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Abstract

Irradiation damage in three austenitic stainless steels, SA 304L, CW 316 and CW Ti-modified 316, is investigated

both experimentally and theoretically. The density and size of Frank loops after irradiation at 320 and 375 �C in

experimental EBR II, BOR-60 and OSIRIS reactors for doses up to 40 dpa are characterized by TEM. The evolution of

the initial dislocation network under irradiation is evaluated. A cluster dynamics model is proposed to account

quantitatively for the experimental findings.

� 2003 Elsevier B.V. All rights reserved.

PACS: 61.80; 61.72.F; 21.60.G
1. Introduction

The internal structures of pressurized water reactors

(PWR) located close to the reactor core are used to

support the fuel assemblies, to maintain the alignment

between assemblies and the control bars and to cana-

lize the primary water. In general these internal struc-

tures consist of baffle plates in Solution Annealed 304

stainless steel and baffle bolts in Cold Worked 316

stainless steel. These components undergo a large

neutron flux at temperatures between 280 and 380 �C.
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As a result, the material exhibits a substantial increase

in yield stress and reduction in ductility which may be

damaging to the proper operation of the reactor. For

instance the observed cracks in bolts, usually attrib-

uted to irradiation assisted stress corrosion cracking

(IASCC), can be seen as a consequence of the evolu-

tion of plasticity in these materials loaded in a corro-

sive medium, together with possible evolutions of grain

boundary chemistry (Radiation Induced Segregation)

which is well documented [1]. This irradiation induced

embrittlement becomes more pronounced with in-

creasing irradiation dose, thus being an important and

limiting factor in ageing reactors. Of special interest

is the question of the possible saturation of micro-

structural evolution and related hardening for long

term irradiation. In the present contribution, we will

focus our attention on the evolution of the structural

defects induced by irradiation and on their conse-

quences on the yield stress, which we acknowledge as
ed.
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being only one of the contribution to embrittlement

phenomenon. This evolution in mechanical properties

depends both on the initial metallurgical state of the

alloy and on the irradiation conditions (temperature,

flux, dose, and neutron energy spectrum). It is associ-

ated with a microstructural evolution resulting from

the production and the collective dynamics of irradia-

tion point defects, leading to the formation of dislo-

cation loops and cavities, and to the evolution of the

initial dislocation network. In order to rationalize the

effects of irradiation conditions, and to predict the long

term behavior from the observations for smaller doses,

it is necessary to develop models able to describe, on

one side the microstructural evolutions, and on the

other side the resulting hardening effects. The param-

eters entering these models have to be identified from a

quantitative description of the microstructure and yield

stresses, and the prediction of the models have to be

validated by comparison with experiments for larger

dose. The aim of the two companion papers is to

provide with quantitative characterization of irradia-

tion defects by TEM (paper I) and of mechanical

properties (yield stress) after irradiation by tensile test

at constant strain rates (paper II). The modeling of

microstructure evolution will be done using a cluster

dynamics approach (paper I) whereas the evolution of

yield stress for a given microstructure will be modeled

using classical dislocation theory (paper II).

The two papers are structured as follows: in paper I,

we present the materials investigated, the irradiation

conditions and the characterization methods (Section 2).

The experimental results concerning the microstructures

for the different alloys and irradiation conditions will be

presented in Section 3. The principles of the cluster dy-

namic model, the identification of the parameters and

the predictions are developed and compared with

experimental results in Section 4. In paper II, Section 1

recalls the proposed mechanism for the evolution of

yield stress, and summarizes briefly and qualitatively the

findings of paper I, whereas Section 2 presents

the experimental conditions for tensile testing and the

measured yield stresses for the different alloys and irra-

diation conditions. In Section 3 we propose a model for

the yield stress evolution coupling the hardening by

dislocation loops and the question of their stability, and

we compare the predictions of this model with the

experimental results.
Table 1

Chemical composition of the steels (wt%)

Steel C S P Si Mn Ni Cr

SA304 0.022 0.0007 0.032 0.36 1.79 9.86 18.

316 0.054 0.0220 0.027 0.68 1.12 10.60 16.

316Ti 0.058 0.0070 0.021 0.83 1.90 12.80 17.
2. Materials, irradiation conditions and characterization

methods

2.1. Materials

The alloys for the microstructural characterization

after neutron irradiation are 300 series stainless steels

commonly used in PWR internals: Solution Annealed

304L (used for baffle plates) and Cold Worked 316 (used

for baffle bolts). In addition, an exploratory material

such as modified 316 containing a small amount of Ti,

has been investigated. The chemical compositions of the

three alloys are provided in Table 1. The choice of the

alloys was motivated by their relevance in actual reac-

tors. The influence of chemical composition and initial

state of deformation is of relevance for guiding possible

material evolution.

The standard 304L steel is solution annealed, the

microstructure consisting of recrystallized grains (� 40

lm) containing few dislocations and a small amount of

ferrite (<1%).

The standard 316 steel is 15% cold worked, it is fully

austenitic, and it contains more Ni and Mo and less Cr

than the SA 304L steel. The grain size is about 40 lm.

The modified 316 stainless steel contains a slightly

higher value of Si (0.83%) and Mn (1.9%) and a small

amount of Ti (0.28%). It is 20% cold worked. Ti addition

is known in the literature to stabilize the dislocation

network via a solid solution hardening effect [2]. The

grain size is about 40 lm.

The initial microstructures before irradiation for the

three alloys are shown in Fig. 1. As expected from the

difference in initial deformation sequences, the 316 steels

contain numerous dislocations organized in a cell

structure, and deformation twins (Fig. 1(b) and (c)).

2.2. Irradiation conditions

The irradiation conditions in terms of temperatures

and doses were selected to be representative of the var-

ious situations encountered in operation conditions of

PWRs. In order to reach representative doses in a rea-

sonable time, the use of fast breeder reactors with higher

fluxes was required.

The irradiations were realized in two types of

experimental reactors: fast breeder reactors (EBRII and

BOR-60) and a reactor presenting a mixed neutron
N Mo Cu Co B Ti

61 0.061 – 0.25 0.064 0.0005 –

60 0.023 2.25 0.24 0.120 0.0005 <0.01

40 0.028 2.36 0.05 0.050 <0.0025 0.28



Fig. 1. General aspect in TEM of the steels (a) SA 304, (b) CW 316 and (c) CW 316 Ti.

Table 2

Irradiation conditions

Reactor name Fast flux

(dpa/s)

Temp.

(�C)
Doses

(dpa)

EBR-II (Idaho Falls, US) 1.4· 10�6 �375 8–10

BOR-60 (Dimitrovgrad,

Russia)

9.4· 10�7 �320 10–20–40

OSIRIS (Saclay, France) 2.9· 10�7 �330 0.8–3.4
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spectrum (OSIRIS). The characteristics in terms of flux,

temperature and doses (dpa-NRT), and the locations of

the experimental facilities are presented in Table 2.

2.3. Microstructural characterization techniques

The irradiated microstructure was quantitatively

investigated using transmission electron microscopy.

The TEM samples have been extracted from the head of

tensile test specimens irradiated in experimental reac-

tors. The thin foils are obtained by mechanical thinning

down to 100 lm, followed by electrolytic thinning in a

solution of 70% of ethanol, 20% of ethylene glycol mo-

nobutylic ether and 10% of perchloric acid. The oper-

ating temperature and voltage are 10 �C and 20 V. As

the materials were radioactive, all the sample prepara-

tions had to be performed in Hot Cells and Glove Boxes.

The TEM observations were performed on a EM 430

Philips microscope, with LaB6 filament and a tension of

300 kV. Bright field, dark field, weak beam dark field

and microdiffraction techniques were used in order to

identify and quantify the structural defects resulting

from irradiation.

The imaging of faulted Frank loops located in all sets

of {1 1 1} planes, necessary to measure their sizes, were

obtained using the Reciprocal Lattice Rod technique [3],

taking advantage of the stacking fault present inside

these loops. In order to estimate the number of loops per
unit volume, the thickness of the thin foil was evaluated

by stereoscopy.

The cavities are identified and quantified on bright

field images out of contrast: they appear as tiny spherical

objects.

The results of microstructural characterizations were

provided in terms of average sizes and densities. In

addition, the size histograms for the various defects are

provided.
3. Experimental results

The experimental results for the three alloys are

presented for each irradiation temperature. We present

first the microstructure after irradiation at the interme-

diate temperature (330 �C) obtained either in the mixed

flux reactor OSIRIS at low irradiation doses or in the

fast breeder BOR-60 reactor for the higher irradiation

doses. We then give the results concerning the irradia-

tion at the highest temperature (375 �C) in the fast

breeder reactor EBR-II.

3.1. Irradiation at 330 �C

The three alloys irradiated at 330 �C have a similar

microstructure. For doses up to 3.4 dpa, it consists in

interstitial Frank loops located in the {1 1 1} planes with

a Burgers vector of b ¼ h111i and of �black dots’. Fig. 2

shows bright field images for the three alloys irradiated

at 0.8 dpa. Most of the initial dislocation structure has

disappeared during irradiation. Neither irradiation in-

duced precipitation nor cavity was observed.

There is some controversy in the literature concern-

ing the nature of �black dots’. At low dose (0.8 dpa),

when both Frank loops and �black dots’ can be observed

simultaneously, we were able to obtain the size distri-

bution of the two types of defects. The �black dots’ are

imaged in bright field, and the Frank loops in dark field.



Fig. 2. Bright field images of the alloys irradiated at 330 �C for a dose of 0.8 dpa (a) SA 304, (b) CW 316 and (c) CW 316Ti.

Fig. 3. (a) Imaging of Frank loops, (b) size histogram and (c) black dots in SA 304 irradiated at 330 �C for a dose of 0.8 dpa.

Table 3

Quantitative characterization of Frank loops at 330 �C for the

three alloys

Alloy Dose

(dpa)

Frank loop diameter

(nm) ±2 nm

Frank loop

density (m�3)

SA 304 0.8 4.7 45· 1021
2 5.9 74· 1021
3.4 7.4 63· 1021

20 7.3 62· 1021
40 7.0 77· 1021

CW 316 0.8 9.3 28· 1021
2 7.7 28.8· 1021
3.4 10 31· 1021

10 7.5 60· 1021
20 7.4 44· 1021
40 7.3 62· 1021

CW

316Ti 0.8 Few small loops

2 6.9 13· 1021
3.4 5.7 24· 1021

40 9.8 50· 1021
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The average size, the density and the size distributions of

the two families are identical (Fig. 3). We claim that

�black dots’ and small Frank loops are one single defect

seen under different contrast conditions.

When the dose increases (up to 40 dpa, obtained by

irradiation in BOR-60 reactor), the size and density of

Frank loops increase. The quantitative results for the

average loop size and the loop density for the three steels

and the various doses are shown in Table 3. The

microstructure evolution is rapid for doses under 10

dpa, and tends to saturate for larger doses.

From the comparison between the three alloys, it

appears that at high and similar doses, the 304L and 316

alloys exhibit similar loop sizes, whereas the loops are

larger for the Ti-modified 316 steel. The loop density is

higher for the 304L steel, followed by the 316 and Ti-

modified 316 steels.

3.2. Irradiation at 375 �C

The 304L samples show a typical microstructure of

irradiated austenitic steels, with a gray contrast due to a

high density of very small objects homogeneously dis-

tributed inside the grains (Fig. 4(a)). No irradiation in-

duced precipitation was observed. An homogeneous

distribution of cavities was identified (Fig. 4(b)).
The 316 alloy shows a similar contrast (Fig. 4(c)).

The initial dislocation network has totally disappeared.

The twins initially present are still there. No precipita-



Fig. 4. (a), (b) 304 and (c), (d) 316 alloy irradiated at 375 �C for a dose of 10 dpa – imaging of Frank loops and cavities.

Table 4

Quantitative characterization of Frank loops and cavities at 375 �C, for the two alloys

Alloy Dose

(dpa)

Frank loop diameter

(nm)

Frank loop density

(m�3)

Cavity diameter

(nm)

Cavity density

(m�3)

SA304 8 11.5 30 · 1021 Not measurable Not measurable

10 12.4 33 · 1021 5.4 4.7 · 1021
CW316 8 12.1 32 · 1021 Not measurable Not measurable

10 12.2 32 · 1021 4.6 Few
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tion is evidenced. Very few cavities are observed (Fig.

4(d)).

Quantitative results for both cavities and Frank

loops at the various doses are shown in Table 4.

The comparison between the various alloys leads to

conclusions similar to the ones reached for irradiations

at 330 �C. The comparison between temperatures for a

given alloy at a given dose shows that a higher irradia-

tion temperature leads to larger loops with a smaller

density. Cavities which were absent at low temperature

appear at higher temperatures, especially in solution

annealed 304L steel. The initial dislocation network,

especially in cold worked 316 steel is more completely

recovered at higher temperatures.
4. Modeling

The physical reasons for irradiation damage stems

from the collective behavior of the point defects created

during irradiation. For a given neutron flux, the number

of vacancies and interstitials, and more generally, the

number of groups of point defects effectively created

after a collision depends on the energy of the incoming

neutron, and on the events taking place at the atomistic

level in the irradiation cascade. There exists a consid-

erable amount of simulation work, mainly using

molecular dynamics for cascade simulations, and kinetic

Monte Carlo for rearrangements, dealing with this

process of generating the point defects. We are interested
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in the scale above the individual cascade event, focusing

on the collective behavior of such defects, in excess of

their thermodynamic equilibrium values.

These defects, able to diffuse, can either annihilate on

external sinks (such as pre-existing dislocations or grain

boundaries), or undergo mutual annihilations as va-

cancy/interstitial pairs, or recombine creating disloca-

tion loops or voids. In the present situation, since we

have neglected the possible production of gases which

are known to contribute to cavity formation, we will

restrict our modeling to the evolution of dislocation loop

population in the presence of a supersaturation of dif-

fusing point defects.

The model described was originally developed for

ferritic steels at low doses (lower than 0.1 dpa) [7], cor-

responding to the materials and the irradiation condi-

tions of pressure vessels. We have adapted this model to

the case of austenitic steels for large doses, which is

relevant to the PWR internal structures. The differences

between the ferritic steels and the austenitic steels are

represented in the model by differences between the

values of the materials parameters such as the formation

energies, the binding energies, the lattice parameter and

the Burgers vector of the loops. No modification of the

model is necessary to take into account the higher

exposure (40 dpa compared to 0,1 dpa), it is just a

question of calculation time. In addition, as the au-

stenitic materials were cold worked, it is necessary to

take into account the evolution of the initial dislocation

structure. The basic equations of the model are first re-

called in Section 4.1 and the results are compared with

experimental observations in Section 4.2.

4.1. Principles of the cluster dynamics model

The principle of the model used here is to describe a

population of loops by its size distribution (either dis-

cretized as loops containing n point defects, or contin-

uously as loops of radius r). The evolution of this

population is obtained via a �chemical kinetics’ in an

homogeneous medium, where the probability for a

cluster of n point defects to become a cluster of size nþ 1

or n� 1 depends on its rate of absorption or emission of

a vacancy or an interstitial. These kinetics depend on the

available population of mobile defects.

The necessary ingredients for such a model are:

• rate of production of defects from the irradiation cas-

cade GvðnÞ and GiðnÞ,
• reaction kinetics between point defects,

• absorption and emission of point defects by and from

clusters of point defects (loops),

• annihilation kinetics on fixed sinks such as grain

boundaries,

• annihilation kinetics on dislocations and resulting

evolution of the dislocation network.
The model will consist in solving a set of coupled

equations: two equations for individual vacancies or

interstitials, and 2N for the population of loops, either

of interstitial or vacancy nature, consisting of n defects

(n being between 2 and N þ 1). In the following, the

subscript i means �interstitials’ and the subscript v means

�vacancies’. For instance CiðnÞ is the number of clusters

of n interstitials per unit volume. For the sake of sim-

plicity, it is assumed that only the point defects are able

to diffuse. The elementary evolution step for a cluster of

size n is to evolve toward a cluster of size nþ 1 or n� 1.

The solution of these coupled equations will be ob-

tained either solving a linear system of discrete equations

for loops of size smaller than 100, or solving a Fokker–

Planck continuum equation for larger loops.

The generation of defects from the cascades, and its

relation with the irradiation conditions, has to be in-

ferred from molecular dynamics simulations. From [4]

we have chosen to consider that clusters of size larger

than 4 are unlikely to occur:

Gið1Þ ¼ gGdpað1� fi2 � fi3 � fi4Þ; ð1aÞ
Gið2Þ ¼ gGdpafi2; ð1bÞ
Gið3Þ ¼ gGdpafi3; ð1cÞ
Gið4Þ ¼ gGdpafi4; ð1dÞ
Giðn > 4Þ ¼ 0: ð1eÞ

A similar expression is written for GvðnÞ. Gdpa is the

neutron flux in the reactor, g is the cascade efficiency and

fin is the fraction of clusters of size n and type i surviving
the reorganization events following the cascade. These

quantities depend in principle on the irradiation tem-

perature and on the energy of the incident neutron.

Estimations for these quantities can be obtained from

molecular dynamic simulations performed on pure Fe

[5]. We have used these quantities as adjustable param-

eters (in an acceptable range) to describe the difference

between the various energy spectra corresponding to the

experimental reactors.

The general form of the equation to be solved is:

• For the clusters of size n, the concentrations per unit
volume CiðnÞ and CvðnÞ:

dCiðnÞ
dt

¼ GiðnÞ þ ai;nþ1Ciðnþ 1Þ � bi;nCiðnÞ

þ ci;n�1Ciðn� 1Þ: ð2aÞ

Here ai;nþ1 is the combined rate of emission of an inter-

stitial and absorption of a vacancy by an interstitial loop

of size nþ 1, both events leading to an interstitial loop of

size n. A loop of size n can evolve toward a loop of size
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nþ 1 absorbing an interstitial, or toward a loop of size

n� 1 absorbing a vacancy or emitting an interstitial.

Finally, an interstitial loop of size n� 1 can evolve into a

loop of size n by absorbing an interstitial. For the sake of

simplicity, the emission of vacancies from an interstitial

loop and of interstitials from vacancy loops is not al-

lowed, being energetically too costly for small loops such

as the ones obtained with the model [7]. As a consequence

the coefficients ai;n, bi;n and ci;n are related to the density of
free point defects Cið1Þ and Cvð1Þ and the rates of emis-

sion and absorption b and a. For instance, bk;jðnÞ is the
rate of absorption of a defect of type j by a loop of type k
and of size n and ak;jðnÞ is the rate of emission of a defect

of type j by a loop of type k and of size n. Following these
notations, the expression for ai;n, bi;n, and ci;n are:

ai;nþ1 ¼ bi;vðnþ 1ÞCvð1Þ þ ai;iðnþ 1Þ; ð2bÞ
bi;n ¼ bi;vðnÞCvð1Þ þ bi;iðnÞCið1Þ þ ai;iðnÞ; ð2cÞ
ci;n�1 ¼ bi;iðn� 1ÞCið1Þ: ð2dÞ

A similar set of equations can be written for the

evolution of the vacancies loops CvðnÞ.

• For the point defects concentrations per unit volume

Cið1Þ and Cvð1Þ , one can write:

dCið1Þ
dt

¼ Gið1Þ � RivCið1ÞCvð1Þ �
Cið1Þ
sad;i

� Cið1Þ
sagb;i

� Cið1Þ
sai ðnÞ

þ 1

sei ðnÞ
: ð3aÞ

Here saj ðnÞ and sej are the characteristic times for absorb-

ing or emitting a defect of type j by the population of

interstitial or vacancy clusters of size up to n. These

quantities are related to the a and b via Eqs. (2b)–(2d).

1

sei ðnÞ
¼
X
n>2

ai;iðnÞCiðnÞ þ 4ai;ið2ÞCið2Þ þ bi;vð2ÞCvCið2Þ;

ð3bÞ
1

sai ðnÞ
¼
X
n>0

bi;iðnÞCiðnÞ þ
X
n>1

bv;iðnÞCvðnÞ: ð3cÞ

The characteristic annihilation rate Riv of vacancy

and interstitial can be written:

Riv ¼ 4pðDi þ DvÞri;v; ð3dÞ

where Di and Dv are the diffusion coefficients of inter-

stitials and vacancies respectively, and ri;v is a recombi-

nation radius.

The characteristic times for annihilation on grain

boundaries sagb;i and dislocations sad;i depend on the grain
size d and on the dislocation density q. Following

Brailsford and Bullough [6], these quantities can be ex-

pressed as follows:

1

sad;i
¼ qDiZi; ð3eÞ
1

sagb;i
¼ 6Di

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qDZi þ

P
n bi;iðnÞCiðnÞ þ

P
n bv;iðnÞCvðnÞ

p
d

:

ð3fÞ

A similar set of expressions can be obtained for the

equivalent terms for the vacancies.

The physics of the problem is therefore contained in

the expressions for a and b

ai;iðnÞ ¼ 2priðnÞZic

Di

Vat
exp

�
� EbiðnÞ

kT

�
; ð4aÞ
bi;iðnÞ ¼ 2priðnÞZicDi; ð4bÞ
bi;vðnÞ ¼ 2priðnÞZicDv; ð4cÞ
av;vðnÞ ¼ 2prvðnÞZvcDv exp

�
� EbvðnÞ

kT

�
; ð4dÞ
bv;vðnÞ ¼ 2prvðnÞZvcDv; ð4eÞ
bv;iðnÞ ¼ 2prvðnÞZicDi: ð4fÞ

In these expressions, rjðnÞ is the size of the cluster of type
j containing n point defects, Vat is the atomic volume, T
is the temperature and k is the Boltzmann constant. The

important parameters are the bias factors ZicðnÞ (resp.

ZvcðnÞ) for interstitials (respectively vacancies) of clusters

of size n. This bias is independent of the nature of the

loop [21] but depends on the size of the loop. Following

[7] this bias can be expressed as:

Zic ¼ Zi þ
ffiffiffiffiffiffiffiffi
b

8pa

r
Zli

 
� Zi

!
ð1=nali=2Þ; ð5Þ

where Zi is the bias factor for an infinite straight dislo-

cation for the interstitial point defects, a is the lattice

parameter, b the Burgers vector and Zli and ali are

parameters used to describe the evolution of the bias Zic

with the size of the clusters.

The rate of emission of point defects from loops de-

pends strongly on the binding energy EbðnÞ. Results

from molecular dynamics [8,9] can be accurately de-

scribed by the following expression:

EbiðnÞ ¼ Efi þ
Eb2i � Efi

20:8 � 1
ðn0:8 � ðn� 1Þ0:8Þ; ð6Þ
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where Efi is the formation energy of interstitial point

defect, n the number of point defect in a cluster of size n
and Eb2i is the binding energy for a cluster of size two.

Similar expressions can be obtained for vacancies.

As voids were experimentally detected (in a small

amount) only in materials irradiated at 375 �C, their

effect as sinks was not taken into account in the model.

The experimental observation that the initial dislo-

cation network vanished during irradiation is consistent

with an hypothesis of irradiation induced climb of dis-

locations allowing for their mutual annihilation. As a

consequence, the density of dislocations is going to

evolve according to the amount of point defects ab-

sorbed by the dislocations. To have a climb distance b
for a density of dislocations q, the net number of point

defects absorbed is q=b and the time required to obtain
Table 5

Irradiation parameters

Parameter Values

OSIRIS BOR-60 EBR-II

G (dpa/s) 2.9· 10�7 9.4 · 10�7 1.4�10�6

T (�C) 330 375 330

g 0.3 0.15 0.15

fi2 0.5 0.5 0.5

fi3 0.2 0.2 0.2

fi4 0.06 0.06 0.06

fv2 0.06 0.06 0.15

fv3 0.03 0.03 0.7

fv4 0.02 0.02 0.15

Table 6

Material parameters

Parameters SA304 CW316 CW316Ti

Emi 0.45 eV 0.43 eV 0.43 eV

Emv 1.35 eV 1.35 eV 1.35 eV

D0i 10�3 cm2/s 10�3 cm2/s 10�3 cm2/s

D0v 0.6 cm2/s 0.6 cm2/s 0.6 cm2/s

Efi 4.1 eV 4.1 eV 4.1 eV

Efv 1.7 eV 1.7 eV 1.7 eV

Eb2i 0.6 eV 0.6 eV 0.6 eV

Eb2v 0.5 eV 0.5 eV 0.5 eV

riv 0.7 nm 0.7 nm 0.7 nm

Zli 63 63 63

ali 0.8 0.8 0.8

Zi 1.1 1.1 1.1

Zlv 33 33 33

alv 0.65 0.65 0.65

Zv 1 1 1

q0 1010 m�2 1014 m�2 1014 m�2

d 4 · 10�3 cm 4· 10�3 cm 4· 10�3 cm

The values used for the model are compared with the range of exp

parameters are indicated in bold type.
such a quantity of defects is ðq=bÞ=ðdJÞ. dJ is the excess

of one type of point defects arriving on a density q of

dislocations per unit time. The net climb velocity V can

then be written as:

V ¼ b=½q=bðdJÞ� ¼ ðdJÞb2=q: ð7Þ

The rate of annihilation of dislocations is propor-

tional to the dislocation density q and inversely pro-

portional to the time necessary to climb a distance q�1=2.

A reasonable assumption is that dJ is proportional to

q. The resulting evolution for the dislocation density is:

dq=dt ¼ �Kb2q3=2: ð8Þ

This expression predicts that the density of dislocations

will decrease as 1=t2. An estimation of K can be obtained

from the dose necessary to evaporate the initial dislo-

cation network.

4.2. Parameter identification and predictions

The model described above involves a number of

parameters. The parameters characterizing irradiation

cascades are summarized in Table 5: they are specific for

each reactors and, except for irradiation temperature,

have only a limited influence [23].

The parameters which strongly influence the results

are related to the materials: they control in particular the

response to temperature, via the activation energies for

diffusion, and the binding energies between point defects

and clusters. These parameters are listed in Table 6.

They have been identified in order to describe with a
Intervals for experimental data References

0.4–0.85 [10–14]

1.1–1.4 [10–16]

10�4–10�2 [10,11,17,18]

10�2)1 [10,11,16,17,19]

4–5 [15]

1.2–2 [10–12,14–16]

0–2 [10–12,20]

0–2 [12,15,20]

0.4–0.65 [21]

63 [11]

0.8 [22]

1–1.1 [10,15,16]

33 [11]

0.65 [22]

1–1.1 [15]

1010–1014

10�3–10�2

erimental data available in the literature. The most sensitive
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Fig. 5. Evolution of dislocation density for alloys in BOR-60.
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reasonable accuracy the experimentally observed evo-

lution of average size and density of interstitial loops.

All the parameters used in the model have a trans-

parent physical interpretation and the values of the

parameters are within the ranges of values reported in

the literature, when available. After a parametric study,

the most important parameters have been identified.

These parameters are the irradiation temperature and

the migration and binding energies of the point defects.
Fig. 6. Evolution of Frank loops density ((a) and (
The value of the recovery constant K in Eq. (8) is

obtained from the evolution of dislocation density as

shown in Fig. 5. The values of K required to describe the

evolution of dislocation density appear to depend

mainly on the irradiation conditions for the standards

SA304L and CW316 alloys. For the Osiris reactor, the

BOR-60 reactor and the EBR II reactor, values are

respectively 300, 970 and 14 400 m�1. As expected an

increase in flux or an increase in temperature induces a

larger value of dJ and therefore a larger value of K. The
case of the 316 alloy modified with titanium is interest-

ing since the recovery rate at high temperature is sub-

stantially lower (K ¼ 1440 instead of 14 400 m�1). This

indicates a possible role of titanium segregation limiting

dislocation mobility.

The experimental curves for the density and the size

of Frank loops are shown together with the model

prediction for the three alloys and the two temperatures

in Figs. 6 and 7. The predicted density of vacancy loops

is at least three orders of magnitude lower than the

density of interstitial loops, in agreement with the

experimental observation: indeed, only interstitial Frank

loops are observed. The size of the vacancy loops how-

ever is much too large: it is likely that the transformation

of vacancy clusters into voids takes over from the

growth of vacancy loops.
b)) and diameter ((c) and (d)) for low doses.



Fig. 7. Evolution of Frank loops density (a) and size (b) for high doses.
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The model parameters were identified by adjusting

the model to the experimental observations at low doses,

as shown in Fig. 6. The same parameters were then used

to predict the evolution for higher doses shown in Fig. 7.

It must be noted that the parameters used to fit the low

doses at 330 �C in OSIRIS reactor are the same that

allow the prediction of the microstructure for low and

high doses for the BOR-60 reactor at the same temper-

ature, although this reactor has different flux and spec-

trum. It is apparent also that recovery plays an

important role in the microstructural evolution. A fail-

ure to account for the recovery of the initial dislocation

network would lead to a faster saturation of the loop

structure in the 316 alloys, and the model would not be

able to describe accurately both the low and high doses

with the same parameters.

The most sensitive parameters controlling the irra-

diation microstructure are the temperature, the doses,

the materials constants and the initial microstructural

state in terms of the dislocation density.
5. Conclusions

A systematic experimental quantitative characteriza-

tion of irradiation induced microstructures in austenitic

stainless steels has been performed for different irradia-

tion conditions in terms of temperature, fluxes, doses

and energy spectra. These results have been analyzed

using a cluster dynamics model specially adapted to

account for the evolution of dislocation substructure,

and to deal with large doses.

All the parameters in the model have a transparent

physical interpretation. The values of the parameters

are identified to fit correctly the low doses results and

are within the ranges of values reported in the litera-

ture, when available. The prediction of the micro-

structures at high doses are in good agreement with

the measured values, and the most sensitive parame-

ters have been identified: irradiation temperature,

dose, and the migration and binding energies of the
point defects. The initial microstructure in terms of

dislocation densities, has also been identified as an

important feature.

The present model is well suited for the interstitial

loops but fails to describe accurately the vacancy clus-

ters, and notably their transformation into voids: further

work is required in this respect, accounting for the

possible role of gases.

By nature, such models are restricted since they

describe localized sinks as grain boundaries and dis-

location network, in a continuum manner. Features

such as the spatial distribution of irradiation defects

(loop free zones close to the boundaries for instance)

which may be relevant to the question of grain

boundary failure, cannot be accounted for. The exact

expression of the sink efficiency modified by a finite

density of defects is also likely to be very primitive.

Coupling these approaches with Monte Carlo simula-

tion on events could improve substantially the

description.

In paper II, we will now investigate the consequences

or the irradiation induced microstructure on the yield

stress.
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Appendix A

Table of notations
Parameter Signification

G Flux

T Temperature

g Recombination in the cascades

fi2 Bi-interstitials in the cascades

fi3 Tri-interstitials in the cascades

fi4 Quadri-interstitials in the cascades

fv2 Bi-vacancies in the cascades

fv3 Tri-vacancies in the cascades

fv4 Quadri-vacancies in the cascades

Emi Migration energy for interstitials

Emv Migration energy for vacancies

D0i Pre-exponential coefficient for the

diffusion of interstitials

D0v Pre-exponential coefficient for the

diffusion of vacancies

Efi Formation energy for interstitials

Efv Formation energy for vacancies

Eb2i Binding energy for the bi-interstitials

Eb2v Binding energy for the bi-vacancies

riv Recombination radius between

defects

Zli Bias factor of the loops for interstitial

ali Parameter for Zi

Zi Bias factor of dislocations for

interstitial

Z1v Bias factor of the loops for vacancies

alv Parameter for Zv

Zv Bias factor of dislocations for

vacancies

q0 Initial dislocation density

d Grain size

b Burgers vector

a Lattice parameter

d Grain size
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