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INTRODUCTION

Many key components in commercial nuclear reactors are subject to neutron irradiation
which modifies their mechanical properties. So far, the prediction of the in-service behavior
and lifetime of these components has required irradiations in so-called "Experimental Test
Reactors”. The use of these research facilities is becoming more and more problematic, in
particular due to the decreasing number of reactors and post-irradiation characterization
facilities, as well as significant constraints related to increasing costs and environmental

safety regulations.

One way of partially mitigating these problems is to complement the empirical approach
by developing tools for numerical simulation of irradiation effects in materials. The
development of such tools, also called Virtual Test Reactors (VTRs), was made possible
thanks to continuous progress in computer technology and physical understanding of
irradiation damage. These tools are not meant to replace test reactors, but rather to
complement them. For example, physically-based simulations could be used to:

- help guide the design and analysis of experimental irradiation programs;

- explore conditions outside the existing databases, such as very long time and high
fluence, which are important for lifetime extension;

- systematically evaluate the individual and combined influence of the multitude of
material variables (composition and microstructure) and irradiation service
conditions (temperature, flux, spectrum, etc.) that may exceed the capacity of any
practical test program;

- help design advanced materials for future fission and fusion reactors.

On the other hand, experimental test reactors are obviously necessary to calibrate numerical
models and to perform the last qualification of industrial choices by validating numerical

predictions.

It should also be mentioned that tools for numerical simulation of irradiation effects may
represent a key added-value:

- in the global optimization of the nuclear industry’s resources (analytical, irradiated
materials testing, etc) necessary to study irradiation effects;

- for the training activities of young researchers and professionals in the nuclear field;
a domain where knowledge management is becoming more and more crucial due to
the retirement of the generation of nuclear engineers and scientists who participated
to the building of reactors currently in service;

- to maintain operational a large amount of existing codes which tend to sink into
oblivion;
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- to contribute to reduce the production of radioactive samples, radioactive waste and
radiation exposure of workers associated to irradiation programs.

The devising of VTRs started in the framework of the REVE Project (REactor for Virtual
Experiments), launched by Electricité de France in 2000 (e.g. [1, 2, 3]) and relies on the huge
previous effort in modeling (e.g. [4, 5]) and physically-based data correlations carried out by
the RPV community (e.g. [6]). The REVE project is a joint effort between Europe, the United
States and Japan aimed at building VTRs able to simulate irradiation effects in pressure vessel
steels and internal structures of LWRs. The European team has already built a first VTR,
called RPV-1, devised for pressure vessel steels. A part of the codes and data it uses, has been
provided by the American and Japanese teams (led respectively by Professor G.R. Odette
from University of California at Santa Barbara and Dr N. Soneda from the Central Research
Institute of Electric Power Industry).

RPV-1 relies on many simplifications and approximations and has to be considered as a
prototype aimed at clearing the way. Long-term efforts will be required to complete it and to
build successive generations of more and more sophisticated versions. This improvement has
been engaged in the framework of the PERFECT project supported by the European
Commission (started in 2004). However, RPV-1 can already be used for many applications
(understanding of experimental results, assessment of effects of material and irradiation
conditions ...). Its inputs and outputs are similar to those of experimental irradiation programs

carried out to assess the in-service behavior of reactor pressure vessels.

To be as quantitative as possible, RPV-1 has to be able to simulate irradiation effects from
the primary events resulting from the interactions between neutrons and atoms (displacement
cascades), up to the assessment of the ensuing evolution of the steel mechanical properties. It
therefore has to rely on a multi-scale approach ranging from the atomic level (nanometer and
picosecond scales) up to the grain level (micrometer and year scales) and finally to the
macroscopic level (centimeter and year scales), while retaining all the relevant information
when linking successive levels. Such a complex simulation can only be done by modeling the
involved physical phenomena, which requires simplifications and approximations. The main
challenge of the work described hereafter was to simplify and approximate enough to succeed
in the building of a first VIR, but not too much so as to keep a reasonable physical
description of the involved phenomena. It has to be emphasized that the main objective was to
build a first tool and to demonstrate its potentialities so as to initiate the development and use

of improved versions.
The work carried out in the framework of the presented thesis was aimed at building

RPV-1 It was made of two activities: a first activity consisted in developing the model used to
simulate irradiation effects in RPV steels, defining the architecture of RPV-1, developing the
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models required to build-up and parameterize two missing codes (INCAS and DUPAIR) and
validating RPV-1. A second activity consisted in participating to the development of a rate
theory code (MFVISC) with A. Pongot (EDF), V. Duwig (EDF) and A. Barbu (Commissariat
a I’Energie Atomique), to the programming of RPV-1 with C. Domain (EDF) and Y. Souffez
(EDF), to the definition of an experimental validation program led by E. van Walle and L.
Malerba (Centre d’Etudes Nucléaires de Mol) and to the setting up of the PERFECT proposal
led by J.C. van-Duysen. Only the first activity of this work is presented in the present
document.

The first chapter is dedicated to the description of the current knowledge on irradiation
effects in RPV steels. This knowledge was used to determine the most important phenomena
to be taken into account to simulate irradiation effects in RPV-1. The architecture of RPV-1,
including the description of the codes and models it is made of, is provided in the second
chapter. The third and fourth chapters give a precise description of the two missing codes
INCAS and DUPAIR, with their parameterization and validation. Sensitivity studies as well
as quantitative validations of RPV-1 are presented in the fifth chapter. Finally, two
applications of RPV-1 are proposed in the sixth chapter so as to show the ability of VTRs to
answer questions of interest to the “RPV community™.
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CHAPTER 1

Literature survey on irradiation effects in Light Water Reactors pressure vessel steels

The literature survey given in this chapter was extracted from a larger document under
publication by the International Atomic Energy Agency [1].

Vessels of Light Water Reactors (LWRs) are made of low-alloyed ferritic steels. During
operation, these steels experience neutron irradiation which may produce changes in their
mechanical properties. Thanks to many experimental programs, such changes could be
anticipated, quantified and taken into account in the design and definition of operating
conditions of the reactors currently in service. They are now systematically followed-up by
Pressure Vessel Surveillance Programs (e.g. [2]), which validate the forecasts in most of the
cases.

In parallel to this mechanical testing approach, a large effort was made in many countries
to characterize the irradiation-induced damage in RPV steels (e.g. [3, 4, 5, 6, 7]) as well as to
understand and model the mechanisms governing this damage (e.g. [8, 9, 10, 11]). The
obtained results were used to successfully support forecasts of in-service steel behavior on a
physical basis (e.g. US-NRC regulatory Guide 1.99, revision 2 [12]); they can now be used to
build numerical tools aimed at simulating irradiation effects (e.g. [13, 14]).

The aim of the present chapter is to describe the current knowledge on irradiation-induced
damage in Western-type RPV steels (nature of defects, involved mechanisms,...). In this
field, ideas have evolved a lot with the passing years and many interpretations, mechanisms,
models,... have been put forward to explain experimental data. An extended revue of these
ideas is given in [1], here the current understanding is provided.

In Paragraph I, some information on RPV steels and their in-service conditions are
reminded. Paragraph II provides experimental results concerning the influence of steel
chemistry and microstructure as well as irradiation conditions on the irradiation-induced
evolution of mechanical properties. Paragraph III is dedicated to the description of the
irradiation-induced defects.

Chemical compositions are expressed in weight percent (% or wt%), except in some cases
for which the atomic concentration was used (at %).
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I - Reactor Pressure Vessels

1.1 - Pressure vessel steels

Vessels of current Western-type Light Water Reactors (LWRs) were built with
welded plates or shells made of high toughness quenched and tempered low-alloyed ferritic
steels (e.g. [15]). During the vessel manufacturing, base metals and welds underwent several
stress-relief heat treatments (T = 550 — 610°C) which have fashioned their microstructure
(carbides, chemical content of solid solution,...).

Base metals: most of the base metals are low-alloyed NiMnMo ferritic steels,
typically A533B Class 1 and its forging equivalent A508 Class 3 (corresponding to 16MNDS5
French standard). A typical chemical composition specification is given in Table I.

A533B and A508-type steels have a tempered bainitic structure in which prior
austenitic grains have a size of about 30 um. Transmission Electron Microscopy observations
reveal (Figure 1) that the bainitic grains contain a pretty high density of dislocations, mostly
organized in sub-boundaries and small (Fe,Mn);C and (Fe,Mo),C-type carbides (= 40 to 500
nm) (e.g. [16, 17]). The typical width of the bainitic laths is about 1-2 pm.

Welded joints: a typical example of chemical composition of welded joint is given
in Table I [2]. It is noteworthy that the carbon content is lower than in base metal. In general,
welded joints have a bainito-martensite structure with a very fine carbide distribution.

Figure 1: light optical micrographs - typical structure of a AS08B - Class 3 steel [18].

10
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Table I: examples of specification for some LWR pressure vessel steels (RCC-MR: Regles de

Conception et de Construction des matériels mécaniques des {lots nucléaires. Tome

Matériaux)
Alloying elements Residual elements
Mn Mo Ni Cr Si P Cu \Y S
16 MND5 | < 1.15- | 0.43- | 0.50- < 0.10- < < < <
022 | 1.60 | 0.57 | 0.80 | 0.25 0.30 [ 0.008 | 0.08 | 0.01 [ 0.008
Welding < 0.80- | 0.35- < < 0.15- < < < <
0.1 | 1.80 | 0.65 | 1.20 | 0.30 0.60 |0.010 | 0.07 |0.022 | 0.025

1.2 - In-service conditions

Most of the Western-type reactor pressure vessels operate at temperatures ranging
from about 270 to 330°C. They are subject to neutron irradiation, with the peak located at the
core mid-plane (beltline region).

A typical neutron spectrum on the inner surface of a LWR vessel is given in
Figure 2, almost all the neutron have an energy lower than 3 MeV. The total number of
neutrons with an energy higher than 1 MeV received per time unit (so-called the neutron flux)
at the peak location is typically around 10" n.cm™.s™ (Cf § 2.3). Such a flux leads to a
fluence of some 10" n.cm™ and a dose of some hundredths of dpa for 32 years full power
operation (for typical French LWRs, flux of about 6 10" n.cm™ s™, fluence of about 6 10"
n.em” and dose of about 0.1 dpa). Such values are rather low compared to what is
experienced by other reactor components (e.g. typical flux on internal structures is about 6
10" n.cm™s™). However, they are high enough for the irradiation to induce changes in the
properties of ferritic steels.

Neutrons (cm™.s™)

10" AN

N \\
\

102 1ot 1 10 102

10’

Neutron energy (MeV)

Figure 2: typical neutron spectrum on the inner surface of a LWR vessel.
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II - Irradiation effects in RPV steels
2.1 - Effects on mechanical properties

Irradiation introduces changes in the mechanical properties of RPV steels (e.g. [19,
20, 21]). Typically, increase of tensile yield stress (Figure 3), ultimate strength, hardness and
Ductile Brittle Transition Temperature (DBTT) (e.g. [22]) as well as decrease of ductility and
toughness (e.g. [23, 24, 25]) are observed. Irradiation reduces also strain ageing sensitivity
(e.g. [26]) and internal friction peaks of RPV steels (e.g. [27, 28, 29]).

For some properties, empirical correlations were established; the most commonly

used are :
ARpo> = 3.4 AHv [30]

ADBTT = 0.68 ARp, (at 20°C, without intergranular rupture) [31]

ADBTT ~ AK ¢ [32]

ARm = ARpo,z [33]

where ARpg>, AR, AHv , ADBTT, AKjc are respectively the increase of yield stress, ultimate
strength, hardness, Charpy DBTT and stress intensity factor.

T [
irradiated
100 |
t unirradiated
= 80 —
=)
m
e g0l o
mﬁ
u
W 40 i
F-
0]
20 -
. | ; | : i
Q 10 20 30
STRAIN y e

Figure 3: evolution of a stress-strain curve after irradiation to 9.5 10"® n.cm™ (E>1MeV) at
300°C [34].
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2.2 -Influence of RPV steel parameters

Significant variations in embrittlement response between different types of steel,
different heats of the same steel and different forms of steel (plate, weld and Heat Affected
Zone) were observed for the first time at the end of the 60's (e.g. [35, 36]). This has suggested
effects of chemical composition and structure on irradiation embrittlement sensitivity of RPV
steels (e.g. [37, 38, 39, 40]). Since then, many studies have been carried out to assess these
effects. Their main results are summarized in this paragraph, complementary information can
be found for example in references [1, 7, 8, 41].

a) Chemical composition

Impurities: effects of impurities on the sensitivity of RPV steels to irradiation
embrittlement were shown experimentally for the first time in 1967 (Figure 4) on a laboratory
A302-B heat [37, 38, 39], confirmed on commercial A333-B heats in 1970 [40] and then
extensively studied until the mid 90s. Analysis of the produced results has to be based on the
concentrations of impurities in solid solution. These concentrations may indeed largely differ
from nominal ones since such elements can intensively precipitate or segregate during the
steel making or heat treatments prior to irradiation. As an example, in welds with nominal
copper content of about 0.2 at%, Miller and al. [42, 43, 44] measured bulk copper levels of
about 0.14 at% in as-received conditions (stress-relief heat treatment at about 600°C); similar
results are also available for nitrogen [29]. The solubility limit of each element depends on the
whole chemistry of the steel; as first approximation, Table II gives some examples in pure
iron at 575°C and 290°C.

e Copper is one of the elements which have the most deleterious effect on the
irradiation-induced embrittlement of RPV steels (e.g. [40]). This effect appears
from a copper content of about 0.04% (e.g. [45]) and becomes very strong above
0.1% [46]. Available experimental databases exhibit a pretty high variability in
the DBTT copper dependence; this dependence seems to be of the order of some
hundreds of °C per %Cu. From the 70s, the total copper content in RPV steels
and their welds has been limited to a maximal value of 0.1%, and then, even to

lower values, in most of the Western countries (e.g. 0.07% in France).

Copper contents in recent RPV steels are lower than the solubility limit of this
element in iron at the temperature of stress-relief heat treatment (= 0.17% in pure
iron) (e.g. [47, 48, 49]). Thus, it can be expected that in such steels a large part
of copper atoms is in solid solution when the vessel is commissioned (a part may
have precipitated during the cooling following the last stress-relief treatment).

As the copper solubility limit at the irradiation temperature is very low (=

13
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0.007% 1in pure iron [48]), copper atoms tend to form precipitates or clusters in
RPV steels in operation.

e Phosphorus has a well known deleterious effect on thermal ageing of ferritic
steels due to its propensity to intergranular segregation [38, 50, 51, 52, 53, 54,
55]. Experimental programs showed that for concentrations higher than about
0.015%, the irradiation-induced shift of the Charpy transition curve was also
strongly reinforced as the phosphorus content increased. No clear effect on
hardness and yield stress was reported (e.g. [56]). However, it was suggested that
the phosphorus effect could decrease with increasing copper content [57]; this

trend has not been clearly confirmed subsequently.

From the beginning of the 70's, the phosphorus concentration in RPV steels and
their welds has been limited to a maximum value of 0.015%, and then even
lower values (e.g. 0.008% in France), in most of the Western countries. Such
contents are much lower than the solubility limits of this element in iron at the
temperatures of stress-relief heat treatment (> 0.27% in pure iron [10, 47]) and
irradiation [10]. Thus, it can be expected that in RPV steels a large part of
phosphorus atoms is in solid solution when the vessel is commissioned and that
these atoms have a low tendency to precipitate or cluster in operation. However,
they may segregate into grain boundaries (which reduces the solubility limit to
negligible level) and weaken them.

e Nitrogen : several studies showed that nitrogen has a low influence on the
irradiation sensitivity of RPV steels at temperature higher than 250°C (Figure 5).
At lower temperature, it may have a major influence [8, 27, 29, 58].

The free nitrogen content is negligible in aluminum grain size controlled steels
[29], and seems to be around some tens of ppm (20-30 ppm) in Si-killed steels
[27], which is much lower than nitrogen solubility limit in iron at the operation
conditions (= 400 ppm [10]). It can be considered that nitrogen has a low
propensity to precipitate or cluster in service conditions.

e Tin and arsenic: it was found that tin makes a small contribution to irradiation

embrittlement of RPV steels [59]. The same result was obtained for arsenic in

the range of contents extending from 42 to 480 ppm [59].

14
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Alloying atoms: alloying atoms have also been targeted by research programs to

characterize their effect on irradiation-induced embrittlement of RPV steels. Most of the
efforts were focused on Ni, some ideas were also put forward for Mn.

¢ Nickel effect has been extensively studied since the beginning of the 80s. This
element has a strong, and so far not fully explained, deleterious impact on
irradiation-induced embrittlement of RPV steels (e.g. [23, 60, 61, 62, 63, 64,
65]). This impact may become very high for nickel contents higher than about 1
or 1.2% and increases with the copper content in a synergetic way. However, it
was also reported that 3.3% Ni steels do not show enhanced irradiation-induced

embrittlement compared to low Ni steels [64].

Nickel contents in RPV steels were expected to be lower than the solubility
limits of this element at temperatures of stress-relief heat treatment and
irradiation (respectively about 5.4% and 4.2% in pure iron). However,
experimental and thermodynamic studies [66, 67] have shown that, in operation,
nickel can integrate copper-rich defects in RPV steels. In addition, the
thermodynamics approach reveals that nickel could also participate in nickel
manganese-rich phases containing a small amount of copper (late blooming
phases [66]). Theses phases are assumed to be promoted by high nickel and
manganese contents, high fluences as well as by low copper content and low
temperature. Their kinetics of precipitation is supposed to be controlled by the
nucleation rate (copper is believed to be needed to catalyze the nucleation). The
presence of late blooming phases was recently proven by experimental analysis
[68].

e Manganese has not been yet the subject of dedicated experimental study.
Consequently, its impact on the irradiation-induced embrittlement is not well

known.

Manganese contents in RPV steels were expected to be lower than the solubility
limits of this element at temperatures of stress-relief heat treatment and
irradiation (respectively about 2.8% and 3% in pure iron). However, as
mentioned above, thermodynamics and experimental studies have shown that in
operation manganese can integrate copper rich precipitates. It may also
participate in Ni-Mn-rich late blooming phases [66, 69].

16

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

Table II : solubility limits of some chemical elements in o iron.

Cu P N Mn Ni
At 575°C (wt%) ~0.17* ~0.27* ~0.12* ~2.8% ~ 5.4*
At 290°C (wt%) ~ 0.007** | = 0.05*%** | ~(0.04*** ~ 3* ~4.2%

b) Metallurgical structure

In principle, the structure (grain size, density of carbides, density of
dislocations, ..) does play a role in RPV steel irradiation response by setting the types and
quantities of sinks for point defects. It also influences the hardening by superposing the effect
of pre-existing carbides to that of the irradiation-induced defects [66].

Some experimental studies were performed to quantify these roles. In
particular, Vacek [70] carried out a comprehensive study on this topic. By appropriate heat
treatments, he prepared products with different structures from the same heat, and irradiated
them at 285 + 10°C with a fluence of about 7.3 10" n.cm™ (E > 1 MeV). He reported that the

irradiation-induced hardening and embrittlement are almost independent of the structure.

Some statistical analysis of experimental results lead to the separation of weld
and base metal behaviors (e.g. [71, 72]) and even the ones of welds, plates and forgings [73].
For given irradiation conditions and chemical composition, regressions forecast that the
embrittlement of welds and plates are similar and slightly higher than that of forgings.
However, the differences of behavior are small, which confirms that the structure has not a
major effect on the irradiation response of RPV steels.

2.3 - Irradiation parameters

Temperature: temperature has a strong influence on irradiation embrittlement of
RPV steels, the level of embrittlement being reduced by increasing temperature. Some results
showed that this influence depends on the steel chemistry (Figure 6) and irradiation conditions
(e.g. [74]). In the ranges of temperature, fluence and chemical composition of interest for
LWRs, the shift of DBTT and increase of yield stress are around 1.0 £ 0.6 °C/°C and 1.5+ 1.0
MPa/°C respectively [33, 74, 75, 76, 77]. As a rule of thumb, values of 1°C and 1.5 MPa per
degree Celsius are commonly used.
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Figure 6: effect of irradiation temperature on Charpy V-notch DBTT shift [74].

Spectrum: several experiments (e.g. [78, 79, 55, 80, 81]) were performed to assess
the spectrum effect on RPV steel embrittlement. A recent study (French ESTEREL program
[79]) was carried out with an extreme care to compare the effects of two neutron spectra on
the embrittlement of a medium and a low irradiation-sensitivity steel. No significant spectrum

effect has been revealed (this program is presented in details in Chapter VI).

Irradiations carried out in reactors with very different spectra from those of LWRs
showed that thermal neutrons may have a significant effect on embrittlement as soon as the

. o : D
ratio thermal to fast neutron fluxes is higher than 10: i.e. E‘h >10 [82, 83, 84]. Thermal
f

neutrons induce atomic displacements from their collisions with atoms but also from lower
energy recoils (of about 500 eV) associated with the Fe™* (n, y) reaction and from the B' (n,
a) reaction producing Li’ and He® transmutation products with energies 0.87 MeV and 1.53
MeV respectively. For strongly thermalised neutron spectra, the determination of the
irradiation dose may require to take into account the three contributions: dpa = dpanrr +
dpape56 (n,y)+ dpaB10 (n, o) [85, 86, 87].

Flux: many experiments were carried out to assess the flux effect on irradiation-
induced embrittlement of RPV steels (e.g. [5, 88, 89, 90]). However, the interpretation of
available data is not straightforward due to a large variety of experimental conditions (ranges
of flux, chemical composition, ....). At the end of the 70s, Petrequin and al. proposed a sketch
of flux effects (Figure 7) summarizing French experimental results [19, 88]. More recently,
EPRI-CRIEPI gathered experts for a workshop aimed at analyzing and synthesizing the main
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results available at the international scale [91]. For steels containing a low level of copper (Cu
lower than about 0.1%), it was concluded that for irradiation temperatures between 150 and
300°C, there is no significant flux effect in a range of flux below a threshold value (about 10'*
n.ecm?.s! E> IMeV at 290°C).

Fluence: optimum regressions fitted to a wide body of experimental data suggest
that irradiation embrittlement increases with increasing neutron fluence according to a law of
the form: (fluence)". Most of the proposed values for the exponent n range from 0.3 to 0.5
(e.g. [21, 92, 93, 94]).

: l ngh Hox

Low flux
Sensitive steel __ |

e e —

oV tmnsition temperakure shift , AT.

a.40 Fluence

Figure 7: sketch of the flux effect from French experimental results [19, 88].

2.4 - Characterization of irradiation-induced defects

Since the first microstructural studies on irradiated low-alloyed ferritic steels in the
early 70s (e.g. [95, 96]), a huge effort has been devoted to characterize the irradiation-induced
damage in LWR pressure vessel steels (e.g. [4, 5, 6]).

This effort showed that neutron irradiation induces the formation of, at least, four types
of hardening defects in RPV steels:
e copper-rich precipitates also containing Mn, Ni and Si;
e vacancy-solute atoms (Cu, Mn, Ni, Si) clusters;
o self-interstitial atom clusters (SIA clusters) and dislocation loops (SIA loops);

e vacancy clusters.

Experimental studies showed that the presence of copper is required for the

formation of precipitates and vacancy-solute clusters (e.g. [66, 69, 97, 108]). It was also
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noticed that some of the hardening defects are unstable (i.e. they have a lifetime [48, 98]) at
the RPV irradiation temperature (about 290°C). They exist with a high number density thanks
to a dynamical equilibrium state imposed by the irradiation.

- Copper_rich precipitates: copper-rich precipitates were revealed by several
techniques (HREM', STEM?, AP?) in irradiated high copper iron based alloys. In particular
Tomographic Atom Probe experiments [99] carried out on binary alloys (Fe-0.7%Cu, Fe-

1.4%Cu) irradiated with electrons or neutrons at about 288°C gave a rather precise description
of the morphology of irradiation-induced “pure” copper precipitates in iron at this
temperature. Such precipitates can be described as a core zone, with a diameter of about 1nm,
containing about 80% of copper (thus 20% of iron) and surrounded by a diffuse interface with

the matrix.

The existence of copper-rich precipitate was also proven by combinations of several
characterization techniques (SANS®, EXAFS®,...) in low copper iron based alloys [100]. In
RPV steels, their number density range is about 10** m™ for a fluence of some 10" n.cm™.
Thermodynamics-based calculations or numerical simulations showed that they should
contain Mn, Ni and Si [66, 67]. There are also some experimental (e.g. [99]) or modeling
[101] evidences showing these three elements mainly concentrate at their interface with the

matrix.

- Vacancy-solute clusters: solute atom clusters were clearly revealed by AP
studies (e.g. [102, 103, 104]). They are composed of Cu, Mn, Ni, Si and Fe atoms
(Figure 8 a). The threshold irradiation dose from which these defects are detected seems to

decrease as the steel copper content increases (Figure 9). Whatever the fluence and steel
chemical composition, their radius is about 1.5 nm and they mainly contain iron atoms (about
85%). Composition profiles revealed that the manganese, nickel and silicon atoms seem to
concentrate at the interface with the matrix [67, 103]; their spatial extends are generally
slightly larger than that of copper enrichment (Figure 8b). Due to their low concentration in
solute atoms [1], the solute atoms clusters are often called "atmospheres" or "clouds" [102].
The reason why such defects keep a dilute morphology and do not collapse in real precipitates
is an issue which is still under discussion. A possible explanation may be the presence of a
high concentration of vacancies within the defects. This explanation is supported by
numerical simulation. Indeed, Domain [105] simulated the growth of vacancy-copper clusters
using Monte Carlo simulation methods. The irradiation was reproduced in the simulation by

introducing a constant flux of vacancies and SIAs in the material. The simulation leads to the

! High Resolution Electron Microscopy

? Scanning Transmission Electron Microscopy
? Atom Probe

* Small Angle Neutron Scattering

> Extended X-ray Absorption Fine Structure
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growth of a 3-D vacancy-copper cluster (Figure 10) containing similar numbers of vacancies
and copper atoms. Due to the presence of vacancies, copper atoms do not form a single
compact precipitate. The expected presence of vacancies in the solute atoms clusters is at the
origin of their name: copper-vacancy clusters. The existence of such defects was first
suggested by Odette [106].

Experimental and simulation studies showed that, among the solute atoms in the
clusters or precipitates, copper invariably has the highest enrichment factor over the matrix
level. That explains the significant depletion of the copper content measured in the matrix;
this content tends to a lower limit of about 0.03 - 0.04 % (e.g. [48]). For steels with a copper
content of about 0.1 - 0.15 %, this limit is reached at a fluence of about 2 10" n.cm?. No
significant depletion was measured for Ni, Mn and Si in the matrix.

The number density of vacancy-solute clusters increases with the copper and
nickel contents of the steel as well as with the fluence. As an example, number densities of
3.3,57and 9 10" cm™ were measured with an Atom Probe in a 0.08% Cu steel irradiated at
275°C with fluences of 2.5, 6.6 and 12 10" n.cm™ (E > 1MeV), respectively (see a review in

[1D.

12, 1o Mn

3nm mJ[ lln' \
I.

81 | II"-';I\I_ _Ni
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. fr| _f\‘i N
2+ P e W S,
0 ,5?&.:.-'_\," \_'E.F. (L —5i fomt >,

Concentration {%eat)

Siipet R [{.\‘"\D & P
3 10 is 30

DMstance {(nm)

Figure 8: AP analyses of neutron-irradiated alloys [109]
a) solute atom cluster observed in a RPV steel (red: Cu, blue: Mn, white: Mn and green: Si);

b) composition profiles across an irradiation-induced solute atom cluster in an RPV steel.
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0,/
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0,5 %
0,4
0,3
0,2

0,1 -

Dose
0 ‘ ‘ ‘ (mdpa)
0 50 100 150 200

B Mn, Ni, Cu, Si clusters detected

0 No Mn, Ni, Cu, Si cluster detected

Figure 9: steel copper contents and doses for which Mn-Ni-Cu-Si clusters (clusters or
precipitates or both) have been detected by AP in irradiated RPV steels [5, 48, 102, 107, 108,
109,110, 111, 112].

2 nm

Figure 10: 3D vacancy-copper cluster.
a) observed by AP in a neutron-irradiated Fe-0.1%Cu alloy;

b) obtained by combining OKMC and LKMC in Fe-0.2% Cu (black spheres : copper atoms,
white spheres : vacancies) [113].
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- SIA clusters and dislocation loops: loops are generally not observed

experimentally in RPV steels irradiated in nominal conditions (T = 300°C) (e.g. [16]).
However, they were revealed in ferritic alloys (Fe, Fe-Cu, RPV steels,...) irradiated with
conditions different from those of LWRs: e.g. higher neutron flux or fluence (e.g. [96]), lower
irradiation temperature, electron (e.g. [114]) or ion (e.g. [115]) irradiations.

The structures of SIA clusters and dislocation loops are not completely understood
yet. In particular, the set of properties that distinguishes both types of defects is not well
clarified [116, 117, 118, 119]. According to Puigvi et al., and Kuramoto [116, 118], about 160
or 200 SIAs are required for a cluster to behave fully as a dislocation loop. Wirth et al. [e.g.
117] estimate that, except at very small size, both types of defects have analogous properties
and can be considered similar. In the rest of the document, we will retain this position
assimilating SIA clusters to dislocation loops. The term “loop” and “cluster” will be equally
used , but we will try to use the term “loop” for clusters with more than four SIAs.

TEM examinations of ferritic alloys irradiated with high doses (> 1 dpa) (e.g. [120,
121]) as well as numerical simulations (e.g. [117, 122, 123,124]) showed that the stable SIA

loops have for Burgers vector b = %(1 1 1> or <100> . Wirth et al [117] described the %(1 1 1>

loops as a mixture of <111> dumbbells and crowdions on {110} planes, Soneda [122] and

Osetsky [124] saw only the crowdions. Osetsky described the <100> loops as a set of <100>

crowdions.

Simulation studies showed that SIAs, SIA clusters and small SIA loops are mobile
along <111> directions (e.g. [122, 124, 125, 126, 127, 128]). They may switch their moving
from a <111> direction to another one either by thermal activation or when they meet
impurities, other SIA loops, etc. Their migration is therefore achieved along a 3-D path made
of 1-D segments (it is referred to as a mixed 1D/3D migration [128]). The capacity of loops to
switch their moving direction decreases with their size. The role played by SIA loops in the

irradiation response of RPV steels is not yet well understood and quantified.

- Vacancy clusters: large vacancy loops have never been observed in RPV steels

irradiated in nominal conditions. Small vacancy clusters do exist however, and have been
shown by PA® [129, 130].

Simulation studies showed that small vacancy clusters are more stable in a 3-D

configuration than in a 2-D one [119,131]. However, it was also noticed that 3-D clusters

® Positron Annihilation
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containing more than about 30 vacancies may present some fragments of {110} vacancy

platelets, which mark the beginning of a loop nucleation [132, 133]. Clusters containing more

than about 100 vacancies may produce a stable nucleus of {1 10} vacancy loop (b = %(1 10> ).

At around 290°C, small vacancy clusters and dislocation loops have a 3-D and 1-D
migration respectively [134]. They are much less mobile than SIA clusters and dislocation
loops of similar sizes. Vacancy clusters are also much less mobile than vacancy loops. As for
SIAs, the role played by vacancy clusters in the irradiation response of RPV steels is not yet
well understood and quantified.

IIT - Mechanisms controlling the embrittlement of RPV steels
3.1 - Mechanisms controlling the formation of irradiation-induced defects

The understanding of the mechanisms controlling the formation of irradiation-
induced defects in RPV steels is not straightforward due to the large variety of involved
phenomena and participating types of atom. The current vision on these mechanisms rely on
the interpretation of various experimental programs and numerical simulations which can be
classified as follows:

- neutron irradiation of pure Fe, binary or ternary alloys so as to identify the
role played by each type of solute atom or impurity (e.g. [3, 108]);

- electron irradiations, so as to identify the role played by the isolated point
defects (e.g. [48, 97]);

- numerical simulations (first principle), so as to get information on the
mobility of point defects and point defect clusters as well as on the
nucleation, long term behavior (growth of germs, dissolution,..) and
structure of the hardening defects (e.g. [66, 114, 125]).

From the available results, the following scenario can be proposed to explain the formation of
the irradiation-induced damage in RPV steels:

e Neutrons hit lattice-atoms which are called Primary Knock-on Atoms (PKAs).
During their displacement, PKAs may be slowed-down by interactions with
electrons and/or collisions with other atoms, which are called Secondary Knock-on
Atoms (SKAs) (e.g. [135]). These SKAs can also leave their site and then be
slowed-down by the same mechanism; the tertiary knock-on atoms can proceed on
the same way and so on... It results a series of atomic displacements, so-called
"displacement cascade" (Figure 11).
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e The size of the displacement cascade increases as the PKA energy arises (e.g. [141])
and when the latter is high enough (about 40-50 keV in iron (e.g. [136, 137, 138,
139]), the displacement cascades split into sub-cascades (Figure 12).

e The PKAs also produce point defects between the sub-cascades. In their production
area, these defects do not have a number density high enough to significantly
interact each other, therefore most of them migrate into the bulk.

e Once all the PKA energy is dissipated in the displacement cascade, most of the
created vacancies and SIAs annihilate each other. At the end of this recombination
phase, only some surviving point defects are still existing. It is the migration of these
surviving point defects which is responsible for the formation of hardening defects

and segregation. The number (N) of surviving Frenkel pairs can be estimated with
expressions such as N = 5.57 E2® [140] or N =5 EX” [141] (where Egun is the

dam dam
PKA damage energy, in keV). It is worth noticing that substitutional alloying atoms
(Mn, Ni,...) and impurities (Cu,...) do not affect significantly the result of
displacement cascades at the time scale of ps (e.g. [141]).

¢ During the following milli-seconds (Figure 13):

- SIAs and SIA clusters migrate from the (sub)-cascade’ area to the bulk,

- vacancies and vacancy clusters have a three 3-D migration in the (sub)-cascade
area. Their local number density is high enough for them to merge and collect
some copper atoms, which leads to the formation of nuclei of small vacancy
clusters, vacancy-copper clusters or pure copper clusters.

If the copper content in the solid solution is high enough (> 0.1%), nuclei of pure
copper precipitates may also appear in the bulk by a classical thermal germination
process.

¢ Solute atoms (Cu, Mn, Ni, Si), vacancies, SIAs and SIA clusters migrate in the bulk
and may meet pre-existing hardening defects by random walk, which absorb or
annihilate them. Due to the vacancy super-saturation, the migration of solute atoms
may be much faster than under purely thermal conditions (enhanced diffusion). Solute
atoms may also migrate to hardening defects by a diffusion process induced by the
flux of SIAs or vacancies reaching or leaving these defects (induced diffusion). It
seems that the presence of Cu is required for the clustering of Mn, Ni and Si [66]. The
propensity of these elements to remain in solid solution in low copper steels is coherent
with their high solubility limits in iron.

’ The term (sub)-cascade covers a sub-cascade or a cascade which can not split into sub-cascades
(PKA recoil energy < 40-50 keV)
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e Defects may emit species (SIAs, vacancies, solute atoms, ...) by thermal-activated
processes. Differences between emission and absorption rates, lead to the dissolution
of nuclei and the growth of others which become stable hardening defects: SIA loops,

vacancy clusters, vacancy-copper clusters and pure copper precipitates.

e As defects are enriched in copper, their emission rates of Ni, Mn, Si atoms decrease and
they get enriched in these three elements.

10 ps Ips

Figure 11: displacement cascade as simulated by MD in pure iron at 100K; cascade damage

energy: 15 keV (recoil energy: 21 keV); white spheres: vacancies and black spheres: SIAs.

Figure 12: splitting of a displacement cascade into sub-cascades as simulated by MD in pure
Fe at 100K cascade damage energy : 40 keV (recoil energy: 61 keV) [137, 142].
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Figure 13: numerical simulation of formation of nuclei in a Fe-0.2%Cu alloy.

a) cascade peak (0.25 ps); (b) surviving defects at the end of the recombination phase (10 ps); (c)
SIAs and SIA clusters have left the simulated crystal (10 ps); (d) nuclei of vacancy cluster and
vacancy-copper clusters (few ms). (white spheres: vacancies, black spheres: SIAs, red spheres:
copper atoms).

3.2 - Mechanisms controlling the evolution of mechanical properties

Irradiation-induced defects constitute obstacles to the gliding of dislocations (the
involved mechanisms are described in Chapter IV), hence harden RPV steels, and
consequently reduces their fracture toughness. In a wide range of temperatures, the
irradiation-induced hardening of RPV steel is mainly controlled by athermal mechanisms, and
thus is independent of the testing temperature (Figure 14). This independence, together with
the steep temperature dependence of the yield stress typical of bcc structure, provides a

27

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



© 2005 Tous droits réservés.

Thése de Stéphanie Jumel, Lille 1, 2005

qualitative explanation for the irradiation-induced shift of the DBTT, as illustrated in Figure
14 : considering that the DBTT is defined by the intersection between the cleavage stress
curve (which is almost temperature and irradiation independent) and the yield stress curve,
then it appears that the increase of yield stress due to irradiation produces an upward shift in
the point of intersection, corresponding to an increase in DBTT.
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Figure 14 : schematic diagram showing how an irradiation-induced increase of yield stress
results in a DBTT shift [143].

IV - Conclusion

This chapter shows that the "RPV community" has now a pretty good understanding of
irradiation effects in RPV steels. It is understood that these effects result mainly from the
segregation of phosphorus to grain boundaries and from the formation of 4 types of hardening
defects : copper-rich precipitates, vacancy-solute atoms clusters, SIA dislocation loops and
vacancy clusters. It is also obvious that the mechanisms controlling irradiation effects are
dealing with several space and time scales. Consequently, the simulation of these effects

require a multi-scale approach.
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CHAPTER 11

Description of RPV-1

The building of RPV-1 successively required to:

- model the formation of the irradiation induced damage in RPV steels, as well as the
plasticity behavior of these steels after irradiation;

- select codes and models to carry out the simulations of the involved mechanisms. Since
our main focus was to build a first tool (rather than a perfect tool), we decided to use, as
much as possible, existing codes and models in spite of their imperfections. It was
intended that subsequent effort would lead to improve them or propose new ones.
Nevertheless, two codes (DUPAIR and INCAS) were missing and had to be developed
in the framework of this thesis;

- propose an architecture to link the selected codes and models.

All these points are described in this chapter.

The first paragraph gives the hypotheses used for the modeling. The second paragraph
describes the selected codes and models as well as the architecture of RPV-1. The third one
explains the main steps of a typical simulation and finally, a description of the simulated evolution

of the hardening defects is given in the fourth paragraph.

The elements given in this chapter were extracted from a larger document accepted for
publication in Journal of Nuclear Materials [1].

I - Models used to build RPV-1
1.1 - Modeling of the irradiation-induced damage

The hypotheses used to model the formation of the irradiation-induced damage are
given hereafter. Some of them are in conformity with the current state of knowledge partially
described in the previous chapter: they are preceded by the symbol (#). The other ones have
been made to facilitate the building of RPV-1; they rely on the current knowledge but will have
to be reconsidered for the subsequent versions of this VTR: they are preceded by the symbol

(%).
« The irradiation-induced increase of yield stress is independent of the steel type

(forging, plate, weld) and slightly depends on its metallurgical microstructure.
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Only the grain or lath size and the dislocation density have an influence (effects
of size and distribution of carbides, shape of grains... are not accounted for).

& In its current version, RPV-1 does not take into account the intergranular
segregation of phosphorus. Consequently, it cannot be used to forecast the
behavior of steels containing more than about 150 ppm of phosphorus.

& The only chemical elements controlling the irradiation-induced hardening are Cu,
Mn and Ni (Si is not allowed for, carbon and nitrogen are indirectly taken into

account by reducing the mobility of vacancies).

& The irradiation induces the formation of the four following types of hardening
defects:
- 2-D SIA clusters and dislocation loops with {111} habit planes;
- spherical vacancy clusters;
- spherical copper-rich precipitates containing Mn and Ni atoms;
- spherical vacancy-solute (Cu, Mn, Ni) clusters.

¢ Primary Knocked-on Atoms (PKAs) induced by neutrons produce displacement
cascades which may split into sub-cascades. They also produce some point

defects between the sub-cascades.

¢ Alloying elements and impurities do not affect:

- the generation of PKAs and (sub)-cascades';

- the “collision” and “recombination” phases of (sub)-cascades;

- the production and distribution of point defects between the sub-cascades.
These phenomena are also supposed to be temperature-independent between 0
and 600K. Consequently, they can be simulated in pure iron at any temperature
below 600K.

¢ During their “collision” and “recombination” phases, sub-cascades belonging to
the same cascade or to different cascades do not interact; they neither interact
with any defect migrating in the bulk. They can therefore be simulated
separately.

& At the end of their recombination phase (some tens of pico-seconds), each sub-
cascade leaves isolated or clustered surviving point defects. The short-term
evolution (some milliseconds) of these defects occurs without any interaction

! The term (sub)-cascade covers a sub-cascade or a displacement cascade which cannot split into sub-cascades
(PKA recoil energy < 40-50keV).
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with other (sub)-cascades or migrating defects, and can thus be simulated
separately.

& Cu is the only alloying element playing a role in the short-term evolution of the
point defects left by the (sub)-cascades (some milliseconds). This evolution can
therefore be simulated in a Fe-Cu alloy. It can be described as follows:

- SIAs and SIA clusters migrate (1D/3D migration) from the (sub)-cascade area
to the bulk, some of them may merge or interact with surviving vacancies
(leading to the annihilation of SIAs and vacancies). In the bulk, they may act
as nuclei of SIA dislocation loops or interact with pre-existing hardening
defects or other features (grain boundaries, dislocations,...).

- vacancies and vacancy clusters have a 3-D migration in the (sub)-cascade area.
Their number density in this area is high enough for some of them to merge
and/or to collect some copper atoms, which leads to the formation of nuclei of
hardening defects: small vacancy clusters, vacancy-copper atom clusters or
pure copper clusters.

In the following part of the document, the defects (SIAs, SIA clusters, vacancy
clusters, vacancy-copper clusters,...) resulting from the short term evolution of the
surviving point defects left by a (sub)-cascade will be called “nuclei of hardening
defects” produced by the (sub)-cascade.

& When a displacement (sub)-cascade is generated within a sphere of radius Ry
centered on a pre-existing hardening defect, its residual point defects are supposed
to be attracted by this defect and to annihilate on it. Thus, the cascade has no
effect. The probability of occurrence of such an event is given by:

P(t) = 1-exp(-G Vin t) (D

where G is the (sub)-cascade generation rate (cm™.s™);
Vi is the interaction volume, Viy = 4 7t Rine / 3:
Rint = 1 nm in the current version of RPV-1;
t is the irradiation time.

& The surviving vacancies created between the sub-cascades are isolated while the
SIAs are distributed as follows: 60% are isolated, 20% are in clusters of size 2,
10% in clusters of size 3, 6% in clusters of size 4, 3% in clusters of size 5 and
11% in clusters if size 6. It is supposed that, in their production area, all these
point defects are not in a number density high enough to significantly interact
with each others or with solute atoms and to form nuclei of defects. Most of
them therefore migrate into the bulk.
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¢ If the copper content in the solid solution is high enough (> 0.1%), nuclei of pure
copper precipitates may also appear in the bulk through a classical thermal

germination process accelerated by irradiation.

& Copper enrichment of hardening defects occurs by enhanced and induced
precipitation (cf § 2.2.a). It means that copper atoms reach these defects by the two
following mechanisms:

- arandom walk mechanism, accelerated by the super-saturation of vacancies.

- a diffusion process induced by an interaction with the fluxes of vacancies
(interactions with the fluxes of SIAs is not accounted for in the current version of
RPV-1, as first principle calculations show that the interaction between copper
and SIA is negligible [2]).

& As hardening defects are enriched in copper, they get also enriched in Ni and Mn.
This enrichment relies on an irradiation enhanced diffusion mechanism and is
influenced by the interface between the matrix and the defects. In RPV-1, the
numbers of Mn and Ni atoms in each defect are considered to be proportional to
the number of copper atoms in the defect. The proportionality factors are
calculated at the thermodynamic equilibrium (identity of the chemical potentials
in the matrix and in precipitates). It is also supposed that the thermodynamic
principles are not applicable for defects containing less than five copper atoms.
Consequently, only defects containing more than five copper atoms are enriched

in Mn and Ni atoms.

¢ Hardening defects may emit solute atoms, vacancies or SIAs through thermal-
activated processes. Differences between emission and absorption rates lead to the
dissolution of defects and the growth of others.

1.2 - Modeling of the plasticity behavior
Irradiation-induced defects constitute obstacles to the gliding of dislocations and thus

have a hardening effect. The hypothesis used to model the gliding of dislocations and their
interactions with the defects are described in Chapter I'V.
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IT - Description of RPV-1

RPV-1 was built so that its inputs and outputs are similar to those of experimental
irradiation programs carried out to assess the in-service behavior of steels (Figure 1). Its inputs
are:

- the irradiation conditions: neutron spectrum, temperature and time of irradiation;

- the characteristics of the non-irradiated steel: nominal or free Cu, Mn and Ni contents,

grain size, density of dislocations, yield stress;

- the conditions of the tensile test: temperature and deformation rate.
The description of the irradiation-induced evolution of the microstructure and the concomitant
increase of the yield stress are the main outputs. By using theoretical or empirical correlations,
the irradiation-induced shift of the DBTT can be determined from the increase of the yield
stress (see Chapter I and e.g. [3]).

Section 2.1 provides a description of the overall architecture of RPV-1, i.e. the way the
selected codes have been linked up together and connected to the databases. In section 2.2, a
brief description of these codes and the procedures followed to build up the databases are

given.

Irradiation conditions \
- Neutron spectrum

- Temperature

- Time

Non-irradiated steel

- Crystallographic structure Irradiation-induced damage
- Cu, Ni, Mn contents > _> RPV-1
- Grain or lath size Irradiation-induced increase of the yield stress

- Density of dislocations
- Last heat treatment conditions
- strain-stress curve

Tensile test conditions
- Temperature
- Deformation rate }

Figure 1: description of RPV-1 inputs and outputs.

2.1 - Architecture of RPV-1

The architecture of RPV-1 is sketched on Figure 2, and may be described as a stack of
“racks”. Each of these racks contains a code or a database and is linked up with the others so as to
receive, treat and/or transmit data. Built in that way, RPV-1 is an evolutionary tool and can be
improved very easily: as soon as a new code or model is available, it can be implemented without
any difficulty by replacing a “rack” by a new one. The codes and databases used in RPV-1 are
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accompanied by pre- and post-treatment scripts in order to link them up and transmit data. They
are also embedded in a Python interface (developed by Y. Souffez —EDF-) which facilitates the
running of the simulations and the visualization of the results. The main board of this interface
(Figure 3) is used to select inputs concerning the irradiation conditions (neutron spectrum,
irradiation time and temperature), steel (%Cu, %Ni, %Mn) and tensile test (temperature,
deformation rate). Auxiliary boards are also available to select complementary steel-related inputs
(grain size, dislocation density) and all the physical parameters required by the codes (point defect
formation energies, defect migration energies...). As seen in Figure 2, three modules (which can be
run separately) are identified in RPV-1:

- the “short-term irradiation” module treats the neutron spectrum to provide the
PKA spectrum (with the code SPECMIN, see § 2.2.a) and then, the (sub)-cascade
spectrum in pure iron (with the code INCAS, § 2.2.b and Chapter III). By

convoluting the (sub)-cascade spectrum [number of (sub)-cascades versus the

dissipated energy] and the size distribution of nuclei of hardening defects produced
by each (sub)-cascade (given in the database CASCADE, see § 2.3.a), it defines a
part of the source term for the long-term irradiation module. The generation rate
of point defects (isolated or clustered) between the sub-cascades is the other part

of this source term.

- the “long-term irradiation” module mainly includes a rate theory code (so-called

MFVISC, see § 2.2.c) to simulate the evolution of the irradiated microstructure
from about 10~ second to years. This module continuously checks the evolution
of the microstructure so as to adjust the source term to account for: 1) the
evolution of the free copper content in the matrix, ii) the interaction of
displacement cascades with pre-existing defects.

- the “hardening” module finalizes the simulation of the formation of the hardening

defects by enriching in Ni and Mn those containing Cu, using results provided by
a kinetic-thermodynamics code (so-called DIFFG, see § 2.2.d). It simulates also a
tensile test with a mesoscopic code (the Foreman and Makin type code called
DUPAIR, see § 2.2.e and Chapter 1V), using a database of pinning forces (called
FORCE, see § 2.3.b and Chapter 1V).
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Short term irradiation module Neutron spectrum
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Initial Cu content

i PKA spectrum i
| CASCADE i
! v (Sub)-cascade Generation of point defect clusters i
: spectrum between (sub)-cascades !
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Selection > Y
of data ¢

Accounting of the (sub)-cascade
interactions with pre-existing defects

Calculation of Yes
the free < t<t >
irrediation
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Size distribution of hardening
' defects in Fe-Cu alloy

Size distribution of hardening
defects in Fe-Cu-Mn-Ni alloy

Increase of resolved shear stress in @ monocrystal
x Taylor Factor

! DEFECT |—3 Selection i
E Hardening module :

Increase of vield stress in a polycrystal

_________________________________________________________________________

Figure 2: schematic structure of RPV- 1. To simplify the figure, only two input data (neutron
spectrum and initial copper content ) are indicated.
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Figure 3: Python user’s friendly interface of RPV- 1: main board used to select input data
concerning the irradiation conditions, steel and tensile test; one of the auxiliary boards to select

complementary physical parameters and inputs concerning the steel.

2.2 - Codes used to build RPV-1

This section provides a short description of the codes used to build-up RPV-1. Among
them, SPECMIN, INCAS, MFVISC, DIFFG and DUPAIR are directly chained in RPV-1 (see
Figure 2). Two other codes DYMOKA and LAKIMOCA, have been used to build up the two
databases CASCADE and FORCE integrated in RPV-1.

a) SPECMIN

SPECMIN is a simplified version of the code SPECTER; both codes have been
developed by L. Greenwood from Pacific Northwest National Laboratory [4]. SPECMIN
provides less information than SPECTER, but allows the simulations to be operated on a PC-
type computer with typical running times of a few seconds. It is written in FORTRAN.
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SPECMIN relies on the Binary Collision Approximation (BCA) and simulates the
interactions between neutrons and atoms of pure elements. It takes into account the elastic
collisions as well as inelastic interactions and all possible direct nuclear reactions, such as
(n,p), (n,a), (n,2n) etc, between both kinds of particles. All these phenomena are characterized
by differential neutron cross sections available from the Evaluated Nuclear Data File database
(ENDF). ENDF data and their uncertainties can be obtained from the National Neutron Cross
Section Center at Brookhaven National Laboratory (USA). For a given neutron spectrum, the
calculations with SPECMIN successively lead to the following results:

- the PKA spectrum (number of PKAs expressed as a function of PKA’s recoil
energy) in which PKAs are classified and counted with respect to energy
groups. For the subsequent calculations, all the PKAs belonging to the same
group are considered as dissipating the same energy, i.e. the middle group
energy;

- the gas production calculated from the nuclear reactions;

- the “damage energy” (Tgsm) of PKA’s calculated from their recoil energy
according to the Lindhard’s theory [5];

- the dpa rate calculated from the Norgett, Robinson and Torrens expression (NRT
dpa [6]) which gives the total number (N;) of atoms displaced per PKA:
N=0.8T4am/2Eq (Eq4 is the minimal energy required to displace an atom from its

lattice site).

b) INCAS

As already mentioned, INCAS has been developed in the framework of this thesis.
It was programmed in FORTRAN by EDF [7]. A precise description of INCAS is given in

chapter III. This section summarizes some key points.

INCAS is based on the Binary Collision Approximation and simulates the fate of
PKAs from the time they are knocked by a neutron, up to the time they spread all their kinetic
energy and thus stop moving. It forecasts their elastic collisions with lattice atoms and
interactions with electrons. INCAS provides the average number and size of the damage zones
(zones where Frenkel pairs are produced) induced by the PKAs according to their recoil
energy. It also provides the distance between successive damage zones and the energy

dissipated in each of them. Two cases have been identified:
- damage zones in which the dissipated energy is higher than 8.3 keV are
considered as (sub)-cascades. They are classified and counted with respect to
5 dissipated energy groups: 5-15, 15-25, 25-35, 35-45, 45-55 keV (the so-
called (sub)-cascade spectrum). For the subsequent calculations, all the (sub)-
cascades belonging to a same group are considered as dissipating the same

energy, i.e. the middle group energy.

43

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

- damage zones in which the dissipated energy is lower than 8.3 keV are
considered to produce Frenkel pairs between the sub-cascades. At the end of
the recombination phase, the number of surviving Frenkel pairs left by each of
these damage zones can be estimated with the expression (defined by
Molecular Dynamics simulations; e.g. [8]):

UE) =5 (Tgam)" ™ (1)
where Tg.m is the damage energy, in keV. The surviving SIAs and vacancies
are considered isolated or clustered in small nuclei (SIAs : 60% are isolated,
20% in clusters of size 2, etc; see § 1.1 of this Chapter).

¢) MFVISC

MFVISC (Mean Field Vacancy Interstitial Solute Clusters) is a Rate Theory code
developed with V. Duwig (EDF), A. Pon¢ot (EDF) and A. Barbu (CEA), from the MFVIC
code [9, 10]; it is written in FORTRAN. For the building of RPV-1, MFVISC was used to
reproduce the long-term evolution of the irradiation-induced damage.

In its current version, it simulates the fate of the vacancies, copper atoms and

SIAs and provides, for selected irradiation times and as a function of their size, the distribution
of :

- SIAs clusters and dislocations loops,

- pure Cu clusters,

- pure vacancy clusters,

- vacancy-copper clusters.
The vacancy clusters and SIA dislocation loops containing up to 20 elements can be mobile,
their mobility are parameters of the code. The other defects are immobile.

In order to reduce the computer requirements, small defects are treated by discrete
equations (i.e.: one equation per defect size) while large defects are treated by so-called
“continuous equations” (i.e.: one equation for a group of defect sizes). A detailed presentation
of MFVISC is available in [11]. In RPV-1, MFVISC is used with a standard parameterization
(Table I) which was not optimised in the framework of this thesis. The improvement of this
parameterization is being done by the international community (e.g. [9]).
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Table I: parameterization of MFVISC used in RPV-1

Name Nature Value
E™, Vacancy migration energy (eV) 1.3
E™, Interstitial migration energy (eV) 0.3
EfV Vacancy formation energy (eV) 1.9
Efi Interstitial formation energy (eV) 5
DOV Vacancy diffusion pre-exponential factor (cm”/s) 1
Doi Interstitial diffusion pre-exponential factor (cm?/s) 410™
EbV Binding energy of di-vacancies (eV) 0.2
E® Binding energy of di-interstitials (eV) 1

p Dislocation density (cm™) 10"
d) DIFFG

In RPV-1, Mn and Ni atoms are introduced into the simulation with the DIFFG
code, developped by G.R. Odette from the University of Califormia at Santa Barbara and B.
Wirth from the University of California at Berkeley [12, 13]. DIFFG is a kinetic-
thermodynamics code written in FORTRAN, which determines the phase stability in a Fe-Cu-
Mn-Ni system by taking into account the influence of the precipitate—matrix interfaces. The
precipitate evolution is modeled by tracking the flows of alloying atoms imposed by the
difference of chemical potentials between the matrix and the precipitates. The cluster radius
and composition are followed as a function of time until each alloying atom has the same
chemical potential in the matrix and in the precipitates. The final ratios (Mn content) / (Cu
content) and (Ni content) / (Cu content) in the precipitates are then calculated. They are used to
determine the Mn and Ni enrichments of the Cu-bearing hardening defects simulated with the
MFVISC code.

e) DUPAIR

DUPAIR is used to assess the irradiation-induced hardening. It is a Foreman-and
Makin-type code developped in the framework of this thesis. Its programmation was made in C
by C. Domain (EDF) [14]. A precise description of DUPAIR and its parameterization is given
in chapter I'V. This section summarizes some key points.

In DUPAIR, the studied material is represented as a parallelepipedic box and the
different types of irradiation-induced defects are randomly distributed according to their
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number density, each defect being characterized by its type, size and pinning force. The code
simulates the gliding of one dislocation line in the mid-plane of the box. The maximal shear
stress required to make the dislocation cross this box is considered as the irradiation-induced
increase of the resolved shear stress of a grain. It is multiplied by the Taylor factor (= 3) to get
the increase of yield stress of the poly-crystalline material, which is assimilated to the increase
of the conventional yield stress ARpg,. As already mentioned, the irradiation-induced shift of
the Charpy brittle ductile transition temperature can be determined from this increase of the
yield stress by using empirical and theoretical correlations.

DUPAIR is applied at different irradiation time so as to deliver a complete time-
dependant hardening curve. The results are provided as a function of dpa, irradiation time,
fluence or fluence of neutrons of energy higher than 1 MeV.

) DYMOKA

DYMOKA is a Molecular Dynamic code developed by C. Domain from EDF
(e.g. [15]); it is written in C. For the building of RPV-1, its parallel version was used to
simulate displacement (sub)-cascades in iron as well as the interactions between hardening

defects and a screw dislocation. The selected EAM-type inter-atomic potentials are given in
Table II.

Table II: references of EAM-interatomic potentials used to carry out simulations with

DYMOKA and LAKIMOCA.
EAM-interatomic potentials Reference
Fe-Fe Ludwig et al. [16] ; Raulot [17]
Cu-Cu Ludwig et al. [16]
Fe-Cu Ludwig et al. [16]

g) LAKIMOCA

LAKIMOCA is a so-called Kinetic Monte Carlo code developed by C. Domain
from EDF (e.g. [15]); it is written in C. For the building of RPV-1, LAKIMOCA was used to
simulate the formation of nuclei of hardening defects during the short term evolution (some
milliseconds) of the residual point defects left by displacement (sub)-cascades. It takes into
account a large number of objects (solute atoms, impurities, point defects clusters, vacancy-
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solute clusters, grain boundaries,...) and can be used with two models: Atomistic Kinetic
Monte Carlo or Object Kinetic Monte Carlo according to the nature of the object considered as
mobile. With the former, the interactions between atoms are described with EAM inter-atomic
potentials (Table II); with the latter, these interactions are not explicitly described.

- The Atomic Kinetic Monte Carlo model considers the mobility of vacancies

only. At each time step, one vacancy jumps to one of its nearest sites or is
emitted from an object (vacancy clusters,...). The physical inputs of the model
are the jump frequencies of vacancies depending on their local environment
and the vacancy emission frequencies of the objects depending on their type
and size. With this model, the current version of LAKIMOCA cannot simulate
the fate of SIAs.

- The Object Kinetic Monte Carlo model takes into account the mobility of

several types of objects: isolated point defects, point defect clusters,
vacancies-solute clusters, solute precipitates... At each time step, one of these
objects either moves of one inter-atomic distance or emits one element (point
defect or solute atom). The physical inputs of the model are the jump and
emission frequencies of the objects. Several parameters describing the
simulated material like the migration energies of point defects, the binding
energies of point defects with point defect clusters, the binding energy of Cu

atoms with vacancies .... are also required.

Both models take into account the presence of sinks (dislocations, grain
boundaries. ..) where point defects may disappear.

2.3 - Databases used in RPV-1

Some calculations required to simulate irradiation effects are extremely computer-
time consuming. They cannot be performed in flexible versions of VTRs usable on PCs. For
RPV-1, these calculations were carried out separately on powerful parallel computers (CRAY,
clusters of PCs,...) and their results were stored in two databases integrated in the VTR :

- the “CASCADE” database, which contains the size distributions of nuclei of
hardening defects produced by (sub)-cascades in Fe-Cu alloys. These data are
used to prepare the source term of the Rate Theory code MFVISC.

- the “FORCE” database which contains the values of the pinning force exerted
by the irradiation-induced defects on a screw dislocation. These data are used as
input data of the DUPAIR code to calculate the irradiation-induced hardening.

During the simulation, the needed data are taken from these databases.
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a) CASCADE

The database CASCADE provides the size distribution of nuclei of hardening
defects formed within some milliseconds (short term evolution) by the surviving point defects of
(sub)-cascades in Fe-Cu alloy. Its current version includes results for:

- 3 irradiation temperatures: T = 333, 423 and 573 K;

- 4 (sub)-cascade damage energies: Tgam = 10, 20, 30 and 40 keV;

- 5 free Cu contents in the matrix: Cu = 0.00, 0.03, 0.10, 0.20 and 0.30 at%
Cu.

The main steps of the building of “CASCADE” are described hereafter and
summarized in a more intelligible way in Figure 4:

- displacement (sub)-cascades corresponding to PKA damage energies of 10,
20, 30 or 40 keV were simulated by MD? in pure iron at T=600K (the results
are supposed to be temperature independent in the range 100-600K). The
simulations were stopped when the configuration of the surviving defects did
not significantly evolve anymore (about 10 picoseconds of physical time). For
each PKA energy, three simulations were performed with different initial
incident directions of the PKA.

- the short term evolution (some milliseconds) of the surviving point defects left
by the (sub)-cascades was simulated with LAKIMOCA in Fe-Cu alloys: in
practice, copper is introduced in the simulation by replacing iron atoms by
copper atoms in the simulation box containing the surviving defects. For each
PKA initial condition (energy and direction), simulations were carried out at
three temperatures (T=333, 423 or 573 K) and with four copper contents (Cu =
0.00, 0.03, 0.10, 0.20 and 0.30 at%). For each set of copper content,
temperature and PKA initial energy, the simulation sequence was :

v firstly the OKMC’ was applied to follow the fate (diffusion,
clustering,...) of the SIAs during few microseconds. The simulation was
stopped when the configuration of SIAs did not significantly evolve
anymore (most of them have left the simulation box; some may have
merged to form clusters or may have been annihilated with surviving
vacancies). The mobility of SIAs is much higher than that of vacancies,
hence the vacancies remained almost immobile during the simulation. This
OKMC simulation was carried out 1000 times with different initial

random selection numbers.

* Molecular Dynamics
? Object Kinetic Monte Carlo
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The final size distribution of nuclei of SIA loops was determined by
averaging the size distributions provided by the 3000 simulations
(simulations for 3 PKA initial directions x 1000 OKMC simulations).

v’ then, the AKMC* was used to follow the fate of the surviving vacancies

during about some milliseconds. The simulation was stopped when the
configuration of the vacancies and copper atoms did not significantly
evolve anymore. For each set of conditions, this simulation was carried out
only once, due to its high computing requirement.
The final size distribution of nuclei of vacancy-copper cluster, vacancy
cluster and copper precipitate was determined by averaging the size
distributions provided by the three simulations corresponding to the
different PKA initial directions.

Finally, the size distribution of nuclei of hardening defects has been stored in
“CASCADE” according to the irradiation temperature, PKA energy and copper content.

Distribution of surviving Distribution of surviving Distribution of
defects left by the sub- defects left by the sub- surviving defects left
cascade cascade by the sub-cascade
PKA Direction 1 PKA Direction 2 PKA Direction 3
CASCADE
x 1000 OKMC x 1000 OKMC x 1000 OKMC
: ; : ; : : database
simulations simulations simulations
in Fe-Cu in Fe-Cu in Fe-Cu
A4 JV \ 4 Average size
Average size Average size Average size distribution of SIA
distribution of STA ~ WENEEEEEEEEE( djstribution of STA | distribution of SIA germs
germs (over 1000 germs (over 1000 germs (over 1000 (over 3000
simulations) simulations) simulations) N .
simulations)
1 AKMC 1 AKMC 1 AKMC
simulation in simulation in simulation in
Fe-Cu Fe-Cu Fe-Cu Average size
distribution of germs :
Average size Average size Average size V-Cu clusterg, .SIA loops,
o X L - X o Cu precipitates,
distribution of germs : distribution of germs : distribution of germs : V-clusters
V-Cu clusters, SIA I V-Cu clusters, SIA [E— V-Cu clusters, STA 3 3 ll t
loops, Cu precipitates, loops, Cu precipitates, loops, Cu precipitates, (over 3 simulations)
V clusters V clusters V clusters

Figure 4: building of the CASCADE database - simulations carried out for a given set of
irradiation temperature, PKA energy and Cu content.

* Atomic Kinetic Monte Carlo
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b) FORCE

As already mentioned, FORCE contains the pinning forces exerted by the hardening
defects (vacancy clusters, SIA clusters, pure copper precipitates and vacancy-copper clusters)
on a screw dislocation. These forces have been determined from MD simulations with a “static
approach”. This means that the dislocation remains fixed in the simulation box (only
displacements of atoms related to the box relaxation are allowed) and different positions of the
defects as regard to the dislocation are considered (Figure 5a). The interaction energy between
the defect and the dislocation is then recorded versus their separating distance (Figure 5b). The

exact procedure as well as the way the forces were derived from the results are described in
details in Chapter IV.

a)
Distance between the defect and the core of the dislocation (A)
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Figure 5: static approach used to study the interaction between a screw dislocation and
hardening defects with the Molecular Dynamics code DYMOKA [18].
a) three configurations of a 9 copper atoms precipitate and the screw dislocation;

b) variation of the interaction energy between a 400 copper-atoms precipitate and the
screw dislocation, as a function of their separation distance.
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III - Simulation steps of RPV-1

The simulation of irradiation effects with RPV-1 requires to activate the three modules
presented in §2.1 of this Chapter. The corresponding calculation steps are described hereafter
and illustrated in Figure 6 for a simulation carried out at 150°C with a neutron spectrum which
is representative of an irradiation channel of the French reactor OSIRIS (composition of the
irradiated steel: 0.1%Cu, 1.3 %Mn, 0.7 %Ni). This simulation has been carried out with the
version 1.2.g of RPV-1.

3.1 - The “short term irradiation” module

step 1 : the PKA spectrum and the dpa rate are determined from the neutron
spectrum with the code SPECMIN. As already mentioned, the effects of
alloying elements and impurities on both quantities are negligible and
consequently the simulation is carried out in pure iron (Figure 6a and b).

step 2 : the (sub)-cascade spectrum is determined from the PKA spectrum with the
code INCAS. The effects of alloying elements and impurities on (sub)-
cascade formation are also negligible and the simulation is consequently
carried out in pure iron (Figure 6¢). The INCAS simulation provides also the
number of Frenkel pairs produced between the (sub)-cascades by time and
volume units. As already mentioned, it is supposed that the corresponding
vacancies are isolated and the SIAs distributed among the following nuclei:
60% are isolated, 20% are in clusters of size 2, 10% in clusters of size 3, 6%
in clusters of size 4, 3% in clusters of size 5 and 11% in clusters if size 6.

step 3 : the size distributions of nuclei of SIA loops, copper precipitates, vacancy
clusters and vacancy-copper atom clusters created by the (sub)-cascades are
read in the CASCADE database as function of the damage energy in the
(sub)-cascade, the irradiation temperature and the content of free copper in
the solid solution. They are introduced as source terms in the rate theory
code MFVISC according to the (sub)-cascade spectrum. To be more precise,
let us consider the following example:

- the (sub)-cascade spectrum indicates that the irradiation introduces z
cascades with a dissipated energy of 20 keV (corresponding to a damage
energy of 15 keV) per time and volume units.

- CASCADE indicates that a 15 keV damage energy cascade creates an
average of x; SIA loop nuclei of size 1 and yjx copper-vacancy nuclei
containing j vacancies and k copper atoms,...

- then, z.x; SIA loop nuclei of size i, z.yjx copper-vacancy nuclei

containing j vacancies and k copper atoms,... are introduced as source
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term in MFVISC per time and volume units. This operation is done for

each group of (sub)-cascade damage energies.
If the free copper content of the steel is not one of those taken into account
in CASCADE, the corresponding size distribution of nuclei is determined by
interpolating between the two distributions related to the closest copper
contents already existing in CASCADE. As an example: if for a 20 keV
(sub)-cascade CASCADE indicates n; and m; nuclei of 3 SIAs when the
copper contents are 0.03% and 0.1% respectively; then, for any copper
content X such as 0.03% < X < 0.1%, the source term taken into account for

nuclei of 3 SIAs is ;[mi(X—0.03)+ni(0.l—X)]. The same
(0.1-0.03)

interpolation is done for all the nuclei. The SIA clusters and mono vacancies
produced between the sub-cascades are also added into the source term of
MFVISC.

3.2 - The “long term irradiation” module

step 4: the simulation with MFVISC is carried out until the required irradiation time
or number of dpa is reached. Results related to twenty intermediate times are

also available.

step S: at each MFVISC time step, the source term is adjusted in order to take into
account the evolution of the microstructure :

- the residual free copper content in the matrix is re-calculated and the
source term is modified accordingly;

- the probability for (sub)-cascades to occur at a distance of less than 1 nm
of a pre-existing defect, and thus to have no effect, is calculated with the
expression (1). To keep only “useful” (sub)-cascades, the (sub)-cascades
spectra is modified: in each group of energy of the (sub)-cascade

spectrum, the number of (sub)-cascades is multiplied by 1 — P(t).

3.3 - The “hardening” module

step 6: at the end of the MFVISC simulation and for the six last intermediate times,
copper precipitates and vacancy-copper clusters are enriched in Mn and Ni
atoms according to the results of DIFFG. The final size distribution of each
type of irradiation-induced defects is then plotted on a graph. It can also be
represented in a 3-D box by supposing that the defects are randomly
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distributed (Figure 6¢). The simulated evolution of the distribution of defects
is described in paragraph IV of this Chapter.

step 7: following the introduction of Mn and Ni atoms in the simulations, the last
six outputs of MFVISC are used as input for DUPAIR, which simulates the
corresponding irradiation-induced increase of the yield stress for the selected
temperature and deformation rate. The evolution of the increase of yield
stress 1s plotted versus the irradiation time, total fluence, fluence higher than
1 MeV and number of dpa (Figure 6d). The concomitant evolution of the
Charpy transition temperature can by determined from empirical
correlations, e.g. : ATT =~ 0.68 ARpj, (at 20°C, without intergranular
rupture) [19]. Comparison between experimental and simulated irradiation-
induced increase of yield stress are given in Chapter V.

IV - Evolution of the irradiation-induced damage

This paragraph describes the simulated evolution of the irradiation-induced defect in a RPV
steel (0.065%Cu-0.69%Mn-0.37%N1) irradiated at 300°C with a neutron spectrum representative
of a channel of HFIR (®gs vey = 4.7 10" n.cm’z.s'l).

The simulation was carried out with the version 1.2.g of RPV-1. For the sake of
understanding, number densities of irradiation-induced defects have been plotted according to the
following rules:

-number densities of SIA loops, vacancy clusters, copper precipitates and copper-rich

precipitates are represented with solid lines;

- densities of copper-vacancy clusters are represented with dots. For a given number N of

copper atoms in a cluster, the first dot of highest density corresponds to the density of
clusters containing N copper atoms and 1 vacancy, the second one to the density of

clusters containing N copper atoms and 2 vacancies, etc, ....

e Cu-rich precipitates: the simulated evolution of the distribution of copper-rich
precipitates is plotted versus their copper content and the dose in Figure 7 a and b. This
distribution becomes almost stable from a dose of about 10~ dpa. In this configuration,
the precipitates containing between 10 and 15 copper atoms have a number density of
about 10** m™. If they are supposed to be made of a core containing the copper atoms,
mixed with iron atoms (20%), and surrounded by Ni an Mn, the core should have a
radius of about 0.4 nm, which is a little bit smaller than the value of 0.5 nm measured by
Pareige in Fe-Cu alloys [20]. With the Ni and Mn enrichment, the total radius of the

precipitate is about 0.5 nm.
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¢ Vacancy-solute clusters: the evolution of the distribution of the vacancy-solute clusters
is plotted versus their copper content and the dose in Figure 7b and c. These clusters are
getting more and more enriched in vacancies as the dose increases. Clusters containing
between 10 and 15 copper atoms are in a number density of about 10** m™ for a dose of
about 0.1 mdpa; they are also enriched in Ni and Mn (about 6 atoms). If, as observed
experimentally, they contain about 85% of iron, their radius should be about 0.7 nm,
which is also smaller than the radius generally determined experimentally (= 1.5 nm).
However, the direct comparison is not straightforward since the simulation considered
compact spherical defects while the structure of real defects is not really well known
(ramifications, ..).

¢ Vacancy clusters: the number density and the average radius of the vacancy-clusters

are increasing steadily as the dose grows.

o SIA loops: the behaviour observed for SIA loops is very similar to what is observed

for vacancy clusters.

Thus, RPV-1 reproduces quite well the evolution of the irradiation-induced damage in
term of types and number densities of defects. Even if a direct comparison is not
straightforward, it seems that the size of simulated defects bearing copper is smaller than that
determined experimentally.

V - Conclusion

This chapter presented the models and codes used to build RPV-1. Since the main focus
of this work was to build a first tool, rather than a perfect tool, it was decided to use mostly
existing codes and models in spite of their imperfections. It was intended that subsequent effort
would lead to improve them or propose new ones. Nevertheless, two codes (INCAS and
DUPAIR) had to be developed to complete the building of RPV-1. They are presented in the
next paragraphs.

The codes were run with a standard parameterization which was not optimised in the
framework of this thesis. The improvement of this parameterization is being done by the
international community.

In its current state of development, RPV-1 reproduces quite well the evolution of the
irradiation-induced damage in term of types and number densities of defects. Even if a direct
comparison is not straightforward, it seems that the size of simulated defects bearing copper is

smaller than that determined experimentally.
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Figure 6 : simulation of irradiation effects at 150°C in a 0.1%Cu-0.7%Ni-1.3%Mn steel with a
neutron spectrum representative of one irradiation channel of the French reactor OSIRIS.

a) neutron spectrum;
b) PKA spectrum in pure iron;
¢) (sub)-cascade spectrum in pure iron;

d) evolution of the yield stress increase versus the dose;
e) distribution of hardening defects for a dose of 0.1 dpa;
(vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue ; box size: 28.7 x 28.7 x 28.7 nm’ ).
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Figure 7: simulated evolution of the irradiation-induced defects in a RPV steel (0.065%Cu-
0.69%Mn-0.37%Ni) irradiated at 300°C in a channel of HFIR.

a) Cu-rich precipitates and vacancy-solute clusters for doses of 3 10, 3 10™ and 107 dpa;
b) Cu-rich precipitates and vacancy-solute clusters for doses of 10~ and 10 dpa;
¢) Pure vacancy clusters for doses between 3 10°and 10 dpa;

d) SIA loops for doses between 3 10®and 10™'dpa.;

The copper-rich precipitates and the vacancy-solute clusters are described as a function of their
number of copper atoms.

© 2005 Tous droits réservés.

56

http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

References

[um—

10

11

12
13

14

15

16

17
18
19
20

Jumel, S., van-Duysen, J.C., J. Nucl. Mater., vol 340, (2005), p. 125.

Domain, C., Private communication.

Jumel, S., van Duysen, J.C., “Mechanisms Governing the Irradiation-Induced
Embrittlement of Light Wate Reactor Pressure Vessel Steels” , IAEA, to be published.
Greenwood, L.R., J. Nucl. Mater., vol. 216, (1994), p. 29

Lindhard, J., Nielsen, V., Scharff, M., Det Kongelige Danske Videnskaberbernes Selskab
Matematisk-fysiske Meddelelser, vol. 36, (1968), p.10.

Robinson, M.T. and Torrens .M., Physical Review B, vol. 9 (12), (1974), p. 5008.

Jumel, S., van Duysen, J.C., "INCAS : an analytical model to describe displacement
cascades", J. Nucl. Mater. , vol. 328, (2004).

Becquart, C.S., Domain, C., van Duysen, J.C., Raulot, J.M., J. Nucl. Mater., vol. 294,
(2001), p. 274.

Hardouin-Duparc, A., Mointgeon, C., Smetniansky-de-Grande, N., Barbu, A., J. Nucl.
Mater., vol. 302, (2002) p. 143.

Duwig, V., Pongot, A., “Note théorique et informatique du code MFVIC”, EDF Report,
H-123/2003/005, (2003).

Duwig, V., Jumel, S., EDF report, “Note théorique et informatique du code MFVISC”
(2004).

Odette, G.R., Wirth, B.D., J. Nucl. Mater., vol. 251, (1997), p. 157.

Liu, C.L., Odette, G.R., Wirth, B.D., Lucas, G.E., Materials Science and Engineering,
A238, (1997), p. 202.

Jumel, S., Domain, C., Van Duysen, J.C., “DUPAIR : a Foreman and Makin-type Code to
Simulate Structural Hardening”, EDF Internal Report, (2004).

Becquart, C.S., Decker, K.M., Domain, C., Ruste, J., Souffez, Y., Turbatte, J.C., van
Duysen, J.C., "Massively parallel molecular dynamics simulations with EAM
potentials ", Radiation Effects and Defects in Solids, vol. 142, (1997), p. 9.

Ludwig, M., Farkas, D., Pedraza, D., Schmauder, S., Modell. Simul. Mater. Sci. Eng.,
vol. 6, (1998), p.19.

Raulot, J.M., Master of Science Thesis, Université de Marne la Vallée, (1998).

Jumel, S., Ruste, J., Domain, C., van Duysen, J. C., submitted to J. Nucl. Mater.

Odette, G.R., He, M.Y., J. Nucl. Mater., vol. 283, (2000), p. 120-127.

Pareige, P., "Etude a la Sonde Atomique de I’Evolution Microstructurale sous Irradiation
d’Alliages Ferritiques Fe-Cu et d’Aciers de Cuve de Réacteurs Nucléaires", These de
doctorat, Université de Rouen, (1994).

57

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

58

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

CHAPTER I1I

INCAS: INtegration of CAScades

The description of the code INCAS given in this chapter was extracted from a larger
document published in Journal of Nuclear Materials [1].

One of the important steps in the building of RPV-1 is the description of the displacement
cascades induced by neutrons. The required information are essentially the number of (sub)-
cascades', the dissipated energy in each (sub)-cascade and the number of Frenkel pairs
produced between the (sub)-cascades. Several simulation codes based on Binary Collision
Approximation (e.g. Marlowe [2], Trim [3]) can already provide this information. However,
their use presents some weaknesses for the aimed application, e.g.:

- the identification of (sub)-cascades is not straightforward. It is done by analysing the
shape and size of the zones where point defects are produced [4] or measuring the
local density of vacancies [5]. In both case, these post-treatments are rather complex.

- it is necessary to carry out a large number of simulations to get statistically-
relevant information, which make the analysis even longer.

To get round these difficulties, a new analytical model based on the Binary Collision
Approximation has been developed; it is called INCAS (INtegration of CAScades). INCAS
relies on a simple definition of the sub-cascades and leads directly to average results. It has been
set up to be used on pure elements; however, it can also be applied on diluted alloys (reactor
pressure vessel steels,....) or alloys composed of atoms with close atomic number (stainless
steels,...).

The objective of this section is to briefly describe the proposed model as well as some of
its results and applications. Paragraph I reviews some elements about the displacement
cascade phenomenon; in paragraph II, the proposed model and the corresponding equations
are briefly presented. Paragraph III is dedicated to the determination of the required
characteristics of displacement cascades and finally, in Paragraph 1V, INCAS is applied on
some examples and compared to other methods.

It should be mentioned that Sigmund et al. developed more than 30 years ago most of the
ideas used in INCAS [6].

! The term (sub)-cascade covers a sub-cascade or a displacement cascade which cannot split into sub-cascades
(PKA recoil energy < 40-50keV).
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I - Displacement cascades

In displacements cascades, the slowing-down of moving atoms (PKAs, SKAs,...) is
essentially controlled by electronic interactions in the high velocity range (e.g. E > 1 MeV for
iron) and by atomic collisions in the low velocity range (e.g. E < 150 keV for iron) [7, 8, 9].
For LWR-type neutron spectra, displaced atoms have a maximal kinetic energy of about 3
MeV. This energy is high enough for both types of slowing-down processes to be considered.
Thus, for each moving atom we have to consider both an electronic (dE/dx). and a nuclear
(dE/dx), stopping power; these two functions characterise the energy losses per unit length of
displacement. The total stopping power is given by :

(dE/dx)it = (dE/dx), + (dE/dx)e (1)

For the considered kinetic energy the ionisation effect is always very low and can be
neglected in the quantification of (dE/dx). and (dE/dx),.

1.1 - Electronic interactions

Since ionisation is negligible, it can be considered that the electronic interactions
undergone by moving atoms mainly result from their collisions with the electrons of the other
atoms (conduction electrons in the case of metals). Hence, the electronic stopping power can
be expressed by the Lindhard-Scharff expression [8]:

(Z_Ej = NS, (E) where Sy(E) = kE” 2)
X €

. 8756230217/622 12 2
with k= ¥z PR 2/3)3/4M vz, eV m”) (3)
1 2 1 Vo

where : Z, and Z, are respectively the atomic numbers of the moving and lattice-atoms,
M, is the atomic mass of the moving atom,
a, =53 10" m is the Bohr radius,

vo=2.2 10° m/s is the Bohr velocity,

2 22 10°h

> eV.m where h is the Planck constant = 4.135 107" eV s.
T

(&

Figure 1 shows the evolution of Lindhard-Scharff electronic stopping power versus the kinetic

energy of an iron atom moving in pure iron.
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Figure 1: evolution of the nuclear and electronic stopping powers versus the kinetic energy of
an iron atom moving in pure iron.

1.2 - Atomic collisions

Collisions between atoms can be treated in the framework of the binary collision
approximation, i.e. they concern only two atoms at a time and do not depend on their
environment. These collisions are also supposed to be elastic (the internal energy of each
particle is the same before and after the collision) and not affected by the small equilibrium
charge of moving atoms.

Let us consider a collision between an incident atom and a target atom. The
incident atom has a kinetic energy E before the collision and E’ after the collision. During this
collision, it transfers an elastic energy E-E' to the target atom. If this energy is:

- higher than the displacement threshold energy Eg4, then the hit atom leaves
permanently its site with a kinetic energy T=E-E’-¢’, where ¢’ is its binding
energy (neglected in the present demonstration)

- lower than Eg4, then the hit atom cannot leave its site.

The description of the atomic interactions can be made with the following
quantities, expressed as a function of the energy of the incident atom:

- the differential cross-section for collision between the incident and target
atoms: the expression proposed by Winterbon et al [9] and derived from a Thomas-Fermi
type potential is used. It is expressed as:

na’ AtV2mdt
4)

dZ(E)=2(E > E')dE'=
( ) ( - ) (21:3/2 [1+(27\‘t1—m)q]1/q

where :

' M2 a 2
t=BE-EV 2z 2
1 14,€
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B 0.885a,
a= AL
a,=5.310"" m is the Bohr radius,

7, and Z, are respectively the atomic numbers of the incident and target atoms,

> 1s the Lindhard screening radius,

M, and M, are respectively the atomic masses of the incident and target atoms,

) 22 10%h

> eV.m where h is the Planck constant =4.135 10" eV.s,
Vs

€

Considering the PKA energy range of this study (E < 3 MeV), the parameters of
expression (4) are those provided by Winterbon [10]:
A=292 m=0.191 q=0.512

- the total cross-section for collisions with a transferred energy higher than x:
E-x
I(E)= [Z(E— E)dE’ (5)

0

- the probability density for the incident atom to have a Kinetic energy E’
after a collision with a transferred energy higher than x:
Y(E—>E")

HX(E—>E')=W (6)

- the mean distance between two collisions of this type:

E)= 7
B.(®)= 3 5 Q)
where N is the atomic density of the target material.
- the nuclear stopping power:
E
[d—Ej = N_[ Y(E — E')[E - E'|dE’ (8)
X ), 0

Figure 1 shows the evolution the nuclear stopping power versus the kinetic energy of an iron

atom moving in pure iron.

All these equations are quite common for the “Binary Collision” community. In the next
paragraph, they will be used to determine the main characteristics of displacement cascades.
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IT - Description of the proposed model

In order to characterise the displacement cascade induced by a PKA, the simplest
approach consists in following it until it stops, and describing its interactions with matter
along its trajectory (atomic collisions and electronic interactions). However, after a nuclear
collision, the SKA may be more energetic than the PKA and hence induce most of the
subsequent damage. To give a better description of a displacement cascade, it is preferable to

follow the fate of the atom with the highest energy after each atomic collision.

To establish the required formalism, let us consider a PKA with an energy E just before a
nuclear collision; after the collision we call [11]:
- PKA, the atom with the highest kinetic energy, noted E',
- SKA, the atom with the lowest kinetic energy, noted T = E-E'".

The two possible configurations that can happen during a collision are illustrated in
Figure 2. For each of them, E' > T, which leads to E' > E/2 and T < E/2. These inequalities
will be utilized to define the limits of some integrals used in the model. With such
conventions, the PKA moving in the material is not a single atom but a series of atoms. Along
its trajectory, it successively corresponds to the atoms which leave the collision sites with the
highest energy, i.e.: the PKA can be the same atom before and after the collision (case a in
Figure 2) or can be exchanged with the lattice-atom (case b in Figure 2).

£ SEA

® L Onr
E — E.4—.ﬂ -
® o

H\H SEA \ PEA
o o,
E-E =T
a) E-B’<E/2 b) E-E’>E2

Figure 2: collision conventions where
a) the incident atom remains the PKA after the collision
b) the target becomes the PKA after the collision.

2.1 - Size of the damage zone

For collisions which create at least one stable Frenkel pair (the transferred energy

has to be higher than E,), we call "damage zone" the volume affected by the slowing-down of
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the SKA and we characterise this volume by its spherical envelop (Figure 3). The sphere’s
diameter is given by the penetration depth of the SKA, calculated as follows: during its
slowing-down, a SKA with an initial kinetic energy T, covers a distance

To

R(T,) = I— According to Sigmund [6], the penetration depth Rp(Ty) is given by :
(AT / dx),,
To
dT
R,(T,)=0.73R(T,)=0.73 | +——— 9
R s 0

Consequently, the mean size of the damage zone created during a collision with a

transferred energy higher than Eq4 is obtained by averaging the possible SKA penetration
E/2

depths: Ry (E)= IRP(T)PEd(E,T)dT (10)

Ed

The mean distance between these two damage zones can also be calculated by:
1

A, (E)=m (11)

2.2 - Description of the (sub)-cascades

Damage zones are considered as sub-cascades if they fulfil the two following criteria
(Figure 3):
- the dissipated energy in each of these zones is higher than a threshold value “a”
(To = a) [13]. We call “high transferred energy” damage zones, the damage
zones respecting this criteria and “low transferred energy” damage zones the
other ones. A priori, the value of “a” depends on the irradiated element;
- they do not overlap each other.

The determination of the parameter “a” deserves a particular attention since it is the
only adjustable parameter of the proposed model. According to expression (10), the size of
two successive “high transferred energy” damage zones (i.e. with a transferred energy higher

than “a”) is given by R, (E). On the same way, the distance between these damage zones is
given by A, (E) (see equation 11). Figure 4a and b show the evolution of A,(E) and R,(E) as a
function of the PKA energy (E) for two values of “a” (4 keV and 13 keV):

- with “a” = 4 keV, the curves have two intersections corresponding to PKA
energies of 14 and 230 keV. Between these two energies, there is overlapping
of the “high transferred energy” damage zones which, consequently, cannot be
considered as sub-cascades.
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- with “a” = 13 keV, A, is always higher than R,(E), thus, the “high transferred
energy’ damage zones allowed for may be considered as sub-cascades. However,
the two curves are rather distant which reveals that smaller sub-cascades are very

likely neglected.

In a first approximation, we will consider that the “high transferred energy”
damage zones corresponding to the sub-cascades are selected when the curves R,(E) and

Aa(E) are tangent. For iron, that leads to “a” = aq, = 8.3 keV (Figure 4c).

M(Epka)

Figure 3: two "high transferred energy" damage zones separated by three "low transferred
energy" (T1 and T2 > ag,). The "high transferred energy" damage zones are considered as

being sub-cascades.
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Figure 4: R,(E) and A,(E) versus the PKA kinetic energy E and as a function of "a".

a)a=4keV;

b)a=13 keV;

III - Some characteristics of displacement cascades

c)a=28.3keV.

Many characteristics of displacement cascades may be deduced from the model

described in the previous section. The expressions required to determine the quantities used in

RPV-1 are developed now, i.e. the mean energy dissipated in (sub)-cascades, the mean

number of (sub)-cascades and the mean number of residual Frenkel pairs let between the sub-

cascades, versus the PKA energy.

3.1 - Energy dissipated in (sub)-cascades

For a PKA with an initial energy Ey the mean energy dissipated in a sub-cascade

(recoil energy) is:

© 2005 Tous droits réservés.
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1
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where E; is the energy such as during its slowing-down between Ej and E; the PKA produces
one sub-cascade. E; can be deduced from the expression:

f d—ENzamb (B)=1. (13)

EI[dlzj
dX tot

Similarly, expressions can be derived to determine the mean energy losses of the PKA due to

the formation of “low transferred energy” damage zones [AE_, (EoEi)], electronic
interactions [ AE_(Eo,E1) ] and collisions with energy transfers lower than Ey (sub-threshold

collisions): [ AE_;, (Eo, E1) ]. All these quantities have to verify :

<Ed

Eo-E1 = AE, (Eo,E1) + AE,(Eo,E1) +AE_, (Eo, E1)+ AE _;, (Eo, E1) (14)

<Ed

The same calculation is then carried out between E; and E,, then between E; and E; etc, until
the PKA has an energy lower than 2ay,. Below this value, the PKA cannot produce sub-
cascade anymore.

3.2 - Number of (sub)-cascades produced by a PKA

The mean number of (sub)-cascades produced by a PKA with an initial energy Eo
is then given by :
oz, (E)

2agy, (dE)
dX tot

The integral in this expression corresponds to the number of sub-cascades

- N, (E,)=1+N dE, for 2aq < Eo (15)

induced by the PKA during its slowing-down between Ej and 2aq,,; 1 is added
to take into account the final damage zone induced by the PKA itself during its

slowing-down between 2ay,, and Eq.

- Nawn(Eo) =1, for agu < Eo < 2agup (16)
In this range of energy, the PKA cannot induce the formation of sub-

cascades. However, we count 1 to take into account the damage zone
produced by the PKA itself.

- Nsub(EO) =0, for Eg < agup (17)

SKAs may have a kinetic energy high enough for the induced damage zones to
also split into sub-cascades; the latter have to be taken into account to determine the mean
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total number of sub-cascades induced in the cascade. Such SKAs must have a kinetic energy
higher than 2a4,. The total mean number of (sub)-cascades induced by a PKA is given by:

NI = Ngb(Eo) + [Neun(T1) — D] + [Neuwn(T2) — 17 + [Neup(T3) — 1] +.... (18)

sub
where T, T,, ... are the initial kinetic energies of SKAs (with T; > 2ag;)
successively induced by the PKA during its slowing down.

3.3 - Number of residual Frenkel pairs left by "low transferred energy' damage
zones

Along its trajectory, a PKA produces "low transferred energy" damage zones
between the sub-cascades. After their recombination phase, each of these zones leaves a
number v(T,) of Frenkel pairs in the material, where Ty is the initial energy of the SKA
producing the damage zone. The total number of Frenkel pairs, N .(E,), produced by a PKA

during its slowing-down from an initial energy E, is given by:

E, 1

- N (E,) = j { —~NZ_ (E)]v(T)P<awb (E,T)dT}dE, for 2ag, < Eo (19)
Ed

2agy, (dE)
dX tot

This expression ignores the residual point defects left during the slowing-
down of the PKA from 2ay,, to E4. Indeed, these defects are formed in the
final damage zone produced by the PKA which is counted as a "high

transferred energy" damage zone [see expression (15)].

- N:(E()=0 for agp < Eg < 2a4p (20)

In this range of initial energy, the damage zone produced by the PKA is
counted as a sub-cascade (see expressions (16)); thus, there is no "low

transferred energy" damage zone.

- N (Ey) = UEo), for Eg < agp (21)

In this range of initial energy, the PKA can only induce a "low transferred

energy" damage zone.

For iron, several expressions have been proposed for UE) (e.g. [12, 13]) from
Molecular Dynamics simulations; in INCAS, we used [13]:

UE)=2.977 E** (for E <20 keV) (22)
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In this expression, E is the damage energy (keV) dissipated in nuclear collisions (=
recoil energy — energy losses in electronic interactions). However, since the PKAs or SKAs
concerned by this expression have a low kinetic energy (<ay), we neglect their electronic
interactions and consider that their kinetic energy (recoil energy) equals the damage energy.

As already mentioned, SKAs may have a kinetic energy high enough (T > 2ag,) so
that the induced damage zones can split into sub-cascades; the "low transferred energy"
damage zones formed between these sub-cascades also have to be taken into account. Hence,
the mean total number of residual Frenkel pairs left by a PKA between the sub-cascades it has
induced is given by :

N2 =Ni(Eo) + Nep(T1) + Nip(T2) + Nip(T3) +.... (23)

where T, Ty, ... are the initial kinetic energies of SKAs (with T; > 2ay,,) successively induced

by the PKA during its slowing down.

The residual point defects may be isolated or clustered in small nuclei. Their
distribution depends on the irradiated materials. For example, statistical analysis of results of
displacements cascades simulated by MD [14, 15, 16, 17] show that in iron, most of the
residual vacancies are isolated. They also show [13, 17] that the distribution of the residual
SIAs can be roughly estimated as follows: 60% are isolated, 20% are in clusters of size 2, 10%
in clusters of size 3, 6% in clusters of size 4, 3% in clusters of size 5 and 11% in clusters of

size 6.

IV - Applications

An experimental validation of INCAS could be carried out by measuring the number
density of (sub)-cascades induced by neutron or ion irradiations in simple alloys. There were a
lot of attempts to do so by measuring the number densities of point defect clusters induced by
such irradiations. However, there is no direct correlation between the number density of (sub)-
cascades and the number densities of point defect clusters. A better way could consist in
measuring the number densities of irradiation-induced disordered zones in an ordered alloy
(made of close atomic weight atoms). It was not possible to carry out this work during the
presented thesis work. However, we checked that INCAS results are in good agreements with

those obtained with other simulation approaches.

As an example of application, INCAS has been used to describe displacement cascades
induced in pure elements: firstly iron, then aluminium, copper, niobium, silver, indium,
barium, lanthanum, gold. Most of these elements have no special link with irradiation effects
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in LWRs, they have been selected to make comparisons with other studies or to assess the
effect of the atomic number, atomic mass or atomic density on the results. The following
PKA energies were allowed for: 3, 2, 1, 0.5, 0.2 and 0.1 MeV.

4.1 - Iron

To describe displacement cascades in iron, we used ag, = 8.3 keV as determined
in section 2.2 of this Chapter. Table I gives the results obtained by following the series of
calculations described in Paragraph III of this Chapter. When SKAs produce sub-cascades,
their energy losses in electronic interactions, "low transferred energy" damage zones and sub-
threshold collisions between the sub-cascades can be calculated as those of the PKA. These
SKA energy losses are also given in Table I. From these calculations, it can be noticed that :

- SKAs produce sub-cascades when the PKA has an initial energy between 500
and 3000 keV;

- the mean energy dissipated in sub-cascades (recoil energy) ranges between 8
keV and 44 keV;

- as already noticed by Sigmund [13], the mean energy dissipated in "low
energy transferred" damage zones between two sub-cascades is of the order of
Asub,

- the mean energy losses in sub-threshold collisions (T < Eg4) is always
negligible;

- the total dissipated energies (last column) are in conformity with the energy
losses of the PKA (Ei;; — E)).

The mean number of (sub)-cascades is plotted versus the PKA energy in Figure 5.
It can be noticed that the curve tends towards an asymptote as the PKA energy increases. This
effect results from the increase of the electronic interactions which become predominant for
kinetic energies higher than about 1 MeV (see Figure 1). It has been checked that for PKA
energies lower than 100 keV, the trend curve is in agreement with results of displacements
cascades simulated with MD [18].

4.2 - Effect of the irradiated element

As for iron, INCAS has been used to describe cascades in aluminium, copper,
niobium, silver, indium, barium, lanthanum, gold. Some characteristics of these elements are
given in Table II. The corresponding ag,, values are also given in Table II and plotted versus

the atomic number and atomic density on Figure 6.
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It appears that ag,, increases steadily with the atomic number (Figure 6a), but is not
directly correlated to the atomic density (Figure 6b). The evolution of the mean number of
(sub)-cascades versus the PKA recoil energy is given Figure 7. For a same PKA energy, the
mean number of (sub)-cascades increases as the atomic number decreases. This trend is in
conformity with other studies (e.g. [4, 5, 19]). Concerning Al, Cu, Ag and Au, the results
obtained with INCAS can be quantitatively compared with those obtained by Heinisch and
Singh with the Marlowe code [5]. Indeed, these authors developed a computational method to
objectively identify sub-cascades simulated with Marlowe and thus have probably produced
the most reliable results on this topic up to now. The evolutions of the mean number of (sub)-
cascades versus the PKA recoil energy are compared in Figure 8. The results obtained with
the two methods are in very good agreement.

24

20 + o

16 -

12 A o

Nsubcascades

8 o

N
0 T T T
0 1000 2000 3000 4000
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Figure 5: number of (sub)-cascades created in pure iron versus the kinetic energy of the PKA

(dots given by the simulations and an associated regression curve).
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Figure 6: evolution of ag, versus: (a) the atomic number Z and (b) the atomic density Ny of
the irradiated element.
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Figure 7: number of (sub)-cascades created in aluminium, copper, niobium, silver, indium,

barium, lanthanum, gold versus the kinetic energy of the PKA.
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Figure 8: number of (sub)-cascades created in copper, silver ad gold (regression curves)
versus the kinetic energy of the PKA; comparison with results obtained with the Marlowe
code (dots) [6].
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Table I: parameters describing displacement cascades (iron self-irgadiation, ag,, = 8.3 keV).

op oso

* LTE : Low Transferred Energy.
** Total dissipated energy = (AEq, + AEc+ AE<,+ AE _; Jpka + (%!Esub + AEc+AE<,+ AE _;, )ska.

*#* Range of PKA energy where the SKA has enough energy to moduce 2 sub-cascades.
[0}

(S

c

1]

PKA initial Number of | PKA energy range Enerdy Electronic Losses in Losses in sub- Total dissipated
energy (keV) | (sub)-cascades Eir1 — E; dissipatg?.l in losses LTE* threshold collisions | energy**/(Ei;i-E;i)
(keV) sub-cascades AE. (keV) AE., (keV) E_;, (keV) (keV)
AEq, (KSV)
2000 — 1613*** 247 PKA : 320 PKA: 15 PKA : 0.7 389/387
11 SKA : 6 SKA : 12 SKA : 0.2
1613 — 1306*** 22 PKA :243 PKA : 14 PKA : 0.6 310/307
11 SKA : 6 SKA : 13 SKA : 0.2
1306 — 1058*** 20 PKA : 186 PKA : 13 PKA: 0.5 249/248
10 SKA : 6 SKA : 13 SKA : 0.2
1058 — 855%** 18 PKA : 143 PKA : 13 PKA: 0.5 204/203
9 SKA : 6 SKA : 14 SKA : 0.2
855 — 688*** 16 PKA: 110 PKA : 12 PKA : 0.4 167/167
2000 20 8 SKA : 6 SKA : 14 SKA : 0.2
688 — 549 42 85 12 0.4 139/139
549 — 433 40 64 11 0.4 115/116
433 — 337 37 48 11 0.3 96/96
337 —-256 34 36 11 0.3 81/81
256 — 188 31 27 10 0.3 68/68
188 — 132 29 19 10 0.2 58/56
132 - 87 22 13 10 0.2 45/45
87 -50 17 9 10 0.2 36/37
50-21 10 6 12 0.2 28/29
21-0 21 - - - 21/21
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Table II: some physical characteristics and ag,, values for aluminium, iron copper, niobium,
silver, indium, barium, lanthanum, gold.

Al Fe Cu Nb Ag In Ba La Au

Atomic number 13 26 29 41 47 49 56 57 79
Atomic mass 27 56 63 93 108 115 137 139 197
Atomic density (10% cm™) 6 8.5 9.8 5.56 5.9 3.82 1.57 1.33 5.9
Crystallographic structure  fec bce fce bee fec tetra bee hcp fce
aqp (keV) 1.3 8 9.8 22.1 31 34.2 46 48.7 105

V - Conclusion

INCAS is a code developed to complete the building of RPV-1. It enables to determine
the mean number of (sub)-cascades induced by a PKA (depending on its energy) as well as
the mean energy dissipated in each of them. The mean PKA energy dissipated in electronic
interactions and sub-threshold collisions (collisions with lattice-atoms in which the transferred
energy is lower than the displacement energy) are also available. In addition, INCAS gives

the mean number of Frenkel pairs produced between the sub-cascades.

It was not possible to carry out an experimental validation of INCAS. However, it was

checked that it results are in good agreement with those obtained by other approaches.

Finally, as first application, INCAS was applied to determine the (sub)-cascade spectra

induced in pure iron by the neutron spectra in central channel of HIFR.

A computer code has been written in Fortran 77 by EDF to solve all the equations of

INCAS. It can be used through a friendly interface and with the help of a user guide.
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CHAPTER 1V

DUPAIR: DURcissement Par IRradiation

This chapter presents the code DUPAIR and the database FORCE used in RPV-1 to simulate the
irradiation-induced hardening. Its contains three main parts:

- the first one provides a description of the model and equations used to build DUPAIR;

- the second one describes the approach followed to determine the pinning force exerted by
the irradiation-induced defects on a screw dislocation. These pinning forces are stored in the
database FORCE and are used as inputs of DUPAIR;

- the last one presents the validation of the whole procedure set up to simulate the irradiation-
induced hardening.

The last two parts were extracted from a larger document submitted for publication in Journal of
Nuclear Materials [1].

I- Presentation of DUPAIR
1.1 Description of the model

DUPAIR is a so-called “Foreman and Makin-type” code (e.g. [2, 3]) aimed at assessing
the increase of the resolved shear stress of a single crystal due to the presence of hardening defects.
It consists in simulating the gliding of one single dislocation through an array of randomly
distributed obstacles representing the defects. The dislocation cannot leave its slip plane (no cross-
slip nor climbing). The resolved shear stress required to overcome each obstacle is calculated and
the highest obtained value is the result of the simulation.

In order to set up the required system of equations, let us consider an isotropic medium
(characterized by its shear modulus p and Poisson ratio v) containing one dislocation and an array

of obstacles which can pin the dislocation with a pinning force Fp (Figure 1a). The dislocation is
bl

characterized by its Burgers vector b= b, |, its slip plane Oxy and a line tension Ti [4, 5, 6,] on
0

77

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

0 0 o
each point 1 of its line. The medium is submitted to a stress field o=[0 0 G, | which induces
c, o, O
O,
the stressG =| o, | in the slip plane.
0

X y

N OL“ mf

a) no stress b) with stress

~Sa
Q!

Figure 1: sketch showing the effect of a stress field on a dislocation line pinned by obstacles

(B : Burgers vector).

a) Dislocation curvature

The applied stress field induces a force dF, on each element di. of the dislocation

line. This force, expressed by the Peach and Koehler formula: dF, = (g.f)) Adl, is perpendicular to

di [7] and confers to it the shape of an arc of circle having for radius :
R=— L (1)
(o,b,+0,b,)

It results a curvature of the dislocation segments between each obstacles (figure 1b). The precise

determination of this curvature requires the evaluation of the line tension Tj, at each point of the
dislocation line.

In DUPAIR, the shape of the dislocation segments is determined in a simplified way.
The line tension is considered to be constant along each segment and independent of the curvature,
i.e: calculated for the straight configuration (without any applied stress). In the framework of this
approximation, the dislocation segments bow according to an arc of a circle when the stress is
applied (R; = cte).
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b) Dislocation line tension

Several models can be used to calculate the line tension of the dislocation segments,
DUPAIR takes into account three of them. They are briefly described in the following paragraph,
supposing spherical obstacles.

- model 1 is the simplest one. It consists in supposing the line tension independent of
2

its character (screw, edge or mix) and equal to T = a ]23 (e.g. [5]), where b is the length of the

Burgers vector. It is the model used by Foreman et Makin to develop their code [2, 8].

- model 2 is more realistic since it takes into account the character of the dislocation
segments in their straight configuration (without any applied stress). It considers that the line tension
is given by the Wit and Koehler’s expression [4, 6]:

2 1 _ c 2 A
T(0) = ub ( +v—-3vsin~ 0 m A @)

4n I-v T,

where 1y is the dislocation core radius, 0 is the angle between the straight dislocation segment and
the Burgers vector, A is an outer cut-off distance. The parameter A approximately corresponds to the

closest distance to a parallel dislocation of opposite sign [9]. Here, A = L—r —1, , where L is the

distance between the centers of the two pinning obstacles, 1 and r, are the radii of these obstacles

in the slipping plane. A priori model 2 is relevant for slight curvatures of the segments [8, 10].

- model 3 is also based on the Wit and Koehler expression, in which the expression of

1
1 1

2 . P L..p +L— P_ P
min(r’, 1;') L =5

A relies on that proposed by Bacon et al [11]: A = . A priori, this model is

adequate not only for slight curvatures (L—1" -1, << 1/ +1,, s0 A = L—r1’ —1,), but also for

strong curvatures (r;, and 1, <<L,so A ~ 2min(r’,r?) [12]) where the segments on both sides of

the obstacles attract each others. This attraction is equivalent to reducing the tension line as regard to
the straight configuration.
¢) Overcoming of obstacles

The bowed dislocation segments on each side of an obstacle exert a force on it. In

DUPAIR, this force is calculated with the expression 15:T(61).ﬁ1 +T(0,)n, where T,(0,) and
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T,(0,) are the line tensions, n,and n, the tangent to the dislocation segments, 6, and 6, the

angles between the Burgers vector and n,and 1, on both sides of the obstacle (Figure 2). n,and

n,, 6, and 0, are determined from the approximated curvatures of the segments given by

expression 1.

As the applied stress grows, the curvatures of the segments, and hence |F]|,

increase. In DUPAIR, two processes can lead the dislocation to overcome an obstacle:

- the unpinning process: as soon as |F| reaches the value of the pinning force F,,

the obstacle releases the dislocation.

- the bypassing process: such a configuration happens when the dislocation
segments on both sides of the obstacle are getting in contact. It is the case when i) one of the
segments reaches an instable position of "Frank-Read” type [13] or ii) when three successive
obstacles along the dislocation line define an angle smaller than m, in this configuration, the

segments can join for a stress lower than the Orowan stress.

F= T(8,)n, +T(6,)n,

T1 = T(e1)ﬁ1

Figure 2: force equilibrium on an obstacle. n,and n, are the tangents to the dislocation segments;

0, and 0,the angles between these tangents and the Burgers vector; T(0,) and T(0,) the tension

lines nearby the obstacle.
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d) Complementary information and steps of the simulation

The crystal simulated with DUPAIR is tetragonal (length = width, and thickness =
two times the largest obstacle radius), and periodic boundary conditions are applied along the Ox
direction. At the beginning of the simulation the dislocation line is parallel to this direction.

The obstacles are randomly introduced in the simulated crystal according to their
number density; attention is made to avoid overlapping. The total number of defects introduced in
the crystal can be selected (the length of the crystal is adapted according to this number). Each type

of obstacle is characterized by its number density, size and pinning force on the dislocation.

Starting with a configuration where no stress is applied, the simulation is run as
follows:

1) calculation of the tension line of each dislocation segment between the obstacles
(the segments are straight);

2) increase of the stress (the stress increase level can be chosen);

3) bowing of the dislocation segments according to the radii calculated with the
expression (1). The bowing segments can be pinned by new obstacles;

4) calculation of the tension line of the curved segment on both sides of each
pinning obstacles (as described in section 1.1.c);

5) checking for each pinning obstacle if the unpinning or bypassing conditions are
reached;

6) in case neither unpinning nor bypassing happens, the stress is increased, etc;

7) as soon as an obstacle can be overcome, the stress is put back to zero, the
overcome obstacle is suppressed and simulation restart at steps 1, etc;

8) the maximal resolved shear stress required to make the dislocation cross the
simulation box is considered as the increase of the resolved shear stress due to
the presence of the hardening defects.

1.2 - DUPAIR in RPV-1

The hypotheses made to use DUPAIR in RPV-1 are given in this section. They
complement those presented in section 1.1 of this Chapter and in paragraph I of Chapter II:

v’ the plasticity of irradiated RPV steels is controlled by the gliding of screw
dislocations. This hypothesis is verified for non-irradiated RPV-steels at
temperatures up to 20°C but, to our knowledge, has never been checked after
irradiation.

v' screw dislocations are considered to slip on the {110} planes of bcc iron (e.g. [14,
15, 16, 17]).
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v’ the lattice friction (Peierls stress) exerted on the screw dislocation is supposed to be
independent of the irradiation-induced defects.

v’ above room temperature, the dislocation can pass the smallest defects (some atoms
or point defects) by thermally activated mechanisms; hence, these defects have no
hardening effect [39].

v' in copper-rich precipitates and vacancy-solute (Cu, Mn, Ni) clusters, Ni and Mn
atoms are supposed to have the same "hardening effect" as copper atoms. Thus, for
assessment of the hardening, these defects are considered to contain only one type of
solute atoms: copper atoms.

v’ the increase of the macroscopic yield stress is calculated by multiplying the

simulated increase of resolved shear stress by the Schmid’s factor (= 3).
II Parameterization of DUPAIR : the database FORCE
2.1 - Literature survey
a) Strengthening effects of irradiation-induced defects
As already described in Chapter II, RPV-1 considers four types of hardening defects.

The knowledge concerning their strengthening effect can be summarized in the following way (e.g.
[18, 19]):

- Copper-rich precipitates: in first studies, copper-rich precipitates were described
as “soft” spots that attract dislocations by lowering their elastic energy. The phenomenon was
assumed to arise from the difference between their shear modulus and that of the surrounding
matrix (e.g. [20, 21]) and was assessed in terms of the Russell and Brown’s model [22]. Another
explanation based on non-elastic effect within the dislocation core was put forward by Phythian
[20] and then by Harry and Bacon [23]. From Molecular Dynamics (MD) simulations, they noticed
that a dislocation may transform the bcc structure of copper precipitates embedded in a-iron into a
fcc-like structure. More precisely, Harry and Bacon reported that the dislocation core of a screw
dislocation spreads in the precipitate and transforms its structure, leading to a lower energy
configuration. The larger the precipitate, the easier is the change of its structure from bcc to fec. In
both models, copper-rich precipitates are expected to pin the dislocation; their strengthening effect
results from the difficulty to pull it out.

The role played by Mn, Ni and Si atoms in the strengthening effect of copper-rich
precipitates has not been the object of dedicated studies yet. However, it was proposed that Mn and

Ni could strongly contribute by forming an ordered structure [24].
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- Vacancy clusters: vacancy clusters pin the dislocations through a mechanism

initially analyzed by Coulomb and Friedel [25]. These authors considered that if the radius (r) of the
cavity is much larger than the core radius of the dislocation, the binding energy (Eging) between the

two defects can be approximated by the energy corresponding to the missing segment of dislocation

b
)

line: Egijnd = 2rELine, Where Erine is the energy of the dislocation line per length unit (Epine =

Osetsky et al. [26] recently confirmed this result by Molecular Dynamics simulations for an edge
dislocation.

A more precise elastic calculation by Bullough and Newman [27] showed that the long
range elastic interaction between a cavity and a screw dislocation is given by:
B =5ub’r’ (1-v)
2n(7 -5v)d’

where d is the distance between both defects. For a dislocation tangential to the cavity, they

3)

approximated the interaction energy by using this expression with d = r (which leads to E =
ub’r/10). They also estimated that the pinning force is at most pub*/5 (when the slip plane is through
the center of the cavity) and on average ub*/10 (= 3eV/nm).

- Vacancy-solute atom (Cu, Mn, Ni, Si) clusters: to our knowledge, no model has

been developed to describe the strengthening effect of the vacancy-solute atom clusters. It can be
assumed that it is a mix of several types of strengthening, depending on the solute and vacancy
contents: vacancy cluster-type, solid solution-type or copper-precipitate-type.

- Self-interstitial-atom loops: the interactions between a dislocation loop and glissile

dislocations can be classified in two types : “elastic” interaction and “reaction” interaction:

e Elastic interaction: the elastic interaction between a prismatic loop and a

dislocation has been calculated by several authors in the approximation of
isotropic elasticity (e.g. [28, 29, 30, 31, 32]). According to this approximation,
there is no elastic interaction between a loop and a screw dislocation with a line
perpendicular to the loop habit plane when the two Burgers vectors are parallel
(e.g. [30]). Kroupa [28] calculated the elastic interaction when the two Burgers
vectors are not parallel. He showed that the dislocation can be attracted or
repulsed by the loop according to the relative position of both defects.

® Reaction interaction: when the loop and the dislocation intersect, they may

combine and form a junction which can pin the dislocation (e.g. [33]). Friedel

2
estimated that a junction led to a pinning force Fp.x = % [5], Kimura proposed
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2
a value of % [34]. The junction may be unstable and evolve, which transform

the loop: Foreman and Sharp [35] (generalizing a model proposed by Saada and
Washburn [33]), described a mechanism where the loop combines with the
dislocation to form a segment of the gliding dislocation (Figure 3a). Hirsch [36]
proposed another mechanism where the junction evolves to form an helix on the
dislocation (Figure 3b). Both mechanisms provide an explanation on the way
gliding dislocations can sweep out loops and form cleared channel (e.g. [37]).

~ -~ I x'\‘"q'
- s Ry bl - ;},__ —  — pr
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i x:_ﬁh II.)-"_'"A..I:I.
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J_IS- I,' --—|I i
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N 2 i |
Y p— \ \_ﬁ
a) Foreman and Sharp mechanism [35]: when b) Hirch mechanisms [36]: a junction AC is
the loop (L) and the dislocation (G) are in formed at the point of contact. Nodes A and
contact, a junction dislocation (J) is formed. J C are unstable and the dislocation segment
and L rotate towards one another and combine to AC sweeps across the plane of the loop
form a segment of the original dislocation G. which progressively turn into the glide plane

of A. When AC reaches the opposite side a
helix has been generated.

Figure 3: reaction interaction between a screw dislocation and a dislocation loop.
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b) Thermal activation
At temperature above 0 K, dislocations can overcome irradiation-induced defects with
the assistance of thermal energy. This thermal effect may result from a modification of the

interaction mechanism between both defects or from the atomic fluctuations:

- Modification of the interaction: thermal energy can weaken the interaction between

the dislocations and the defects. Osetsky and Bacon [38] observed by Molecular Dynamics
simulations that the resolved shear stress required by an edge dislocation to overcome pure copper
precipitates (100%Cu) and vacancy clusters decreases with increasing temperature. This effect has
been attributed to a stronger tendency of dislocation climbing and a weaker tendency for bce-to-fee
transformation in the precipitates as the temperature increases. It diminishes with decreasing size of
the defects.

- Atomic fluctuations: as the temperature increases, the atomic fluctuations increase

and may help the dislocation to overcome small defects. Such processes are characterized by a
decreasing yield stress with increasing temperature up to a critical temperature (Tc) above which
thermal fluctuations become so large that obstacles are overcome only by thermal energy. Tc is
strain-rate-dependent, for attractive obstacles it can be assessed from the expression [5]:

KTc = EBinding )
In(vn*pl’D* (;,'1)
Where :  p: density of moving dislocations;
v: Debye frequency (= 10" s™);
b: Burgers vector (2.48 10™'° m for iron);

2TI4 L

D= ( )? . effective inter-defect distance along the dislocation line resulting from

Binding
the zig-zag shape of the dislocation ;

1= (Nd)?: average inter-defect distance;
N: number density of the defects;

d: diameter of the defects;

2
T: the dislocation line tension, T ~ H 12) ;

u: shear modulus (8 10'° Pa);

€ : strain rate.

With p = 10" m'z, N=10"m>,d=3 10" m, 8 =107 s'l, this expression shows that Tc = 20°C
leads to Eginqg = -0.7 €V.
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For RPV steels, the effect of the overcoming of irradiation-induced defects by thermal
activation is difficult to assess experimentally. Indeed, as noticed by Kirk et al [39], the
temperature-dependence of the yield stress of such steels appears independent of the presence of the
irradiation-induced damage (Figure 4) for temperature higher than —200°C. Kirk et al, suggested
that the thermal-activated overcoming of irradiation-induced defects is screened by the strong
temperature dependence imposed by the Peierls friction stress. The Kirk et al’s observation is
coherent with Bacon and Osetsky’s simulation results [38] showing a low temperature dependence
of the resolved shear stress required to overcome small copper precipitates (R < Inm) in iron at

temperature higher than —173°C.

600
L ForgingfUn-rr ¢ Forging/Power + ForgingiTast
450 - Plate/Un-irr o PlatelPower & Plate/Test
¥ *  Weld/Un-Irr & WeldiPower A WeldTast
300 - Pradiction

Sy -Syren [MPa]
a3

=200 -100 0 100 200 300 400
Temperature [°C]

Sy : yield stress, Sy(ref) : yield stress at about 27°C.

Figure 4: temperature dependence of the yield stress of un-irradiated iron-based alloys [39].

2.2 - Simulation work carried out

To build RPV-1, the interaction between irradiation-induced defects and a screw
dislocation were assessed by Molecular Dynamics simulations at 0 K using a “static approach”.
That means that the dislocation remains fixed in the simulated crystal (only displacements of atoms
related to the crystal relaxation are allowed) and different positions of the defects as regard to the
dislocation are considered. This approach can be summarized in the following way [23, 40, 41]:

v' the screw dislocation is introduced at the center of the simulated crystal by applying
the corresponding displacement field to the atoms;
v’ the studied defect is successively introduced at different distances from the core of

the dislocation (one simulation per position of the defect);
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v for each configuration, a quasi-Newton quenching is used to obtain equilibrium
atomic arrangement: atomic velocities are rescaled every time step (= 107 second)
to reach a steady energy of the system (at £ 0.01 eV) at the simulation temperature
(T = 0 K). Typically, the static equilibrium arrangement is obtained after about 1000
simulation steps;

v' the relaxed energy of the system is then recorded versus the distance between the
core of the obstacle and the dislocation line. For a given configuration, the
interaction energy between the two features is defined as the relaxed energy for the
considered configuration minus the relaxed energy when they are largely separated
(i.e. do not interact).

Four types of defects were considered: SIA loops, copper precipitates, copper-iron
clusters and vacancy clusters. The simulations were carried out in a-Fe and o-binary Fe-Cu alloys
with the Molecular Dynamics code DYMOKA developed by EDF [42]. The EAM-type Fe, Cu and
Fe-Cu atomic potentials used for the simulations were developed by Ludwig et al [43] and hardened
by EDF for simulation of displacement cascades. They lead to the following characteristics at 0 K:

- lattice parameter: ap = 0.287 nm for bee Fe; ag = 0.288 nm for bee Cu;

- interface energy between bee copper and bee iron: 318 and 121 mJ.m™ on the {100}

and {110} planes, respectively;

- interface energy of a spherical bce copper precipitate of 2 nm radius: 207 mJ.m™.
The simulated crystal has its edges along the [112], [110] and [111] directions, and respectively
26, 22 and 26 elementary cells in the three directions. Usual boundary conditions for static studies
of dislocation were applied: i.e. periodic along the dislocation line (direction [111]) and layers of
fixed atoms along the surfaces perpendicular to the two other directions (width of these layers:

ap+/2 and ap+/6 for surfaces perpendicular to [112 ] and [ 1 10], respectively).

- Dislocation : only a right-handed screw dislocation with Burgers vector b = 1/2
[111] was considered in the simulations. As observed by Suzuki et al [44], two distinct types of site
are possible to place the elastic center of a screw dislocation in a-Fe [23]. The introduction of a
right-handed screw dislocation in both types of site leads to different atomic configurations named
“easy” and “hard” respectively. Suzuki et al [44] as well as Harry et al [23] noticed that the easy
configuration is energetically more favorable and that a dislocation which 1is initially in a hard
configuration may shift to the easy one. In the present study, the dislocation was always placed in
an easy configuration. The site was selected in such a way that the dislocation was close to the
central axis of the simulated crystal.

The dislocation was introduced by applying to the atoms the displacement field given

by the isotropic elastic displacement field of a screw dislocation in o iron [31]. Following
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established practice, the core structure of the dislocation was analyzed by plotting the [111]
displacement difference between pairs of atoms with arrows drawn between them (to get the so-
called differential displacement maps). As it is well known (e.g. [23, 45]), the atomic disregistry in
the dislocation core appeared concentrated along the {110} planes of the [111] zone. The center of
the dislocation can be regarded as the intersection of three stacking faults with displacement 1/6
[111]. On each of the three {110} planes, the large relative displacements occur only on one side of
the dislocation, resulting in a three-fold symmetry.

In an isotropic crystal, the elastic line energy per unit length of a screw dislocation is

2
given by: E= lﬂ; ln(réj +E. (5)

where U, 1o and A are the shear modulus, the core radius and the outer cutoff distance, respectively
(e.g. [4, 5]). To determine r,, Molecular Dynamics simulations were carried out [46] so as to
calculate the energy in different cylinders of radius A around the dislocation. The results leads to
estimate r, ~ 8 A, which is larger than the radius of most of the considered neutron irradiation-
induced defects.

- SIA loops : the dislocation loops were introduced in the simulated crystal by: 1)
making a selection of atoms on three successive {111} planes, these atoms were on filled hexagonal
shells surrounding a central atom, and ii) by moving a copy of the selected atoms a distance + b/2
along the normal of the planes, and moving back the selected atoms a distance — b/2. After the

introduction of the loop, the crystal was quenched. In their minimum energy configuration, the

loops are made of <1 1 1> crowdions disposed on several (up to 7) parallel {111} planes. They are
more extended than perfect planar loops which should be located on only three planes. On a <1 1 1>

projection, loops have a hexagonal shape, with edge parallel to <1 12> directions.

Among the four possible {111} habit planes, only two were considered here: (111),
leading to a loop and a dislocation with parallel Burgers vectors, and (111) leading to an angle of

about 70° between the Burgers vectors. For each plane, eight loops were taken into account (Table
I). They were placed in the simulated crystal so that their center was on the slip plane of the
dislocation. The relative positions were noted as shown in Figure 5 and about 20 values (0, positive

and negative) of x were used for each loop.
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Table I : SIA loops taken into account.

Number of SIAs
in the loop
a* (nm)/b* (nm) ] 0.2/0.35 | 0.4/0.7 \ 0.6/1.15 | 0.8/1.5 ] 1.0/1.85 | 1.2/2.15 \ 1.412.5 | 1.6/2.85
* a and b are defined as shown :

7‘19‘37‘61‘91‘127‘169‘217

a

@b

- Copper-rich precipitates and vacancy-clusters : as aforementioned, we consider

that in copper-rich precipitates, Mn and Ni atoms have the same hardening effect as copper atoms.
Consequently, only pure copper precipitates were taken into account to assess the pinning forces
exerted by precipitates. Their radii, given in Table II, are lower than the critical radius of 3 nm from
which the Cu structural transformation bcce structure— 9R structure occurs [20, 47], they were thus
expected to have a bce structure. Some of the radii are also lower than the dislocation core radius.

The relative positions of the defects, the dislocation line and the slip plane were noted as shown in

Figure 6. For each defect, simulations were carried out with six positive values of y along [110];

for each of these values, 20 values of x (0, positive and negative values) were used along [112].

Simulations were also carried out with clusters (radius = 1.12 nm, 500 atoms)

composed of an homogeneous mixture of Cu and Fe atoms. Ten copper contents were considered:
5, 10, 15, 20, 25, 30, 35, 50, 75 and 100%. Only the configuration where the slip plane is through
the center (y = 0) of the cluster was allowed for (Figure 5).

Nine spherical vacancy clusters were also considered, their size is given in Table II.
Some of them are also smaller than the dislocation core. The corresponding simulations were
similar to those described for the copper precipitates.

89

© 2005 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Stéphanie Jumel, Lille 1, 2005

Table II : copper precipitates and vacancy clusters considered in the simulations.

Number of Cuatomsor | 10 | 50 | 100 | 200 | 500 | 750 | 1000 | 2000 | 3000 | 4000
vacancies in the defect
Defect radius (nm) 030052 0.65 | 0.82 | 1.12 | 1.28 | 1.41 | 1.77 | 2.03 | 2.23

Copper precipitates taken | - X X X X - X X X X
into account
Vacancy clusters taken X X X X X X X X - X

into account

X: taken into account

® >
Screw
. / dislocation

Loop \ r’ [112]
(110) slip plane

[110]

Figure 5: relative position of the dislocation loop (here on (111) habit plane) and the screw
dislocation. The slip plane of the dislocation is through the center of the loop.

Dislocation line

=lip plane

lane through the
center of the defect

Figure 6: relatives positions of the dislocation line, slip plane and copper precipitate, vacancy

clusters or copper-iron cluster.
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2.3 - Results of the simulation
a) Interaction between the dislocation and SIA loops
When the dislocation is outside the SIA-loop, the interaction energy between the two
defects is very small, except when they are almost in contact. In this configuration, they attract each

other and have a “reaction”-type interaction. Two cases have to be considered:

- Screw dislocation and SIA loops with parallel Burgers vectors: when both

defects have parallel Burgers vector, their combination leads to the transformation of the loop into
an helix on the dislocation (Figure 7a and b), as foreseen by Hirsch (see Figure 3b). An example of
“interaction energy versus distance” curve is given in Figure 8. In accordance with the isotropic
elasticity calculations (see section 2.1.a), the interaction between both defects is almost negligible

when they are not in contact.

- Screw dislocation and SIA loops with non-parallel Burgers vectors: when the

Burgers vectors are non-parallel (angle 70°32°), the dislocation and the loop interact in two ways
according to the size of the loop (Figure 7c):

v small loops (<19 SIAs) rotate to have parallel Burgers vector with the
dislocation and combine with it, leading to the destruction of the loop and the
formation of an helix on the dislocation.

v large loops (>19 SIAs) form a junction with the dislocation along <311>
directions.

b) Interaction between the dislocation and copper precipitates, copper-iron clusters
and vacancy clusters

Figure 9 sketches (for a given value of y) typical curves giving the evolution of the
interaction energy (Emer) versus the distance between the dislocation and a copper precipitate, a
vacancy cluster or a copper-iron cluster. In spite the non-symmetry of the interaction configuration
(for x > 0, the defect is facing one fractional dislocation; for x < 0, it is facing two fractional
dislocations, see Figure 5), most of the obtained profiles are almost symmetrical. In all cases, Ejper
is minimal (hence the interaction is maximal) when the dislocation is within the obstacle, which
means that the latter attracts and pins the dislocation. The zone corresponding to the minimal
energy increases with the size of the obstacle. The binding energy (Eging) between the two features

is defined as the minimal interaction energy.
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Figure 8: interaction between a screw dislocation and a loop containing 91 SIA’s, with parallel

Burgers vector.
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Figure 9: sketch showing the evolution of the interaction energy versus the distance between the
dislocation and a large or small copper precipitate, vacancy cluster or copper-iron cluster. A
Gaussian curve was fitted on simulation points: all the points for smallest precipitates and only
points on one side of the plateau of minimal interaction energy for the largest ones.
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To determine the pinning forces exerted by the obstacles on the dislocation, Gaussian
curves having the following expression were fitted on the simulation results:

Emnter(, X, ¥) = Egina(y,r) exp[-aur, y) XZ] (0)
where x and y are defined in Figure 6, r is the radius of the obstacle, o is a parameter depending on
r and y. As shown in Figure 9, all the results were used for the small defects and only results
corresponding to one side of the plateau of minimal energy were taken into account for the largest
ones. The pinning force was defined as the value of the derivative of the Gaussian at the inflexion

1
2o0u(r,y)

):

point (xo =

F = -20(r,y) xo Egina(y.r) exp[-a(r, y) x; ] (7

- for_the copper precipitates: all the studied pure copper precipitates have a bcc

structure when they are not in contact with the dislocation. As observed by Harry et al [23], when
the dislocation line is within a precipitate, its core spreads and modifies the precipitates bcc
structure. Examples of curves “interaction energy-distance” are given in Figure 10 for two copper
precipitates. In all cases, the minimal binding energy (hence the maximal interaction) and the
maximal pinning force (Ffs) are obtained when the slip plane is through the center of the

precipitate (y = 0); the values are given in Table III. Analysis of the results shows that:

- the maximal pinning force and the precipitate radius are linked by the expression:
Foe ~0.051 "7 (eV/A) (8)
- the pinning force evolves with y according to the expression:
FS' = FSS exp (-0.843r *Py Y (eV/A) 9)

The expression (9) is plotted in Figure 1la for several sizes of precipitates.
Irradiation induced copper-rich precipitates (r < 1.5 nm) can be considered as rather weak

obstacles.

Table III : minimal binding energy and maximal pinning force exerted by copper precipitates on a
screw dislocation (y=0).

Number of Cu atoms in the 50 100 200 500 750 | 1000 | 2000 | 3000
precipitate
Radius of the precipitate (nm) 0.52 | 065 | 0.82 | 1.12 | 1.28 | 1.41 | 1.72 | 2.03
Minimal binding energy (eV) 227 | 42 | 48 -10 | -11.6 | -145 | -21 =27
Maximal pinning force : Fgﬁl (eV/A) 0.34 0.45 0.60 0.85 1 1.12 1.46 1.71
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- for_the copper-iron precipitates: examples of “interaction energy versus distance”

curves are given in Figure 12. The binding energies and the pinning forces are given in Table IV.
Analysis of the results showed that the pinning force evolve linearly with the copper content in the
cluster according to the following expression:

FSuFe 2 0.013[%Cu] (eV/ A) (10)
This expression is obtained for y = 0, but it can be supposed that a linear relation between the

pinning force and the copper content can also be applied for y # 0.

Table IV: minimal binding energy and maximal pinning force exerted by iron-copper clusters
(r=1.12 nm, 500 atomic sites) on a screw dislocation (y=0).

Percentage of Cu in the cluster (%) [ 5 10 15 20 | 25 [ 30 [ 35| 50 | 75 | 100
Minimal binding energy (eV) -09 [-1.6| -3.1 |-3.6-39|-43(-49]| -47 |-72| -99
Maximal pinning force (¢V/A) 0.08 [0.10| 0.18 [0.32/0.33{0.49|0.57]0.515]0.83 | 1.09

- for the vacancy clusters: examples of “interaction energy-distance” curves are given in

Figure 13 for two vacancy clusters. In all cases, the minimal binding energy (hence the maximal
interaction) and maximal pinning force are obtained when the slip plane is through the center of the
cluster (y = 0); the values are given Table V. Analysis of the results shows that:

- the maximal pinning force Fy2 and the cluster radius are linked by the expression:

2 ~0.0448 ' (eV/A) (11)

- the pinning force evolves with y according to the expression:
Fye= Fyt exp (-0.2191 7y %) (eV/A) (12)

The expression (12) is plotted in Figure 11b for several cluster sizes. It can be noticed
that results are quite similar with those obtained for copper precipitates. For the clusters containing
less than about 100 vacancies, the pinning forces are in agreement with that proposed by Bullough
and Newman (see section 2.1). Irradiation-induced vacancy clusters (r < 0.5 nm) can also be

considered as rather weak obstacles.

Table V: minimal binding energy and maximal pinning force exerted by vacancy clusters on a screw
dislocation (y=0).
Number of vacancies in the cluster 10 50 100 | 200 500 | 1000 | 2000 | 4000
Radius of the cluster (nm) 030 | 052 | 0.65 | 0.82 | 1.12 | 141 | 1.78 | 2.03
Minimal binding energy (eV) -1.2 | 23 -4 -6 -85 | -124 | -16 -24
Maximal pinning force : F}2 (eV/A)| 0.17 | 032 | 043 | 0.55 | 0.78 | 1.03 | 135 | 1.77
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Figure 10: examples of results obtained for the copper precipitates (x and y are defined in Figure 6):
-aand c : Curves “interaction energy versus distance”;
- ¢ and d : Gaussian curves fitted on simulation results obtained with y = 0.
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Figure 11: evolution of the pinning force versus the position of the slip plane (y) for different size

of copper precipitates or vacancy clusters (y is defined on Figure 6).
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Figure 12: interaction energy versus distance for a screw dislocation and an iron-copper cluster

containing 500 atomic site (r = 1.18 nm).
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Figure 13: examples of results obtained for the vacancy clusters (x and y are defined in Figure 6) :

-aand b : curves “interaction energy versus distance”;

- ¢ and d : Gaussian curves fitted on simulation results obtained with y = 0.
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2.4 Pinning forces used in RPV-1

The pinning forces used in RPV-1 to simulate the irradiation-induced hardening of RPV
steels at 20°C are summarized in Table VI. Their estimation, obtained by Molecular Dynamics
simulations at 0 K and presented in section 2.3, required some new approximations which are given
in this section. In a first step, we derive the pinning forces at 0 K, then we take into account the

thermal activation and approximate them at 20°C.
a) Pinning forces at 0 K

- SIA loops: by interacting with a SIA-loop, a screw dislocation forms either a

junction or an helix. We consider that the pinning force of the junctions is F5°® ~ub*/8 (see section

2.1). At 0 K, the helixes are much stronger obstacles, and probably lead to an Orowan mechanism
[48].

- Copper-rich precipitates: as aforementioned, we consider that in the copper-rich

precipitates Mn and Ni atoms have the same “hardening effect” as copper atoms. Thus, the pinning
forces exerted by such precipitates at 0 K is calculated by replacing their Mn and Ni atoms by Cu

atoms and using expression (9).

- Vacancy-clusters: the pinning forces (Fy*) exerted at 0 K by the vacancy clusters

are calculated with expression (12).

- Vacancy-solute atom clusters: having no model to assess the pinning forces

(Fy*°") exerted by the vacancy-solute atom clusters (as aforementioned they are probably made of

small vacancy-copper atoms complexes distributed in a volume of some cubic nanometers), these
forces are assessed by replacing Mn and Ni atoms by Cu atoms and by using the expression:

Fo' ™ = (Fo" +F5")/2 (13)
where F$"and Fp* are given by (9) and (12).

b) Thermal activation

- SIA loops: we consider that at 20°C thermal fluctuations do not help significantly
the screw dislocations to escape from the junctions they formed with SIA-loops. However, we
suppose that the helixes disappear shortly after their creation and then do not exert any significant
pinning force. Indeed, an helix on a screw dislocation may be described as a succession of kinks on

{110} slip planes (see sketch in Figure 14). As recently confirmed by Molecular Dynamics
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simulations [17], kinks are very mobile along screw dislocation lines in iron at room temperature.
At this temperature, screw dislocation lines are mostly straight in irradiated RPV steels (the Peierls
friction stress is still efficient and the dislocations are slightly bowed between the irradiation-
induced defects since they are weak obstacles), then the applied shear stress can easily sweep the
kinks along them. Whatever the applied stress, two configurations have to be taken into account
according to the orientation of the applied stress:

v all the kinks forming the helix are swept out to the extremities of the dislocation
segments where they may be absorbed by sinks (e.g. grain boundaries, carbide-
matrix interfaces), which makes the helix vanish (Figure 15). At the end of the
process, the loop has disappeared and the dislocation line has regained its straight
configuration.

v two kinks forming the helix slip in opposite directions and create a cross-kinks
(Figure 16). As proposed by Marian et al [17], kinks slipping along the dislocation
line and piling up on the cross-kink can suppress it and rebuild the loop behind the
dislocation. These new kinks can be generated in other parts of the dislocation (e.g.
by thermal activation, from other helixes).

In conclusion, we consider that at 20°C:

v the loops containing more than 19 SIAs and with a Burgers vector non-parallel to
that of the dislocation (see section 4.1) lead to the formation of junctions and exert a
force F5° ~pub?/8.

v the loops with less than 19 SIAs as well as the larger loops with a Burgers vector
parallel to that of the dislocation (see section 4.1) lead to the formation of helixes

and do not exert any pinning force on the dislocation ( Fz°® = 0).

- Copper-rich precipitates, vacancy clusters and vacancy-solute clusters: as

explained in section 2.1.b, thermal activation can reduce the critical shear stress of irradiated RPV-

steels either by modifying the interaction mechanism between the defects and the dislocations or by

inducing atomic fluctuations large enough to help the dislocations to overcome the smallest defects.

To assess the pinning forces exerted at 20°C by the copper-rich precipitates, vacancy clusters and

vacancy-solute clusters, we consider only the latter mechanism. In particular, for the copper-rich

clusters and vacancy-solute clusters, we do not introduce the temperature dependence observed by
Bacon et Osetsky in the case of pure copper precipitates (see section 2.2), for at least two reasons:

v’ the considered irradiation-induced defects are small (core zone of about 1 nm for

the copper-rich precipitate) or contain a high concentration of iron atoms (about

80% for the vacancy-solute clusters), thus their tendency for bcc-to-fec

transformation must be weak whatever the temperature;
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v/ since we consider a screw dislocation, we do not expect any significant climbing

effect during the overcoming of the defects.
It will be seen in section 2.5 of this Chapter, that neglecting the pinning force temperature
dependence measured by Bacon and Osetsky for an edge dislocation, does not affect the quality of
our simulations even for large (r = 1 nm) pure copper precipitates. This observation may indicate

that this temperature dependence is weaker for screw dislocations than for edge ones.

In section 2.1.b, it was estimated that at 20°C the dislocations can overcome defects
with a binding energy lower than about —0.7 eV without the help of the stress. This binding energy
corresponds to vacancy-clusters, copper-rich precipitates and vacancy-solute clusters containing
less than 5 solute atoms or vacancies. Consequently, we consider that such defects do not introduce
any hardening at 20°C. The solute atoms they contain are supposed to be in solution and to

contribute to the athermal solution hardening.
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Table VI: summary of the pinning forces used in RPV-1.

Defect Size of the Force (eV/nm)
defect™

N<19 [gr =0

- F°® = 0 for parallel Burgers vectors (formation of an helix):
SIA loops N2>19 |apples to one quarter of the loops
- Fi°® = ub%8 for non-parallel Burger vectors (formation of a

junction): applies to three quarters of the loops

Copper-rich N<6 Copper atoms contribute the solution hardening

precipitates N>6 |F" =13 FG exp (-0.843r*%yY

with FS* = 0.39¢""7

Pm

N<6 |EF=0

Vacancy clusters N>6 |F=12 FE%2 exp (-0.219r" 7%

with FY2 =0.373r"%

Vacancy-solute N<6 [ =0

clusters N>6 |F* =(F"+Fp*)/2

* N = number of cu atoms or vacancies in the defect.

Dislocation
slip plane

Y = [110]

Dislocation loop
gliding cylinder

Figure 14: sketch showing a screw dislocation interacting with SIA loops (habit plane perpendicular
to the dislocation line) and forming an helix described as a succession of kinks on {110}slip planes.

Both defects have parallel Burgers vectors.
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Figure 15: disappearance of a loop on a screw dislocation by gliding of kinks away from the loop

area (the arrows indicates the directions of gliding of the kinks), vectors are given in Figure 14.
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Figure 16: reconstruction of a loop from an helix on a screw dislocation by gliding of kinks away
and to the loop area (the arrows indicate the directions of gliding of the kinks, the blue kinks are

coming from other parts of the dislocation line), vectors are indicated in Figure 14.
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III -Experimental validation

3.1 - Experimental conditions

We attempted to validate the approach used in RPV-1 to simulate the grain hardening
(use of DUPAIR with the assessed pinning forces) by comparing simulation results with previously
published experimental results. The challenge was to find out available results of mechanical tests
carried out on iron-based alloys for which a complete description of the hardening defects was
available. The possibilities were very limited and we had to separate the validation for copper

precipitates on the one hand from vacancy clusters and SIA loops on the other hand.

- For Copper precipitates, results provide by Goodman et al. [49] and Mathon [50] on

Fe-1.5%Cu alloys thermally aged at 500°C were used. It is well known that at this temperature,
such type of alloy exhibit a hardening resulting from the precipitation of copper precipitates.
Goodman et al studied this hardening by tensile tests at 20°C and Mathon by hardness tests. Both
teams characterized the copper precipitates by Small Angle Neutron Scattering (SANS).

To supplement these previous studies, we performed additional ageing to establish a
relationship between hardness and yield stress increases and to get precise information on the
chemical composition of the precipitates. To do so, tensile tests, hardness tests and Atom Probe
experiments were carried out on a Fe-1.5%Cu alloy aged 1.5, 2.5 and 25 hours at 500°C. The
mechanical testings were performed in the Laboratoire de Métallurgie Physique et Génie des
Matériaux of the University of Lille and the Atom Probe examinations in the Groupe de Physique
des Matériaux of the University of Rouen.

- For the vacancy clusters and SIA loops, the results of tensile tests, TEM experiments

and Positron Annihilation experiments obtained by Eldrup et al [51], on pure iron neutron-irradiated
in HIFR at 70°C, probably constitute the most complete set of experimental data which can be used.
Unfortunately, the microstructural data present uncertainties inherent to the used techniques (no
information on SIA-loops with a radius smaller than 1 nm and pretty large uncertainty band on PA
results). Thus, the Eldrup et al results were used to check that the simulation provide results with

correct order of magnitude.
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3.2 - Comparison of simulation and experimental results

As demonstrated hereafter, the comparison with experimental results shows that the
simplified approach used in RPV-1 to simulate grain hardening (use of DUPAIR with the assessed
pinning forces) leads to reasonable results.

- Copper precipitate hardening: the tensile and hardness tests carried out on the Fe-
1.5%Cu alloy aged 1.5, 2.5 and 25 hours at 500°C (Table VII) show that the increases of hardness
and yield stress resulting form the copper precipitation in this alloy verify the following relation:

ARpo.z =2.5 AHV (14)

The Tomographic Atom Probe experiments on the same alloy reveal that the copper content in the
precipitates is about 85% after the 1.5 h ageing time and 100% for the 2.5 and 25 h ageing times.

Results previously obtained by Goodman et al [49] and Mathon [50] on aged Fe-1.5%Cu
alloys are summarized in Table VIII. In all cases, the precipitates have an average radius much
lower than the critical value of 9 nm from which a transformation of their bee structure into a 9R
structure is expected. It can be noticed that the thermal hardening results mainly from precipitates
with a radius lower than 1.2 nm. Therefore, the pinning forces derived in this study can be used to
describe their interaction with a screw dislocation. Expression (14) was used to determine the
increase of yield stress of the alloy studied by Mathon from the hardness data. The obtained values
are plotted in Figure 17 with those published by Goodman et al and those measured in this study.

All the results are consistent.

For each ageing time, the number density and average radius of the precipitates
determined by Goodman et al and Mathon (SANS experiments) were used as input parameters of
the DUPAIR code to simulate the corresponding increase of yield stress. For the ageing times
longer than 2.5 hours, the pinning forces of the precipitates were calculated from expression (7).
For the 2.5 hours ageing time, we used the expression (9) multiplied by 0.85 to allow for the
presence of about 15% of iron in the precipitates (see expression (10)).

The volume of the crystal simulated with DUPAIR was adjusted so that 5000 defects
were taken into account in each simulation. For each ageing time, we carried out 5 simulations with
different random distributions of defects and we took into account the softening of the solid

solution resulting from the copper depletion. This softening was assessed from (14) and the
expressions established by Akamatsu AHy = 32 ACus, [52], where ARIS;(’)‘_Z (MPa) is the increase of
yield stress associated to an increase ACus, (Wt %) of the copper content in solid solution. The
average results obtained are in agreement with experimental ones as shown in Figure 17. This

agreement may mean, as it was aforementioned, that the temperature dependence of the pinning
force observed by Bacon and Osetsky is lower for screw dislocations than for edge ones.
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- Vacancy clusters and SIA loops: results published by Eldrup et al are summarized in

Table IX. With the measured size and number densities of point defect clusters, DUPAIR simulates
an increase of yield stress of 30 and 45 MPa for the doses of 0.009 dpa and 0.23 dpa, respectively.
The simulated results are smaller than the experimental ones, but as expected, have the right order
of magnitude (cf section 3.1).

Table VII: increase of the hardness and the yield stress of a Fe-1.5%Cu alloy during ageing.

Ageing time (h) AH, ARpg (MPa)
1.5 117 292
2.5 108 270
25 103 257

Table VIII: Ageing of Fe-1.5Cu alloys - mechanical testing and SANS results obtained by
Goodman et al [49] and Mathon [50].

Ageing time (h) 1% | 2.5%% | 3% | 45%% | REFx | Q4% | D5%E | 4D* | 124% | 142%* | 3]2%*
Number density of
Cu precipitates 95 | 200 | 100 | 17 8 11 7 28 | 0.8 0.7 0.4

(102 m)
Mean radius of the
Cu precipitates 081 09 | 12| 23 29 | 2.8 3 48 | 73 6.3 8
(nm)

Increase of
hardness - 75 - 118 112 - 95 - - 62 53

Increase of yield
stress (MPa) 314 - 321 - - 295 - 205 | 124 - -

* from [49]
** from [50]
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Figure 17: simulation of the evolution of the yield stress at 20°C of Fe-1.5%Cu alloys during ageing

at 500°C. Comparison with experimental results from [49, 50].

Table IX: results of tensile tests, TEM experiments and Positron Annihilation experiments carried
out by Eldrup et al on iron irradiated at 70°C in HFIR [51].

Vacancy clusters ARpg, at 70°C
Dose (dpa) | Diameter Number SIA loops Measured Simulated
(nm) density (102 m™) (MPa) (MPa)
(10% m?)
0.35 ~ 0.5
0.009 0.55 ~ 1.7 1 ~ 80 30
0.75 ~0.2
1 ~ 0.05
0.55 ~3.4
0.23 0.75 ~ 0.7 5 ~ 180 45
1 ~ 0.08
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IV -  Conclusion

This Chapter described the simplified approach adopted to simulate the irradiation-induced
hardening with RPV-1. This approach relies on the use of a Foreman and Makin type code, called
DUPAIR, and on a characterization of the pinning forces exerted by the irradiation-induced defects

on a screw dislocation. These forces were estimated from Molecular Dynamics simulations.

The relevance of the proposed approach was validated by the comparison with experimental
results. However, this work has to be considered as an initial step to facilitate the development of a
first tool to simulate irradiation effects. It can be improved by many ways (use of Dislocation
Dynamics code, ...).
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CHAPTER V

Quality of the simulations with RPV-1

As mentioned in the introduction, the main objective of the presented work was to build a
first multi-scale tool to simulate irradiation effects. Chapter II showed that this objective was
reached. It is now necessary to verify the quality of the simulations. This can be done by
checking the sensitivity of RPV-1 to its input parameters, assessing the quantitative character
of the results and discussing the errors and uncertainties.

I - Sensitivity to the input data

The development of VTRs can be impaired by an intrinsic weakness of the multi-scale
approach required to build such tools. Indeed, this approach necessitates the homogenisation
of results before each scaling up of time or space. Every homogenisation induces a loss of
information which may alter the sensitivity of the tool to its input data. The main
homogenisations done during a simulation with RPV-1 are described in Table 1. Considerable
efforts would be required to quantify their individual or collective “buffer” effects on the
RPV-1 sensitivity. However, as presented in the following sections, it has been checked that
the collective effect is low, even in a large range of irradiation conditions (flux,
temperature,...).

It is mentioned that the results presented in this Chapter were obtained with the version
1.2.g of RPV-I1.

1.1 - Sensitivity to the copper content

RPV-1 was run to simulate the irradiation-response of four steels containing 0.05, 0.10,
0.20 and 0.30% Cu (with 1.45% Mn, 0.2%Ni). The four simulations were performed at 250°C
with a neutron spectrum representative of an irradiation channel of the British experimental
reactor HERALD (®g-1mev =5 10" n.cm'z.s'l).

The simulated irradiation-induced increases of yield stress are plotted versus the dose
in Figure 1a. It can be noticed that the hardening increases with the copper content, which shows
that RPV-1 is sensitive to the copper content.
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Table I : main homogenisations done during a simulation with RPV-1.

e Homogenization of neutron’s energies. The neutrons are listed according to

groups of energy; all the neutrons belonging to a same group are considered to
SPECMIN have the same energy: i.e. the middle-group energy. The width of the group is
increasing with increasing energy.

e Homogenization of the neutron’s fates (elastic collisions with lattice atoms, ...).
All the neutrons having the same energy are considered to have the same fate: i.e.
the average fate provided by the cross sections for the considered energy.

e Homogenization of PKA's energies. The PKAs are listed according to groups of
energy; all the PKAs belonging to a same group are considered to have the same
energy: i.e. the middle-group energy. The width of the group is increasing with
increasing energy.

INCAS e Homogenization of PKA’s fates (sub-cascade productions,...). All the PKAs
with the same initial energy are considered to have the same fate: i.e. the average
fate given by the collision cross sections for the considered energy.

e Homogenization of the energies dissipated in (sub)-cascades. The (sub)-cascades
are classified according to groups of dissipated energy (15-25 keV, 25-35 keV,
...); all the (sub)-cascades belonging to a same group are considered to spread the
same energy: i.e. the middle-group energy (10 keV, 20 keV,...).

e Homogenization of the size distribution of the surviving point defects left by the
small damage zones produced between the (sub)-cascades: 60% of their SIAs are

isolated, 20% are in clusters of size 2, 10% in clusters of size 3,...

e Homogenization of the germs of hardening defects. All the (sub)-cascades with
CASCADE the same dissipated energy are considered to produce the same germs of
database hardening defects.

e Homogenization of the size distribution of hardening defects within a grain.
MFVISC
e Homogenization of the behavior of all the defects having the same size and

content (SIAs, vacancies and/or Cu atoms).

FORCE e Homogenization of the pinning forces of all the hardening defects having the
database same size and content (SIAs, vacancies and/or Cu, Mn and Ni atoms).

DUPAIR o Homogenization of the irradiation response of all the steel grains.

Taylor Factor | ¢ Homogenization of the distribution of the spatial orientation of grains.
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For a dose of 0.1 dpa, the yield stress copper-dependence is about 240 MPa/%Cu
which is within the scattering band of experimental results. Figure 1b and ¢ show the final
size distributions of the hardening defects in the 0.05% and 0.30%Cu steels for the dose of 0.1
dpa. The number density of defects containing copper clearly increases with the steel copper
content.

1.2 - Sensitivity to nickel and manganese contents

RPV-1 is sensitive to nickel and manganese contents, but its dependence to both
elements is not satisfactory. This issue is attributable to a weak parameterization of the
DIFFG code. Work is in progress to improve it, meanwhile, we decided not to display any
results concerning Ni or Mn effect.

1.3 - Sensitivity to the irradiation temperature

RPV-1 was run to simulate the irradiation-response of a 0.05%Cu-1.3%Mn-0.7%Ni
steel, at four temperatures: T = 55, 200, 250 and 300°C. The simulations were performed with
a neutron spectrum representative of an irradiation channel of the American experimental
reactor HFIR (®psimey = 7 10" n.cm'z.s'l) up to a dose of 0.1 dpa.

The simulated irradiation-induced increases of yield stress are plotted versus the
dose in Figure 2a. It can be noticed that the hardening increases as the irradiation temperature
decreases, which shows that RPV-1 is sensitive to the irradiation temperature. For a dose of
0.1 dpa, the yield stress temperature dependence is about 0.6 MPa/°C, which is in agreement
with experimental results (see Chapter I). Figure 2b and ¢ show the final size distributions of
the hardening defects for the irradiation carried out at 55 and 300°C with a dose of 0.1 dpa.
The number densities of SIA loops and vacancy clusters clearly increase as the irradiation
temperature decreases.
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Figure 1: sensitivity of RPV-1 to the copper content. Simulation at 250°C with a neutron
spectrum representative of an irradiation channel of the reactor HERALD
(@p=1mev = 107 n.em™s™) - steel with 1.45%Mn and 0.2%Ni.

a) irradiation-induced increase of yield stress;

b) distribution of hardening defects for Cu = 0.05 % and a dose of 0.1 dpa;

¢) distribution of hardening defects for Cu = 0.3 % and a dose of 0.1 dpa.
(vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue ; box size: 28.7 x 28.7 x 28.7 nm’ )
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Figure 2: sensitivity of RPV-1 to the irradiation temperature of a steel containing 0.3%Cu,
1.3%Mn and 0.7%Ni. Simulations performed at four temperatures (T=55, 200, 250 and
300°C) with a neutron spectrum representative of an irradiation channel of reactor HFIR

(@ps1mev =7 10 n.em™.s™) up to a dose of 0.1 dpa.

a) irradiation-induced increase of yield stress;

b) distribution of hardening defects for T = 55 °C and a dose of 0.1 dpa;

¢) distribution of hardening defects for T = 300 °C and a dose of 0.1 dpa.
(vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue ; box size: 28.7 x 28.7 x 28.7 nrn3)
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1.4 - Sensitivity to the neutron flux

RPV-1 was run to simulate the irradiation-response of a 0.05%Cu-1.3%Mn-0.7%Ni
steel under four neutron fluxes. The simulations were carried out at 55°C with a dose up to
0.1 dpa. A neutron spectrum representative of an irradiation channel of the reactor HFIR was
used as reference (Pp>1mev = 7 10 n.cm'z.s'l). The other neutron spectra were obtained by
multiplying this reference by 0.01, 0.1 and 10 (Figure 3a). The procedure enables to study the
flux effect without any changes in the spectrum shape.

The simulated irradiation-induced increases of yield stress are plotted versus the
dose in Figure 3b. It can be observed that RPV-1 is sensitive to the neutron flux: the
hardening increases as the neutron flux increases. It can also be observed that the flux
dependence tends to decrease with decreasing flux and to become negligible between
0.1 x HFIR and 0.01 x HFIR. This trend is coherent with results obtained by Odette et al. in
the same range of temperatures [1]. Figure 3¢ and d provide the final size distributions of the
hardening defects after irradiation with the highest and lowest neutron fluxes. The role played
by the point defects clearly grows with increasing flux.

1.5 - Sensitivity to the neutron spectrum

RPV-1 was run to simulate the irradiation response of a 0.1% Cu-1.3% Mn-0.7% Ni
alloy at 288°C under two neutron spectra corresponding to the same dpa rate. The simulations
were performed at 150°C with a dose up to 0.1 dpa. A neutron spectrum representative of an
irradiation channel of the French experimental reactor OSIRIS (®gsinvey = 4.7 10" n.cm'z.s'l)
was used as reference, the other one was obtained by modifying a neutron spectrum
representative of an irradiation channel of the reactor HERALD (®@gsimev = 5 10" n.cm™ .s'l)

50 as to get the same dpa rate (~ 6 107 dpa.s™) as the OSIRIS spectrum (Figure 4a).

The simulated irradiation-induced increases of yield stress are plotted versus the
total fluence in Figure 4b. The two spectra induce slightly different hardenings, which shows
that RPV-1 is sensitive to the shape of the neutron spectrum. This trend is coherent with the
ESTEREL program as described in Chapter VI.
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Figure 3: sensitivity of RPV-1 to the neutron flux. Simulations performed at 55°C with the
neutron spectrum representative of an irradiation channel of the reactor HFIR
(Ppsimev =7 10" n.cm'z.s'l) and with three multiples of this neutron spectrum (steel:
0.05%Cu-1.3%Mn-0.7%Ni).

a) neutron spectra;

b) irradiation-induced increase of yield stress;

¢) distribution of hardening defects for the 10 x HFIR spectrum and a dose of 0.1 dpa;

d) distribution of hardening defects for the 0.01 x HFIR spectrum and a dose of 0.1 dpa.
(vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue ; box size: 28.7 x 28.7 x 28.7 nm’ )
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Figure 4: sensitivity of RPV-1 to the neutron spectrum; simulations at 150°C with a neutron
spectrum representative of an irradiation channel of the reactor OSIRIS (®p>1mev = 4.7 10"
n.cm™.s™) and one spectrum obtained by modifying a neutron spectrum representative of an
irradiation channel of HERALD (®g>pmey = 5 10" n.cm'z.s'l) so as to get the same dpa rate,
namely 6.8 10” dpa.s” (steel : 0.1%Cu-1.3%Mn-0.7%Ni).

a) neutron spectra;

b) irradiation-induced increase of yield stress.
(vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue ; box size: 28.7 x 28.7 x 28.7 nm3)

II - Quantitative character of the simulations

The quantitative character of the simulations was assessed with the version 1.3.b of
RPV-1, by comparing experimental and simulation results obtained on pure iron, iron-copper
model alloys and RPV steels. Several neutron spectra as well as large ranges of irradiation
temperatures and fluxes were taken into account. A comparison with electron irradiation have

also been performed. Only a part of this work is given here.

One should mention that all calculations were performed with the same “standard”
parameterization (see Chapter II), which was not optimised in the framework of this thesis.

The improvement of this parameterization is being done by the international community (e.g.

[2D.
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2.1 Electron irradiations

RPV-1 was run to reproduce an electron irradiation program carried out at 288°C by
Akamatsu on Fe-0.1%Cu, Fe-0.7%Cu and Fe-1.4%Cu alloys [3]. Akamatsu used 3 MeV
electrons at a dose rate of 4.8 10'* cm™.s™ and followed up the irradiation effects by hardness
measurements. The electron irradiations were simulated with RPV-1 by creating single
Frenkel pairs at rate of 4.8 10'* cm™.s™, which corresponds to a dose rate of 5.6 10™ dpa.s™.

The simulated increases of yield stress of the three alloys are plotted versus the dose
in Figure 5, where they are compared to the hardness measurements. The kinetics of
hardening and the sensitivity to the Cu content are very well reproduced by RPV-1 The
simulation results are quantitatively in agreement with the experimental ones if the
experimental increase of yield stress is deduced from the hardness measurements by using the
expression ARpg, = k AHy with 2 <k < 3, such values of k are en agreement with published
results [4, 5].

300 —A—14%Cu
—&5—0.7%Cu
250 ---0--- 0.1%Cu
= A A— A 1
£ 200 * _ 100 g
p= H - > — A Fe14%Cu
=150 >
o < —8—Fe 0.7%Cu
S ---0--- Fe0.1% Cu _|
2100 O O o 50
[ Y fs)
50 i 0.0 o
0% T 4 T 5 T 3 3 0 ‘ 4 3 -3
5.10 107 1.510 2.107 5.10 10 1.510
dpa dpa
a) simulated evolution of yield stress b) experimental evolution of hardness [3]

Figure 5: simulation of electron irradiations at 288°C on Fe-0.1%Cu, Fe-0.7%Cu and Fe-
1.4%Cu alloys with a dose rate of 5.6 10” dpa.s™, comparison with hardness measurements.

2.1 Neutrons irradiations
a) Pureiron

The conditions used to assess the quantitative character of RPV-1 on pure iron are
summarized in Table II. Neutron spectra representative of irradiation channels of two
experimental reactors were used: HFIR and OSIRIS. The simulation results and available
experimental results are compared from Figure 6 to Figure 8. In all cases, simulation results fall
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at about £ 20 MPa of the experimental ones, which is rather satisfactory (+ 20 MPa can be
considered as the statistical dispersion of experimental measurements of yield stress).

Eldrup et al. [6, 7] carried out TEM' and PA? microstructural characterizations
on iron irradiated at about 60°C in HFIR. They were able to quantify the evolution of the
density of dislocation loops (of radius higher than 0.5 nm) and vacancy clusters versus the
dose. Their results are given in Figure 7 where they are compared to the simulation results
obtained with RPV-1 for the same conditions. For both types of defect, experimental and
simulation results exhibit the same dependence on the dose. The simulation correctly
reproduces the number densities of vacancy clusters but overestimates those of SIA loops for

doses higher than 10~ dpa.

Table II: conditions used to assess the quantitative character of RPV-1 on pure iron.

Reactor Flux (E > 1MeV) Irradiation temperature Ref.
(10" n.ecm™s™) (°O)
~ 60
HFIR 7107 150 [6, 7, 8]
300
OSIRIS 4.7 288 [3]
250 200 T
*
200
/‘ 3 150
150 S =
| — Simulation | o 100 7
100 ® Experiment e — Simulation- 150°C ¥
s < 50 B Exp. - 150°C
f —— Simulation - 300°C
& Exp. - 300°C
T 0 T
0.00 002 0.04 006 008 0.0 0.00 0.05 0.10
dpa dpa
T ~60°C T =150°C and 300°C

Figure 6: simulated evolution of the yield stress of pure iron irradiated in a channel of HFIR

(@p-1mev = 7 10" n.em™.s™) - comparison of experimental results [6, 7, 8].

! Transmission Electron Microscopy.
? Positron Annihilation.
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Figure 7: simulated evolution of the number densities of SIA-loops and vacancy-clusters in
pure iron irradiated at 60°C in a channel of the reactor HFIR (®p-imev = 7 10" n.cm'z.s'l);

comparison with experimental results [6].

80
E 60
o9 40 —&— Simulation
) & Exp. OSRRIS
< 20

0

0.00 0.02 0.04 0.06 0.08
dpa

Figure 8 : simulated evolution of the yield stress of pure iron irradiated at 288°C in a channel
of OSIRIS (®e-1mev = 4.7 10" nem™s™); comparison of experimental results [3] deduced

from hardness measurements using the expression : ARpg, = 2.5 AHv (cf. chapter IV).

b) Fe-Cu model alloys

The quantitative character of RPV-1 on model Fe-Cu alloys was assessed with a
neutron spectrum representative of one irradiation channel of the experimental reactor HFIR;
the irradiation conditions are summarized in Table III.

The simulation and experimental results are compared in Figure 9 and Figure 10.
In all cases, the simulation results are in agreement with experimental ones and fall within the

usual statistical dispersion of experimental irradiation programs ~ + 20 MPa.
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Table III : conditions used to assess the quantitative character of RPV-1 on Fe-Cu alloys.

Cu content Irradiation Temperature Ref
HFIR (experimental) 0.1 150 9]
710" n.cm™s’ 300
0.3 60 [8]
300
300
250 / -
= 200
= s
S 150
& o
< 100 * — Simulation - 150°C
B Exp. 150°C
50 — Simulation - 300°C
& Exp. 300°C
0 T ‘
0.00 0.02 0.04 0.06 0.08 0.10 0.12
dpa

Figure 9: simulated evolution of the yield stress of an Fe-0.1%Cu model alloy, irradiated at 60
and 150°C in a channel of HFIR (®g>ipmev = 7 10 n.cm'z.s'l). Comparison with experimental
results [8].

350
300
= 250 ] T
S
< 2001 g T
2150 -
% — Simulation - 300°C
100 & Exp.-300°C —
50 — Simulation - 60°C
B Exp.-60°C
0

0.00 0.02 0.04 0.06 0.08 0.10 0.12
dpa
Figure 10: simulated evolution of the yield stress of an Fe-0.3%Cu model alloy, irradiated at
150°C and 300°C in a channel of HFIR (®p>ipev = 7 10" n.em™.s™). Comparison with

experimental results [9].
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The quantitative character of RPV-1 on RPV steels was assessed with neutron

spectra representative of the irradiation channels of two experimental reactors: HFIR and

HERALD ; the irradiation conditions are summarized in Table IV.

The simulated and available experimental results are compared Figure 11 and

Figure 12. In any cases simulation results are in agreement with experimental ones and fall

within the usual statistical dispersion of experimental irradiation programs =~ + 20 MPa.

Other examples of validation on RPV steels are given in Chapter VI.

Table IV: conditions used to assess the quantitative character of RPV-1 on RPV steels.

Reactor Steel Flux (E > 1MeV) Irradiation Ref.
Cu(%) | Mn(%) | Ni(%) | 10”n.cm?>s' | temperature (°C)
HFIR 0.14 1.30 0.87 710° 55 [8]
300 [9]
HERALD 0.10 1.65 0.08 225
0.20 1.45 0.22 [10]
250
200
<
S 150 A
: — Simulation
™ 100 ¢ Experiment
<
50 7
0 -
0.00 0.02 0.04 0.06 0.08 0.10

dpa

Figure 11: simulated evolution of the yield stress of a RPV steel irradiated at 55°C in a
channel of HFIR (®Pgipev = 7 10 niem?s™), Cu = 0.14%, Mn = 1.30%, Ni=0.87%.

Comparison with experimental results [8].
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Figure 12: simulated evolution of the yield stress of a RPV steels irradiated in a channel of

HERALD (®p-1vev = 5 10 n.em™.s™). Comparison with experimental results [10].

III - Errors and uncertainties

As described in previous chapters, RPV-1 relies on many hypotheses and contains errors as
well as uncertainties which may alter the quantitative character of the simulations. It is
noteworthy that these weaknesses are not critical for the development of VTRs. Indeed,
continuous improvement of computer power and understanding of irradiation effects will help
introduce more and more precise physical descriptions of the involved phenomena in the
simulation. Concerning RPV-1, Table V summarizes some errors (in addition to the already
described homogenizations) and uncertainties in the codes used to build it. A considerable effort
would be required to quantify the effects of these errors and uncertainties on the simulation
results. However, the previous section shows that these errors and uncertainties do not push the

simulations results outside the usual statistical dispersion of experimental results.
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Table V (part 1): some errors and uncertainties of the codes used to build RPV-1.

Code

Errors and uncertainties

Impact

SPECMIN

Model errors

BCA approximation

Not significant in PWR’s range of neutron

energies

Neglecting alloying elements

Not significant in PWR’s range of vessel

compositions

Lindhard model to calculate Tgamage

Not significant in PWR’s range of PKA

energies

Dpa definition

Not crucial if used to compare neutron spectra

Numerical errors

Related to computer precision

Programming errors

No

Uncertainties

From the nuclear cross-sections

~ 10% uncertainties on the results

From neutron spectrum

Probably the main issue

INCAS

Model errors

BCA approximation

Not significant in the PWR’s range of PKA

energies

Neglecting alloying elements

Not significant in the PWR’s range of vessel
compositions

(Sub)-cascades definition

Not crucial if used to compare neutron spectra

Imposed distribution of point defects
produced between sub-cascades

Small effect on the results

Numerical errors

Related to computer precision

Programming errors

Still subject of attention

Uncertainties

From the collision cross-section

~ 10-20% uncertainties on the results

MFVISC

Model errors

Simplified capture radius

One of the main issues

Neglecting the interactions between
copper atoms and SIAs

May be an important source of error

Use of continuous equation for larger

clusters

Probably a weak effect

Neglecting the multi-sink effect

May be an important source of error

Neglecting the mobility of vacancy-
copper clusters

Probably a weak effect

Numerical errors

Related to computer precision

Programming errors

Still possible (young code)

Uncertainties

Bad knowledge of parameters

(mobility of clusters, binding energies,..)

One of the main issues
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Table V (part 2): some errors and uncertainties of the codes used to build RPV-1.

Code Errors and uncertainties Impact

Model errors

Cu, Mn and Ni activities calculated
from binary mixtures, within an

extended regular solution model

Interface energy calculated within a
pair bond (nearest neighbour) regular
solution model

Numerical errors Related to computer precision
DIFFG | Programming errors No
Uncertainties

Mixing enthalpies, entropies and free | Probably a weak effect - correction factors
energies to describe bce binary have been introduced
mixtures

Model errors

Constant line tension along the|Probably a small effect when the number
bowed dislocation segment density of defects is high or when the
obstacles are weak.

No effect of the irradiation-induced | Probably a weak effect
damage on the Peierls friction stress

No possibility of cross-slip Probably a weak effect
DUPAIR | Possibility to pass of small defects by | Probably a weak effect

thermal activation processes

Simulation with only one dislocation | Probably a weak effect

Numerical errors Related to computer precision
Programming errors Still subject of attention
Uncertainties

Pinning forces of the obstacles One of the main issues
Model errors

Neglecting relativist effects Probably no significant effect

Neglecting electron-phonon Possible effect in the simulation of
interactions displacement cascades

DYMOKA | Numerical errors Related to computer precision

Programming errors May still contain some minor errors
Uncertainties

Inter-atomic potentials Probably the main issue
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Table V (part 3): some errors and uncertainties of the codes used to build RPV-1.

Code

Errors and uncertainties

Impact

LAKIMOCA

Model errors

Choice of the events accounted for
in OKMC

Can be mastered

Model for migration energies of
vacancies in VKMC

One of the main sources of error

Numerical errors

Related to computer precision

Programming errors

May still contain some minor errors

Uncertainties

Frequency of occurrence of events
for OKMC

One of the main issues

Inter-atomic potentials for VKMC

One of the main issues

IV - Conclusion

The results presented in this Chapter shows that RPV-1 is sensitive to most of its input

parameters. The main issue is a bad dependence to nickel and manganese contents. Work is in

progress to solve it.

It was also demonstrated that in a large range of irradiation conditions, RPV-1 provides

results with a pretty good quantitative character: in most of the cases, the simulations results fall

at about +£ 20 MPa of the experimental ones (£ 20 MPa can be considered as the statistical

dispersion of experimental measurements of yield stress).

However, RPV-1 cannot strictly be considered as predictive tools due to many errors and

uncertainties related to its codes. Work is in progress to rapidly solve the more penalizing ones.
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CHAPTER VI

Answers to some questions of interest to the “RPV community”

As aforementioned, RPV-1 is still suffering from many weaknesses: poor parameterisation of
the MFVISC Rate Theory code and DIFFG kinetic-thermodynamic code, rough approximation
of the pinning forces, etc. However, it may already be used to reinforce or complement
experimental irradiation programs. This chapter is aimed at demonstrating this capability by
treating two examples of interest to the “RPV community”:
- the determination of the best parameter to characterize the irradiation exposure of the
pressure vessels and surveillance capsules of the French nuclear reactors;

- the understanding of the temperature effect on the irradiation-induced hardening.

The first example is treated by reproducing the French ESTEREL program and the second one
by simulating irradiation effects at six temperatures on the same RPV steel. The presentation of
these selected examples is preceded by some bibliography elements.

Due to the current weaknesses of RPV-1, we decided not to present any predictive results (even it
was tempting to do so), but to focus on simulation results obtained in the range of irradiation
conditions used in the experimental programs. The simulations were carried out with the version
1.3.c of RPV-1.

Results concerning the evolution of the irradiation-induced damage are illustrated in paragraph II,
and III. For the sake of understanding, number densities of irradiation-induced defects have been
plotted according to the following rules:

-number densities of SIA loops, vacancy clusters, copper precipitates and copper-rich
precipitates are represented with solid lines;

- densities of copper-vacancy clusters are represented with dots. For a given number N of
copper atoms in the cluster, the first dot of highest density corresponds to the density of
clusters containing N copper atoms and 1 vacancy, the second one to the density of clusters
containing N copper atoms and 2 vacancies, etc, ....
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I - Bibliography elements
1.1 - Characterization of irradiation exposure

To compare results of irradiation programs on materials, it is necessary to
characterize the irradiation exposures with a parameter well correlated to the damage induced
by the neutron, and thus to the concomitant evolution of the mechanical properties. Several
exposure parameters have been proposed, for example a survey can be found in [1]. The
currently used parameters are mostly: the fluence and the number of displacements per atom

(dpa).

The fluence is the number of neutrons received per surface unit of the irradiated
material (neutrons.cm™); it is called flux when expressed per time unit (neutrons.cm™.s™").
Usually, only neutrons of energy higher than a threshold value are considered, supposing that
the others have a negligible effect on the irradiated material. For LWR pressure vessels,
threshold values of 1, 0.5, 0.68 or 0.1 MeV have firstly been proposed, depending on the
country [2, 3, 4, 5]. In particular, Serpan et al. [2] showed that a threshold of 1MeV is
acceptable for fission spectra with a ratio thermal to fast (E > 1MeV) neutron fluxes smaller
than about 10. Currently, threshold values of 1 and 0.5 MeV are used in Western and Eastern

countries, respectively. In the following sections, the fluences will be noted ¢E>1MeVa (I)o.lMev,

etc.

The number of dpa (also called dose) was put forward to characterize the
irradiation exposure with a better description of the irradiation-induced damage than the
fluence. It is equal to the total number of Frenkel pairs (one vacancy + one self-interstitial
atom) created in a given volume by the irradiating particles (neutrons but also electrons or
ions,...), divided by the number of atoms in this volume. Several models have been set forth
to calculate the number of produced Frenkel pairs depending on the energy of the incident
particle (e.g. [6, 7, 8]); the most commonly used is that proposed by Norgett, Robinson and
Torrens leading to the so-called NRT-dpa (e.g. [9, 10, 11, 12]). In the following sections, the

number of NRT-dpa will be noted (I)dpa. This number is usually called dose rate when

expressed by time unit (dpa.s™).

dapa appeared to be a relevant quantity to characterize irradiation exposure of iron-
based alloys (stainless steels, ferritic steels,...), independently of the type of irradiating
particles (neutron, electrons, ions) [13, 14] and of the shape of their spectra [5, 15]. For
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example, it was successfully used to interpret the responses of RPV-steels irradiated with

strongly thermalized neutron spectra' [16, 17, 18] or in presence of intense y flux® [19, 20, 21].

1.2 - French pressure vessel surveillance program

As most utilities, Electricité de France is running a surveillance program for all its
nuclear power plant pressure vessels (e.g. [22]). This program is based on the use of 4
capsules which are installed in each reactor before the commissioning, and then removed
periodically during the lifetime of the reactor. The capsules contain mechanical test specimens
(Charpy, tensile and CT specimens), machined in materials representative of the vessel (i.e.
base metal, weld and heat affected zone), and are monitored in terms of dosimetry and
temperature. They are located along the core barrel and are closer to the fuel assemblies than
the vessel. Consequently, small neutron spectrum differences between the vessel and the
capsules are observed: 1) the shape of the neutron spectrum in the capsule is degraded to the
lower energies compared to the spectrum on the vessel (Figure 1) and ii) the neutron flux is
higher in the capsule than on the vessel. Due to the difference of flux, the results of the
mechanical tests carried out on the surveillance test specimens allow to anticipate the

behaviour of the vessel.

The flux factor between the capsules and the vessel, also called the lead factor,
depends on the threshold energy considered to calculate the fluence. It is worth about 3 for E
> 1MeV and 4.8 for E > 0.1 MeV. Regarding the dose rate, the lead factor is about 3.3. The
anticipation character of the surveillance program therefore strongly depends on the selected
irradiation exposure parameter, e.g.: 10 years of irradiation in a surveillance capsule may
represent respectively 32 or 48 years of service for the vessel if Qp-imev OF $oimev s
considered. This is why it is of paramount importance to determine the relevant irradiation

exposure parameter.

One of the objectives of the ESTEREL program was to confirm that the (I)E>1MeV 18
the best exposure parameter to assess the behaviour of pressure vessels from the results of the

surveillance programs.

1 Thermal neutrons induce atomic displacements from their collisions with atoms but also from lower energy
recoils (of about 500 eV) associated with the Fe®® (n, y) reaction as well as from the B' (n, o) reaction
producing Li’ and He* transmutation products with energies 0.87 MeV and 1.53 MeV respectively. For strongly
a, the determination of the irradiation dose may require to take into account the three contributions : dpa =

dpanrr + dpa ress (n, y) AP B10 (@, o).

2 y rays with energies < 10MeV can produce damage in metals via several mechanisms. The most important
source of damage for reactor pressure vessels are likely to be the Compton scattering of free electrons and the
production of electron.-positron pairs. The energetic electrons produced by these processes internally bombard
the material and create atomic displacements.
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Figure 1: normalized neutron spectra in the surveillance capsules and on the inner side of the
French pressure vessels as well as in the irradiation channels of OSIRIS and SILOE used in
the ESTEREL program.

IT -The ESTEREL program

The ESTEREL program was carried out between 1989 and 1995 by the Commissariat a
I'Energie Atomique (CEA) and Electricité de France (EDF) [23]. Its aim was twofold :
- to quantify the neutron spectrum effect between the surveillance capsules and the
pressure vessel;

- to define which is the most appropriate irradiation exposure parameter ((g>imev,

¢o.1Mev, d)dpa) to assess the behaviour of pressure vessels from the results of
surveillance program.
The experimental conditions had to be as close as possible to the in-service conditions, so as
to ensure that the results are as representative as possible.

In order to meet these objectives, special devices (IRMA rigs, ...) were developed and all
experimental parameters were controlled with an extreme care: irradiation temperature
(288+5°C), neutron environment as well as materials to be irradiated (two welds were
specifically manufactured). The ESTEREL program was a large technical and financial effort
for the “French RPV community”. In order to support its conclusions, we reproduced it with
RPV-1.
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In this paragraph, we firstly remind the experimental work and the main conclusions of
ESTEREL and then we describe the simulation work and the main results it provided.

2.1 - The experimental program

To meet the ESTEREL objectives, two low-alloyed welds were irradiated in two
different neutron conditions.

a) Description of the irradiated materials

Two low-alloyed Mn Ni Mo welds, named M1 and M2, were prepared with a
manufacturing process (welding conditions, heat treatments,...) similar to that undergone by
the French pressure vessel welds. Welds were preferred to base metals for their better
metallurgical and mechanical homogeneities.

The chemical compositions of M1 and M2 are given in Table I. The two
materials are low copper steels and have a small difference of copper content Cu = 0.048 %
for M1 and Cu = 0.095 % for M2 . Their irradiation-responses were studied in terms of:

- Charpy Ductile Brittle Temperature Transition (DBTT) shifts. For each

condition (materials and reactor), transition curves were determined with 30
specimens; 15 of them were broken in the transition zone so as to determine
precisely the DBTT;

- Yield stress increases. For each condition (material and reactor), 2 specimens

were tested at -80°C, -40°C, 20°C, 100°C, 290°C. Only the results obtained at
20°C will be used in the following sections.

Table I: chemical compositions of materials M1 and M2 (weight %).

C Si Mn P S Ni Cr Mo Co Cu A%
RCC-Med.95 <100 .15-.60 .80-1.80 <.010 <.025 <1.20 <30 .35-.65 <03 <07 <.02
M1 073 43 1.59 .008 .008 .76 .16 .58 .010 .048 .003
M2 058 .49 1.48 020 .009 .68 .04 .54 017 .095 .001

b) Description of the irradiation conditions

Two experimental French reactors were used to carry out the ESTEREL
program:
- the OSIRIS reactor (CEA-Saclay), using an irradiation channel with a neutron
spectrum representative of that on the inner side of the French vessel;
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- the SILOE reactor (CEA-Grenoble), using an irradiation channel equipped with
a steel shield aimed at "distorting" the neutron spectrum to get: i) a neutron
spectrum representative of that in the French surveillance capsules and ii) a
dpa rate similar that of the OSIRIS spectrum.
The spectra in both locations are shown in Figure 1 where they are compared to those of the
French power reactors. Spectra on the vessel and in OSIRIS, on the one hand, as well as
spectra in the surveillance capsules and in SILOE, on the other hand, have very similar
shapes. For neutrons with energy lower then 1 MeV, the OSIRIS and SILOE spectra
accentuate the difference between the spectra in the capsules and on the vessel.

The irradiations of the rigs lasted 185 and 187 Effective Full Power Days
(EFPD) in SILOE and OSIRIS, respectively. It was expected that these time spans and the
stacks of samples in the irradiation rigs would allow each weld to be irradiated with the same

number of dpa in both reactors.

¢) Results of the ESTEREL program

Due to the slight difference of copper content between M1 and M2 and the slight
difference between the two spectra, very small discrepancies between the measured
irradiation-responses were expected. The challenge of the ESTEREL program was to reveal
and to quantify them.

Table II gives the DBTT shifts [measured at 56 joules (ATK7) and at 0.9 mm of
lateral expansion (AT0.9)] and the yield stress increases of M1 and M2 after irradiation in
each reactor, versus several exposure parameters. It can be noticed that :

- in spite of the extreme care in the control of the irradiation conditions, the

fluence E > 1MeV and the number of dpa received by each weld is about 18%
higher in OSIRIS than in SILOE;

- for each condition (material and reactor), the two methods of measurement of

the DBTT shift lead to similar results;

- the embrittlement of each weld is higher after the OSIRIS irradiation than after

the SILOE one.
For both materials, the higher embrittlement obtained in OSIRIS than in SILOE complies
with the difference of fluence E > 1 MeV and number of dpa obtained in both reactors.
However, the fluence E > 0.1MeV is 20% lower for OSIRIS than for SILOE, which indicates
that this fluence is totally inadequate to assess the behaviour of pressure vessels from the
surveillance program.
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Table II: increase of yield stress and DBTT shifts (at 56 joules and 0.9 mm of lateral
expansion) of materials M1 and M2, versus irradiation exposure parameters in OSIRIS and

SILOE.
ARpo, ATK7 ATO0.9 > > ().
Weld Reactor 02 mdpa ¢ | 91 Me\/2 ¢ 1;) ! Mezl
(MPa) (°C) O] (10" n. em™) (10" n. cm™)
SILOE 79.0 45.0 49.0 70.0 3.51 18.20
M OSIRIS 86.0 54.0 59.0 87.0 5.98 14.50
Difference
+ + + + + -
OSIRIS-SILOE 7 9 10 17 2.47 3.70
SILOE 110.0 59.1 71.3 81.5 4.09 21.20
N OSIRIS 130.0 72.7 87.6 100.0 6.86 16.70
Difference +20  +13.6  +163 +185  +2.77 45

OSIRIS-SILOE

TK7 : ductile brittle transition temperature measured at 57 joules.

ATO.9 : ductile brittle transition temperature measured at 0.9 mm of lateral expansion.

d) Analysis of the experimental results

As mentioned in the previous section, ¢E>0,1MeV could be easily discarded but a

more refined analysis was needed to determine whether ¢E>1Mev or d)dpa is the most

appropriate exposure parameter.

The initial aim of the project was a direct comparison of the embrittlement levels
induced by the irradiations in OSIRIS and SILOE, at the same number of dpa. As this number
was about 18 % lower in the SILOE irradiation, this direct comparison was not possible. To
overcome this difficulty, the embrittlement levels produced in SILOE were extrapolated at the
same number of dpa as in OSIRIS (from 70 to 87 mdpa for M1 and from 81.5 to 100 mdpa for
M2) using the expression ADBTTpyerage = K ((I)dpa)o'4, where ADBTT verage 15 the average of
the ADBTTs determined at 56 joules and at 0.9mm of lateral expansion, K is a material-

dependant constant. Similar derivation was made to compare the embrittlement levels at the

same (I)E>1Mev. Results are given in Table III. For both materials, it can be noticed that the
same (I)Glpa leads to a slightly larger embrittlement in OSIRIS than in SILOE, while (I)E>1Mev

gives very similar results. This suggests that ¢E>1Mev is the best exposure indicator to assess
the behaviour of the pressure vessels from the results of their surveillance program. In all the

cases, the spectrum effect between both locations is rather low (some degrees on the ADBTT).
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Table III: comparison between the ADBTT induced by the OSIRIS irradiation and the
ADBTT extrapolated at the same dose and fluence from the results of the SILOE irradiation.

OSIRIS SILOE

ADBTT" Average €Xtrapolated to

the same ®gp,, and Dg-1 pev as
in OSIRIS

Same ®g,, | Same Dg>1 Mev

Materials ADBTT" Average
(Dapa/ PE>1Mev)

Ml 36.5°C 51.3°C 58.2°C
(87 mdpa/5.98 10"’ n.cm™) ' '
M2 80.2 °C
70.8°C 80.2°C

100 mdpa/6.86 10" n.cm™®”
( p

* average of the ADBTTs determined at 56 joules and at 0.9mm of lateral expansion.

2.2 A simulated version of the ESTEREL program

The ESTEREL program was reproduced with RPV-1. As for the experimental
program, the challenge was to reveal and to quantify the very small discrepancies between the
irradiation-responses of M1 and M2 in both reactors and to interpret them. This section gives
the conditions of the simulations and the obtained results.

a) Simulations carried out

RPV-1 was run using the OSIRIS and SILOE neutron spectra (Figure 1) and the
chemical compositions of M1 and M2. The simulations were carried at out 288°C with a dose
up to 110 mdpa.

b) Results of the simulations

The simulated increases of yield stress of both materials after irradiation are
reported in Figure 2 (versus the number of dpa), where they are compared to the increases of
yield stress measured at 20°C and calculated from the DBTT shifts with the expression
ADBTT = 0.6 ARpy . [24]. All these results are summarized in Figure 3.
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It can be noticed that :

- in spite of the small difference of copper contents between both materials,
RPV-1 correctly reproduces the higher irradiation-sensitivity of M2 compared
to M1 for both neutron spectra, as observed experimentally.

- the quantitative character of the simulations is acceptable. The simulated
results fall at most at 30 MPa of the experimental ones (Figure 2).

- for both materials, the simulation with the OSIRIS spectrum induces an
slightly larger increase of yield stress than with the SILOE one at the same
dpa, as observed experimentally (Figure 3).

- the simulation confirms that the spectrum effect is weak.

¢) Determination of the best exposure parameter

The increases of yield stress of M1 and M2 simulated from both spectra are
plotted versus Og>imev, Gr=05Mev, PE>0.1Mev OF Papa in Figure 4 and Figure 5. For a given material,
the most appropriate exposure parameter is the one for which the trend curves drawn for both
spectra are the closest. It can be observed that this condition is reached when ARp is plotted
versus ¢g-1mev. The visual impression can be confirmed by calculating the regression coefficients
(R?) of the trend curve relying on all the simulated results obtained from both spectra (see as an
example Figure 4e and f as well as Figure 5¢ and f). Table IV shows that R” is the largest (thus
the results obtained from the two spectra are the most consistent) when ARp, is plotted versus

dr>1mev- The result obtained with the dpa is very good as well.

Despite the small differences between the two materials and between the two
spectra, the simulations carried out with RPV-1 confirmed the results of the ESTEREL program.
In particular, they showed that the fluence E > 1 MeV is a more appropriate exposure parameter
than ¢p-0.1mev and dapa to compare the irradiations between the surveillance capsule and the

pressure vessel of the French nuclear reactors.

Table IV : effect of the exposure parameter on the regression coefficient of the trend curve
relying on all the simulation results obtained from the OSIRIS and SILOE neutron spectra.

¢E>1MeV (I)E>0.5MeV (I)E>0.1MeV (I)dpa
M1 0.993 0.964 0.908 0.986
M2 0.988 0.955 0.903 0.979
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d) Interpretation of the simulation results

An analysis of the irradiation-induced defects “produced” by RPV-1 in each
material has been carried out by comparing their distributions, for a same Qg-imev, OE>0.1Mev OF
dapa- Examples concerning the materials M1 and M2 are given in Figure 6 and Figure 7. For both
materials, it has been noticed that :

- the distributions of copper precipitates induced by both species are the closest

when considering ¢E>1Mev as exposure parameter.

- the OSIRIS spectrum leads to a larger number density of vacancy clusters than
the SILOE one. The difference between the two distributions of these clusters is
almost independent of the exposure parameters.

- the distributions of SIA loops induced by the two spectra are almost similar,
whatever the exposure parameter.

- the copper precipitates have the major contribution in the increase of yield stress.
Indeed, their number density is always significantly larger than that of the other
defects, in the size range in which they have a hardening effect (i.e. loops
containing more than 19 SIAs, etc).

In conclusion, it appears that ¢g-imev 1S @ much more appropriate exposure
parameter than ¢g-o.1Mev because it is better correlated to the irradiation-induced precipitation of
copper. The {qpa 1s also a quite good parameter. The small difference of hardening noticed for a
same ¢p>1mev results from a larger number density of vacancy clusters after the irradiation in
OSIRIS than in SILOE. According to these conclusions, the relevance of ¢g-imev as the best

exposure parameter should increase with the copper content.
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Figure 2 : comparison of simulation (squares and curves) and experimental (circles) results.

Lat. Exp.: increase of yield stress deduced from the DBBT shift measured at 0.9mm of lateral

expansion.
DTKY7 : increase of yield stress deduced from the DBBT shift measured at 56 joules.

Exp : increase of yield stress measured by tensile test.
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Figure 3: summary of the comparison between the simulation (squares and curves) and

experimental results (circles).
Blue: OSIRIS - Red: SILOE. Circle: average of the increases of yield stress measured
experimentally or determined from the DBTT shifts measured at 56 joules and at 0.9mm of

lateral expansion.
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Figure 7: material M2 - comparison of the irradiation-induced defects simulated from the
OSIRIS (blue) and SILOE (red) spectra for a same exposure parameter ¢ (E>1MeV) = 4.4
10" n.em™.s™. The copper-rich precipitates and the vacancy-solute clusters are described by
their number of copper atoms.
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III - Analysis of the irradiation temperature effect

Many experimental programs [25, 26, 27] were carried out to assess the effect of the
irradiation temperature on the irradiation-induced response of RPV steels. As explained in
Chapter I, the obtained results showed that the temperature dependence of DBTT shift and of
the increase of yield stress are around 1.0 £ 0.6 °C/°C and 1.5 = 1.0 MPa/°C respectively [25,
26, 27, 28]. However, very few descriptions of the mechanisms controlling this temperature
effect have been proposed. RPV-1 was used to analyze these mechanisms.

3.1 -Simulations carried out

RPV-1 was run to simulate the irradiation-response of a 0.065%Cu-1.3%Mn-0.7%Ni
steel, at six temperatures: T = 55, 100, 150, 200, 288 and 350°C. The simulations were
performed with a neutron spectrum representative of an irradiation channel of the reactor
OSIRIS (Pesimev = 4.7 10 n.em™.s™) up to a dose of 0.11 dpa.

3.2 - Results of the simulations

The increases of the yield stress have been plotted versus the number of dpa in
Figure 8a for the six irradiation temperatures. They have also been plotted versus the
temperature in Figure 8b for doses of 0.06 and 0.11 dpa. In the 55-350°C range, the
temperature dependence averages about 1 MPa/°C, which is in good agreement with
experimental results. However, three regimes can be observed in Figure 8b :
- between about 50 and 100°C, where the temperature dependence is weak ~ 0.4
MPa/°C;
- between about 100 and about 250°C, where the steel response is more temperature
dependent ~ 1.8 MPa/°C;
- between about 250 and 300°C where the temperature dependence is weak again ~
0.3 MPa/°C.

3.3 - Interpretation of the simulation results

Figure 9 presents an analysis of the irradiation-induced defects produced in the steel at
55, 100, 200 and 350°C for a dose of 0.1 dpa, For all temperatures, the SIA loops have a very
small contribution to the simulated hardening, since the number density of loops containing more
than 19 SIAs is pretty low (in the current version of RPV-1, SIA loops containing less 19 SIAs
are considered to have no hardening effect). It can also be noticed that :
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-between about 50 and 100°C, the hardening is mainly controlled by the vacancy
clusters. Indeed, their number density is much higher than those of the copper-rich
precipitates and of the vacancy-solute clusters. The temperature effect in this
temperature range seems to be associated with a decrease of the number density of
vacancy clusters as the temperature increases.

-between about 100 and 250°C, the steel response is controlled by a sharp decrease
of the number densities of vacancy clusters, copper-rich precipitates and vacancy-
solute clusters.

-between about 250 and 300°C, the hardening is mainly controlled by the copper-
rich precipitates and the vacancy-solute clusters. Indeed, their number densities are
much higher than those of the vacancy clusters. The temperature effect in this
temperature range seems to be mainly associated with a decrease of the number

density of vacancy-solute clusters as the temperature increases.

500
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= = —a—dose =0.11 dpa
a & ]
% ?, 300
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<
100 1
0 0 T T T
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dpa T(°C)
a) versus the dose b) versus the temperature

Figure 8 : effect of the irradiation temperature on the irradiation-induced increase of yield

stress ; simulation results obtained with the OSIRIS neutron spectrum ((®Pgsimev = 4.7 10"
n.cm?.s™), Cu=0.065%, Mn = 1.3%Mn, Ni = 0.7%Ni)
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Figure 9: effect of the irradiation temperature on the irradiation-induced increase of yield

stress - distribution of hardening defects densities of defects for a dose of 0.1 dpa; simulations
performed with the OSIRIS neutron spectrum (¢ (E>1MeV) = 4.7 10" n.em™s™), Cu =
0.065%, Mn = 1.3%Mn, Ni = 0.7%Ni. The copper-rich precipitates and the vacancy-solute
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IV - Conclusion

In the previous Chapters, the weaknesses and flaws of RPV-1 have been pointed out.
Nevertheless, this Chapter demonstrated that RPV-1 can already be used to reinforce or
complement experimental programs. For the two studied cases, RPV-1 reproduced the
experimental results almost quantitatively and provided additional understanding through an
analysis of the simulated irradiation-induced damage.
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CONCLUSION

Many key components in commercial nuclear reactors are subject to neutron irradiation
which modifies their mechanical properties. So far, the prediction of the in-service behavior
and the lifetime of these components has required irradiations in so-called "Experimental Test
Reactors”. This predominantly empirical approach can now be supplemented by the
development of physically-based computer tools to simulate irradiation effects numerically.
Such tools are called Virtual Test Reactors (VTRs).

The presented work was aimed at building a first VTR to simulate irradiation effects in

pressure vessel steels of nuclear reactor. It mainly consisted in :

- modeling the formation of the irradiation induced damage in such steels, as well as the
their plasticity behavior;

- selecting codes and models to carry out the simulations of the involved mechanisms.
Since the main focus was to build a first tool (rather than a perfect tool), it was decided
to use, as much as possible, existing codes and models in spite of their imperfections.

- developing and parameterizing two missing codes: INCAS and DUPAIR.

- proposing an architecture to link the selected codes and models.

- constructing and validating the tool.

RPV-1 is made of five codes and two databases which are linked up so as to receive, treat
and/or transmit data. A user friendly Python interface facilitates the running of the simulations
and the visualization of the results.

RPV-1 relies on many simplifications and approximations and has to be considered as a
prototype aimed at clearing the way. Long-term efforts will be required to complete it and to
build successive generations of more and more sophisticated versions. Nevertheless, RPV-1 is
sensitive to its input data (neutron spectrum, temperature,...) and provides results in
conformity with experimental ones. According to the functionalities targeted for RPV-1, the
main weakness is a bad Ni and Mn sensitivity. However, the tool can already be used for
many applications (understanding of experimental results, assessment of effects of material
and irradiation conditions,...).

This first step led 40 European organizations to start developing RPV-2 an advanced
version of RPV-1, as well as INTERN-1, a VTR devised to simulate irradiation effects in
stainless steels, in a large effort (the PERFECT project) supported by the European
Commission in the framework of the 6™ Framework Program.
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