcu-

lation is applied in the present case, although the

neutron spectrum and the irradiation position of both

experiments are very di�erent. The CNEA-RA3 is op-

erated at a nominal thermal power of 5 MW and the

thermal neutron ¯ux, in the assigned irradiation site, is

5:5� 1017 n mÿ2 sÿ1, the thermal to fast ¯ux ratio being

estimated as 5.5.

The total number of displaced atoms per unit time

and volume for incident particles on a target can be

approximated by

dNd

dt
� /N0rt;

where / is the ¯ux of the incident particles, N0 the

atomic density of the target material, r the cross-section

for the interaction event and t is the number of dis-

placements per event.

In these conditions, taking N0 � 4:29� 1022 at cmÿ3

for zirconium, t � 500 [10,11], /fast � 1� 1017 n mÿ2 sÿ1

and considering r equal on the average to the elastic

e�ective cross-section for neutrons of 1 MeV in zirco-

nium, re � 4:5 barns [12], the production rate per unit

volume of atomic displacements due to fast neutrons is

Fig. 1. Schematic view of the measurement device.
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dNfast

dt
� 9:7� 1020 mÿ3 sÿ1:

Finally, considering the thermal ¯ux in the irradia-

tion site, the atomic concentration of 235U, the ®ssion

cross-section of 235U, rf � 583 barns and 105 displace-

ment per event, the production rate of displaced atoms

due to the ®ssion fragments in the specimen is

dNff

dt
� 1:7� 1023 mÿ3 sÿ1:

In these conditions, the ratio between the displace-

ment production rate due to ®ssion fragments and that

due to fast neutrons in the irradiated sample, that is, the

ampli®cation achieved with a dopant concentration of

0.12 at.% 235U is �170.

3. Results and discussion

An irradiation lasting �2300 h, involving 23 periods

of �100 h each, of an annealed specimen of Zr±1.5 at.%

Al±0.12 at.% 235U in the experimental reactor CNEA-

RA3 was made. Throughout the irradiation, growth

strain values were taken every 5 min and from them the

measurements performed at temperatures in the range

447.5±449.5 K were only considered. In each period the

temperature control was better than �3 K.

The reactor cycles consisted of 5 days at full power

followed by shut-downs of 2 days. During reactor shut-

down the temperature of the specimen was set at 323 K

and after 48 h the strain was measured. Fig. 2 shows the

in situ growth kinetics at 448 K and the post-irradiation

growth strains measured at 323 K; on the x-axis the

equivalent fast neutron dose obtained by multiplying the

fast neutron dose times the ampli®cation factor is

represented.

An increasing in situ growth can be observed after a

rather complex initial transient where the growth strain

decreases after the ®rst period. The growth rate is

8� 10ÿ29 m2 nÿ1 up to a fast neutron equivalent dose of

�3 ´ 1025 n mÿ2 when a nearly linear growth behaviour

with a growth rate of 1:8� 10ÿ29 m2 nÿ1 begins.

The irradiation growth measured at 323 K (125 K

below irradiation temperature) referred to the initial

value of growth strain at this temperature, shows an

initial contraction with dose. It reaches a minimum

value of approximately ÿ5:4� 10ÿ4 at a dose of

�1.2 ´ 1025 n mÿ2. Then a reversal in the strain direction

occurs, the measured strain being again zero at a dose of

�2.3 ´ 1025 n mÿ2, when a slow continuous change of the

growth rate is observed that continues up to a dose of

�1.2 ´ 1026 n mÿ2, after which an incipient tendency to

an accelerated growth is observed.

For the in situ growth kinetics and after a fast neu-

tron equivalent dose of �1.1 ´ 1026 n mÿ2 a local increase

of the neutron ¯ux resulted in an increase of the c-

heating in the specimen. Therefore, it was necessary to

reduce the electrical heating to maintain the specimen

temperature constant, i.e. the temperature distribution

was changed. This caused a di�erence in the relative

expansion of the specimen with respect to the measure-

ment device, resulting in strain values lower than those

recorded up to the above-mentioned dose, which cannot

be attributed to a variation of the growth rate. For the

post-irradiation measurements at 323 K the thermal

conditions remained invariable.

From a fast neutron equivalent dose of �1.2 ´
1026 n mÿ2, an increase on the growth rate of both the in

situ growth kinetics at 448 K and the post-irradiation

growth measurements at 323 K can be observed,

suggesting an onset of growth breakaway. This e�ect

was not previously reported at these temperatures.

The most important observation is the clear-cut dis-

tinction in the growth behaviour of the specimens

according to the way of performing the strain mea-

surements: during irradiation or post-irradiation. The

growth rate obtained for the in situ measurements is

di�erent to the classical behavior of the lower growth

rate reported for recrystallized materials [13]. Further-

more, as it can be seen in Fig. 2, in situ growth strains

are more than 100% that of those obtained in the post-

irradiation measurements, under the present experi-

mental conditions.

The temperature jump (DT � ÿ125 K) undergone by

the specimen between the irradiation and post-irradia-

tion temperatures, corresponding to di�erent recovery

stages, seems to result in a modi®cation of the inter-

granular stresses generated during the deformation as

well as of the defect structures, responsible for the di-

mensional variations.

Growth kinetics measurements in specimens with

other mechanical treatments and at temperatures near to

Fig. 2. In situ growth kinetics at 448 K and post-irradiation

growth strain measurements at 323 K of the Zr±1.5 at.% Al±

0.12 at.% 235U specimen irradiated in the CNEA-RA3.
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those of the power reactor operation are in progress with

the aim of validating di�erent theoretical models pro-

posed to predict the in-service dimensional behavior of

the reactor components.
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