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Abstract

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. The
devising of such tools, also called Virtual Test Reactors (VTRS), started in the framework of the REVE Project (REac-
tor for Virtual Experiments). This project is a joint effort among 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. Its inputs and outputs are similar to those
of experimental irradiation programs carried out to assess the in-service behavior of reactor pressure vessels. RPV-1 is
made of five codes and two databases which are linked up so as to receive, treat and/or convey data. A user friendly
Python interface eases the running of the simulations and the visualization of the results. RPV-1 is sensitive to its inputs
(neutron spectrum, temperature, . ..) and provides results in conformity with experimental ones. The iterative improve-
ment of RPV-1 has been started by the comparison of simulation results with the database of the IVAR experimental
program led by the University of California Santa Barbara. These first successes 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 6th Framework Program.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Many key components in commercial nuclear reac-
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tors are subject to neutron irradiation which modifies
their mechanical properties. So far, the prediction of
the in-service behavior and the lifetime of these compo-
nents has required surveillance programs, component
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sampling programs and irradiation programs in so-
called ‘Experimental Test Reactors’. For example,
large-scale irradiation programs have been carried out
in many countries to assess the end-of-life behavior of
pressure vessel or internal structures of Light Water
Reactors (LWRs), or to develop cladding materials for
fuel elements. This predominantly empirical approach
does not cover all the needs, mainly because some in-ser-
vice conditions are almost impossible to reproduce with
the existing test facilities. Moreover, it is also becoming
more problematic because of the decreasing number of
test reactors and post-irradiation characterization facili-
ties. An increasing cost is also a serious drawback.

A proactive way to meet these issues is to develop
physically based computer tools to simulate irradiation
effects numerically. The development of such tools, also
called Virtual Test Reactors (VITRs), is now accessible
thanks to continuous progress in physical understanding
of material degradation as well as in computer science
and technology. It can take advantage of the larger
and burgeoning field of computational material sciences.
However, specific suites of multi-scale simulation codes
have to be constructed by the irradiation effects commu-
nity (e.g. [1,2]).

VTRs are not aimed at replacing Experimental Test
Reactors but rather at complementing them. They can
help perform design, safety and end of life analysis of
nuclear installations in a very time- and cost-effective
way. They can also be used for example: (i) to help de-
sign experimental programs, (ii) to explore conditions
outside the existing experimental databases, (iii) to
systematically evaluate the individual or combined
influence of the material variables (composition and
microstructure) and the service conditions (temperature,
flux, spectrum, etc.) that may exceed the capacity of any
experimental program, (iv) to help understand the phe-
nomena leading to degradations, (v) to optimize the de-
sign and interpretation of irradiation surveillance
programs, (vi) to support the training of young research-
ers in material science and radiation effects and (vii) to
manage, consolidate and share the broad international
knowledge production concerning irradiation effects.
The VTRs also represent a key added-value for the glo-
bal optimization of the irradiation and testing facilities
which will be necessary in the coming decades.

The devising of VTRs started in the framework of the
REVE Project (REactor for Virtual Experiments) and
relies on previous efforts in modeling (e.g. [3.,4]) and
physically based data correlations carried out by the
RPV community (e.g. [5]). The REVE project (e.g. [6—
9)) is a joint effort between Europe, the United States
and Japan aimed at building VTRs able to simulate irra-
diation effects in pressure vessel steels and internal struc-
tures of LWRs. The European team has already built a
first VTR called RPV-1 devised for pressure vessel steels
[6]. A part of the codes and data it uses, has been pro-

vided by the US and Japanese teams (led respectively
by Professor R. Odette from UCSB and Dr N. Soneda
from CRIEPI).

RPV-1 relies on many simplifications and approxi-
mations 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
can already be used for many applications (understand-
ing of experimental results, assessment of effects of mate-
rial 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.

This article is the second of a series aimed at present-
ing the codes and models used to build RPV-1 [10,11].
Its objective is to describe the structure of the tool and
to show its limits and potentialities. Section 2 gives a
short survey of the knowledge concerning irradiation ef-
fects in RPV steels. Section 3 presents the models used in
RPV-1 to simulate the formation of the irradiation-
induced damage and the plasticity behavior in RPV
steels. In Section 4, the architecture of RPV-1 as well as
the codes implemented to build it are described; the suc-
cessive simulation steps are also explained. Results of first
simulations showing the sensitivity of RPV-1 to its input
data are given in Section 5. The last section provides some
elements about errors and uncertainties inherent to the
approach adopted to build RPV-1.

A comprehensive comparison between results of sim-
ulations carried out with RPV-1 and results of experi-
mental programs will be published in a companion

paper [12].

2. Short survey on irradiation effects in RPV steels

RPV-1 relies on the current knowledge of irradia-
tion effects in RPV steels which can be found in several
comprehensive surveys (e.g. [13,14]). This section only
reminds the main elements which are useful to under-
stand how the simulations are carried out with RPV-1.
It briefly shows the influence of the structure and
chemistry of steels on their irradiation response. It also
gives the current vision of their irradiation-induced
damage and describes the mechanisms leading to this
damage.

2.1. Influence of RPV steel parameters

2.1.1. Metallurgical structure

In principle, the microstructure plays a role in the
irradiation-response of RPV steels in setting the types
and quantities of sinks for point defects as well as in
influencing the hardening by superposing the effect of
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the pre-existing carbides to that of the irradiation-in-
duced defects [14]. However, experimental studies and
statistical analysis of experimental results show that, in
the range of typical RPV steels, the irradiation response
slightly depends on their structure (bainite, marten-
site, . ..) and type (welds, forgings, plates) [15-17].

2.1.2. Chemical composition

The main results concerning the influence of alloying
elements or impurities on RPV steel response to irradia-
tion at about 290°C can be summarized as following:

e Copper is one of the elements with the most deleterious
effect (e.g. [18]). This effect appears at a copper content
of about 0.04% (e.g. [19]) and becomes very strong
above 0.1% [20]. Due to its low solubility limit at the
irradiation temperature (=0.007% in pure iron [21])
copper has a propensity to precipitate or to cluster in
RPV steels under LWR irradiation conditions. Since
the first model of the irradiation-induced embrittle-
ment due to copper [3], a large literature has been treat-
ing the role of this element. (e.g. [4,21-26]).
Phosphorus also has a significant deleterious effect
when its concentration is higher than about 0.015%,
due to its capacity to segregate into grain boundaries.
The phenomenon reduces the cohesive energy of
grain boundaries and may promote intergranular
rupture initiation or propagation (e.g. [27]).
Nitrogen has a low influence on the irradiation effect
sensitivity of RPV steels at temperature over 250°C.
At a lower temperature, it may have a significant
influence (e.g. [28,29]).

Nickel has a strong deleterious impact on irradiation-
induced embrittlement of RPV steels (e.g. [30-36]).
This impact increases synergistically with the copper
content and may become very high for nickel con-
tents over about 1.1%. Experimental and/or thermo-
dynamic studies (e.g. [14,37]) have shown that nickel
can integrate copper-rich precipitates and clusters
under LWR irradiation conditions. It may also be
involved in nickel-manganese-rich phases containing
a small amount of copper (late blooming phases [14]).
Manganese has not been the object of dedicated
experimental programs yet. However, as mentioned
above, thermodynamic and experimental studies have
shown that under irradiation manganese can integrate
copper-rich precipitates and clusters. It may also par-
ticipate in Ni-Mn-rich late blooming phases [14].

2.2. Nature of the irradiation-induced damage

Irradiation-induced embrittlement of RPV steels may
stem from two types of damage: (i) an intergranular seg-
regation of elements which may weaken the grain

boundaries and (ii) an intragranular formation of de-
fects which harden the grains (these defects are called
‘hardening defects’ in this document). Both of them have
their origin in the so-called displacement cascades,
resulting from the interactions between neutrons and
lattice atoms. Before describing these two types of dam-
age, let us remind some results on the role of displace-
ment cascades.

2.2.1. Role of displacement cascades

The role played by displacement cascades in the neu-
tron irradiation-induced embrittlement of RPV steels
has been studied by experimental work and numerical
simulation (Molecular Dynamics- and Binary Collision
Approximation-type codes). Experimental work showed
that the displacement cascades ease the nucleation of
point defect clusters or loops as well as of vacancy-solute
clusters in RPV steels [23,25,38,39]. Simulation studies
(e.g. [40,41]) showed that neither the temperature (in
the range 100-600K), nor the substitutional alloying
atoms (Mn,Ni,...) or impurities (Cu,...) significantly
affect the ballistic and recombination phases (during
some tens of ps) of displacement cascades in RPV steels
(e.g. [41]). They neither influence their splitting into sub-
cascades. It appeared also that the atomic re-arrange-
ments produced by displacement cascades make a weak
contribution to the irradiation-induced evolution of the
RPYV steel microstructure. It is the migration of some of
the surviving point defects left by the cascades which is
responsible for such an evolution. Indeed, by migrating,
these defects interact with solute atoms and impurities,
form clusters, are absorbed by grain boundaries, etc.
All these phenomena lead to the nucleation and growth
of hardening defects as well as to the segregation of ele-
ments to grain boundaries. It is noteworthy that under
irradiation, the migration of solute atoms in RPV steels
is much faster than under purely thermal conditions, be-
cause of the vacancy super-saturation (enhanced diffu-
sion). Solute atoms may also interact with fluxes of
SIAs or vacancies and hence migrate (induced diffusion)
to sinks (grain boundaries, interfaces,...) or hardening
defects. For the induced diffusion, authors generally
agree that phosphorus atoms are more strongly bound
to SIAs than to vacancies (e.g. [42-45]). As for most
of the other solutes atoms (Cu,Ni,...), there is still a
controversy.

2.2.2. Intergranular segregation

As already mentioned, phosphorus atoms can reach
grain boundaries by random walk (enhanced segrega-
tion) or by following SIA fluxes (induced segregation).
Boron and carbon atoms are also known as active segre-
gants to grain boundaries. They enhance the cohesive
strength of grain boundaries, and therefore reduce the
degree of embrittlement due to the presence of phospho-
rus. It is also assumed that there is an atomic site
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competition between boron, carbon and phosphorus
atoms. Several models to forecast the degree of irradia-
tion-induced segregation of phosphorus to grain bound-
aries are available (e.g. [46-48]). These models rely on
slightly different sets of hypotheses and have been fitted
against available data. They reproduce these data rather
well but still need to be improved if they are to be used
as reliable forecasting tools.

2.2.3. Hardening defects

Most of the experimental and simulation results
showed that neutron irradiation induces the formation
of four types of hardening defects in RPV steels:

e copper-rich precipitates also containing Mn, Ni and
Si;

e vacancy-solute (Cu, Mn, Ni, Si) clusters;

o self-interstitial atom clusters (SIA clusters) and dis-
location 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. [38,39]). It was also no-
ticed that some of the hardening defects are unstable (i.e.
they have a lifetime [21,49]) at the RPV irradiation tem-
perature (about 290°C). They exist with a high number
density thanks to a dynamical equilibrium state imposed
by the irradiation.

2.2.3.1. Copper precipitates. Copper-rich precipitates
were observed by High Resolution Electron Micro-
scopy combined with Scanning Transmission Electron
Microscopy in high copper iron-based alloys (e.g. [22]).

Steel copper
content (wWt%)

0.7

Their existence was also indirectly proven by combina-
tions of several characterization techniques (SANS,
EXAFS,...) in low copper iron-based alloys. Thermo-
dynamics-based calculations or simulations showed that
they contain Mn, Ni and Si [37].

2.2.3.2. Vacancy-solute clusters. Solute atom clusters
were clearly revealed by Atom Probe studies (e.g. [50-
52]). They are composed of Cu, Mn, Ni, Si and Fe
atoms. The threshold dose from which these defects
are detected seems to decrease as the steel copper con-
tent increases (see Fig. 1 [13]). Whatever the fluence
and steel chemical composition, their radius is lower
than 2nm and they mainly contain iron atoms. Compo-
sition profiles revealed that the manganese, nickel and
silicon atoms seem to concentrate at the interface with
the matrix [37,51]; their spatial extends are generally
slightly larger than that of copper enrichment. Due to
their low concentration in solute atoms (<20%, see re-
view in [13]), the irradiation-induced solute atoms clus-
ters are often called ‘atmospheres’ or ‘clouds’ [50]. 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 at the origin of their
name: vacancy-solute clusters. The existence of copper-
vacancy cluster was first suggested by Odette [53] and
is now supported by numerical simulation [54].
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
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Fig. 1. Steel copper contents and doses for which Mn, Ni, Cu, Si clusters have been detected by Atom Probe experiments in irradiated

RPYV steels [13].
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content tends to a lower limit of about 0.03-0.04% (e.g.
[21]). For steels with a copper content of about 0.1-0.15
%, this limit is reached at a fluence of about
2% 10*n.m 2. No significant depletion was measured
for Ni, Mn and Si in the matrix.

The number density of vacancy-solute clusters in-
creases with the copper and nickel contents of the steel
as well as with the fluence. As an example, number den-
sities of 3.3, 5.7 and 9 x 10"7cm ™ were measured with
an Atom Probe in a 0.08%Cu steel irradiated at
275°C with fluences of 2.5, 6.6 and 12x 102 n.m2
(E > 1MeV), respectively (see a review in [13]).

2.2.3.3. SIA clusters and dislocation loops. The structure
of SIA clusters is not completely understood yet. In
particular, the set of properties that distinguishes STA
clusters and SIA dislocation loops is not well clarified
[55-58]. According to Puigvi et al.,, and Kuramoto
[55,57], about 160200 SIAs are required for a cluster
to behave fully as a dislocation loop; Wirth et al. (e.g.
[56]) estimate that, except at very small size, both types
of defect have analogous properties and can be consid-
ered as similar. To build RPV-1, we retained this latter
position and assimilated SIA clusters to dislocation
loops, what ever their size (of course for very small size
it is an erroneous approximation). In the following, the
terms ‘loop’ and ‘cluster’ will be equally used.

Loops are not observable in RPV steels neutron irra-
diated with nominal conditions of flux, fluence and tem-
perature. However, TEM examinations of ferritic alloys
irradiated with high doses (= 1dpa) (e.g. [59,60]) as well
as MD simulations in Fe (e.g. [56,61-63,54]) showed
that the stable SIA loops have for Burgers vector
b=14111) or (100) and for habit plan {111} and
{110}, respectively. Wirth et al. [56] described the
1(111) loops as a mixture of (111) dumbbells and crow-
dions on {110} planes, Soneda [61] and Osetsky [62] saw
only the crowdions. Osetsky described the (100) loops
as a set of (100) crowdions.

Simulation studies showed also that SIA clusters are
mobile along (111) directions (e.g. [64-67]). They may
switch their moving from a (111) direction to another
one either by thermal activation or when they meet impu-
rities, other SIA clusters, etc. Their migration is therefore
achieved along a 3-D path made of 1-D segments (it is re-
ferred to as a mixed 1D/3D migration [66]). The capacity
of clusters to switch their moving direction decreases
with their size. The role played by SIA clusters and dislo-
cation loops in the irradiation response of RPV steels is
not yet well understood and quantified.

2.2.3.4. Vacancy clusters. Simulation studies showed
that small vacancy clusters are more stable in a 3-D con-
figuration than in a 2-D one [58,67]. However, it was
also noticed that 3-D clusters containing more than
about 30 vacancies may present some fragments of

{110} vacancy platelets, which mark the beginning of
a loop nucleation [68,69]. Clusters containing more than
about 100 vacancies may produce a stable nucleus of va-
cancy dislocation loop. Positron Annihilation studies
confirmed the presence of vacancy clusters in irradiated
iron-based alloys. They seem to be smaller in steels than
in simple model alloys (Fe—Cu,...).

At around 290°C, small vacancy clusters and disloca-
tion loops have a 3-D and 1-D migration respectively [70].
They are much less mobile than SIA clusters and disloca-
tion loops of similar sizes. Vacancy clusters are also much
less mobile than vacancy loops. As for SIA’s, the role
played by vacancy clusters in the irradiation response
of RPV steels is not yet well understood and quantified.

3. Models used to build RPV-1

A quantitative simulation of irradiation effects has to
start by reproducing the primary events resulting from
the interactions between neutrons and atoms (displace-
ment cascades) and to end up with the assessment of
the ensuing evolution of 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 fi-
nally 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 phe-
nomena. This section gives the hypothesis used in
RPV-1 to model the formation of irradiation-induced
damage and the plasticity behavior in RPV steels.

3.1. 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 full conformity with the current state of
knowledge described in the previous section: they are
preceded by a (). The other ones have been made to ease
the building of RPV-1. They rely on the current knowl-
edge but will have to be reconsidered for the subsequent
versions of this VTR: they are preceded by a ().

& The irradiation-induced increase of yield stress is
independent of the steel type (forging, plate, weld)
and slightly depends on its metallurgical structure.
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 the inter-
granular segregation of phosphorus into account.
Consequently, it cannot be used to forecast the
behavior of steels containing more than about
150 ppm of phosphorus.
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# The only chemical elements controlling the irradia-
tion-induced hardening are Cu, Mn and Ni (Si is
not allowed for, while carbon and nitrogen are indi-
rectly taken into account by reducing the mobility
of vacancies).

& The irradiation induces the formation of the four fol-
lowing types of hardening defects:

v 2-D SIA dislocation loops with {111} habit
planes;

V' spherical vacancy clusters;

v' spherical copper-rich precipitates containing Mn
and Ni atoms;

V' spherical vacancy-solute (Cu, Mn, Ni) clusters.

¢ Primary knocked-on atoms (PKAs) induced by neu-

trons 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:

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

V' the ‘collision’ and ‘recombination’ phases of (sub)-
cascades;

v' the production and distribution of point defects
between the sub-cascades.

These phenomena are also supposed to be tempera-

ture-independent between 0 and 600K. Conse-

quently, they can be simulated in pure iron at any

temperature below 600 K.

During their ‘collision’ and ‘recombination’ phases,

(sub)-cascades belonging to the same cascade or to

different cascades do not interact; they neither inter-

act with any defect migrating in the bulk. They can
therefore be simulated separately.

« At the end of their recombination phase (some tens of
picoseconds), each (sub)-cascade leaves isolated or
clustered surviving point defects. The short-term evo-
lution (some milliseconds) of these defects occurs
without any interaction 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 (some milliseconds) of the point
defects left by the (sub)-cascades. This evolution can
therefore be simulated in a Fe—Cu alloy and can be
described as follows:

v" SIAs and SIA clusters migrate (1D/3D migration)
from the (sub)-cascade area to the bulk, some of
them may have merged or interacted with surviv-
ing vacancies (leading to the annihilation of SIAs

! The term (sub)-cascade covers a sub-cascade or a displace-
ment cascade which cannot split into sub-cascades (PKA recoil
energy <40-50keV).
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and vacancies). In the bulk, they may act as nuclei
of SIA dislocation loops or interact with pre-exi-
sting hardening defects or other features (grain
boundaries, dislocations,...).

v/ vacancies and vacancy clusters have a 3-D migra-

tion in the (sub)-cascade area. Their number den-
sity 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 def-
ects in the (sub)-cascade area: small vacancy clus-
ters, vacancy-copper atom clusters or pure copper
clusters.
In the following part of the document, the defects
(SIAs, SIA clusters, vacancies, vacancy-copper
clusters,...) resulting from the short term evolu-
tion 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 R, centered on a pre-exist-

ing hardening defect, its residual point defects are
supposed to be attracted by this defect and to annihi-
late each other on it. Thus, the cascade has no effect.

The probability of occurrence of such an event is

given by [6]:

P(t) =1 —exp(—GVint), (1)

where G is the (sub)-cascade generation rate

(cmf3 sfl); Vine 18 the interaction volume, Vi, =

4nR} /3; Rip = Inm in the current version of RPV-

1; ¢ is the irradiation time.

The surviving vacancies created between the sub-cas-

cades 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 all these point defects do not have

a high enough number density in their production

area to significantly interact with each other or with

solute atoms and to form nuclei of defects. Most of
them therefore migrate into the bulk.

If the copper content in the solid solution is high

enough (>0.1%), nuclei of pure copper precipitate

may also appear in the bulk through a classical thermal
germination process accelerated by the irradiation.

Copper enrichment of hardening defects occurs by

enhanced and induced precipitation (cf. Section

2.2.1). It means that copper atoms reach these defects

by the two following mechanisms:

v' arandom walk mechanism which is accelerated by
the super-saturation of vacancies.

v/ a migration induced by an interaction with fluxes
of vacancies (interaction with SIAs is not accoun-
ted for in the current version of RPV-1, since first
principle calculations showed that the interaction
between copper and SIA is negligible [54]).
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& As hardening defects are enriched in copper, they get
also enriched in Ni, Mn. This enrichment relies on an
irradiation enhanced diffusion mechanism and takes
into account 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 propor-
tional to the number of copper atoms in the defect.
The proportionality factors are estimated at the ther-
modynamic equilibrium (equality 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
STAs through thermal-activated processes. Differences
between emission and absorption rates lead to the dis-
solution of defects and the growth of others.

3.2. Modeling of the plasticity behavior

Irradiation-induced defects constitute obstacles to
the gliding of dislocations and thus have a hardening ef-
fect. In RPV-1, the assessment of this hardening is made
with a Foreman and Makin-type code [71], named DU-
PAIR. Such a code is aimed at assessing the increase of
the resolved shear stress of a monocrystal due to the
presence of obstacles with different strength levels. It re-
lies on several hypotheses and simplifications which are
well described in the open literature (e.g. [71]). The most
important ones are the following:

e The grain is described by its shear modulus and Pois-

son ratio.

The dislocation is described by its tension line and

Burgers vector.

The obstacles are supposed to be punctual (pinning

points) and are described by the pinning force they

exert on the dislocation line.

Only one dislocation move in the material. It cannot

leave its slip plane (no cross-slip or climbing).

e When an external stress is applied, each segment of

dislocation line between two obstacles bows and

takes the shape of an arc of circle (i.e. the tension line

remains constant along the segment whatever its cur-

vature). This is a strong approximation, particularly

when the Peierls friction stress is high: e.g. screw dis-

location in Fe below room temperature.

The dislocation can pass any obstacle when:

v’ the resultant of the tension lines on each side of
the pinning point is higher than the pinning force;

v' the two segments of dislocation line on each side
of the obstacle are parallel (Orowan process).

RPV-1 also relies on the hypothesis that:

e The plasticity of irradiated RPV steels is controlled
by the gliding of screw dislocations (this hypothesis
is verified for non-irradiated RPV-steel at a tempera-
ture up to 20°C but has never been verified after
irradiation).

e The lattice friction (Peierls stress) exerted on screw
dislocations is supposed to be independent of the
presence of the irradiation-induced defects.

e Above room temperature, the dislocations can pass
the smallest defects (some atoms or point defects)
by thermally activated mechanisms; hence, these
defects have no hardening effect [72]. The procedure
used to determine the pinning forces exerted by the
irradiation-induced defects on a screw dislocation is
presented in Section 4.3.2.

e 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 the hardening assessment, these defects
are considered to contain only one type of solute
atoms: copper atoms.

4. Description of RPV-1

As already mentioned, RPV-1 is an integrated com-
puter tool aimed at simulating irradiation effects in pres-
sure vessel steels of LWRs. It was built with the
objective that its input and output data would be similar
to those of experimental irradiation programs carried
out for assessing the in-service behavior of such steels
(Fig. 2). Its inputs are the irradiation conditions (neu-
tron spectrum, temperature and time of irradiation),
characteristics of the non-irradiated steel (Cu, Mn, Ni
contents, grain size,...) and the conditions of a tensile
test (temperature and deformation rate). The description
of the irradiation-induced evolution of the microstruc-
ture and the concomitant increase of the yield stress
are its output data. By using theoretical or empirical cor-
relations, the irradiation-induced shift of the Charpy
brittle ductile transition temperature can be determined
from the increase of the yield stress (e.g. [13]). Section
4.1 provides a description of the overall architecture of
RPV-1 i.e. the way the used codes have been linked up
together and connected to the databases. In Section
4.2, a brief description of these codes and the procedures
followed to build up the databases are given. Finally, the
successive steps of a simulation are explained.

4.1. Architecture of RPV-1

RPV-1 is made of five codes and two databases. Its
architecture is sketched in Fig. 3, and may be described
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Irradiation conditions \
- Neutron spectrum
- Temperature

- Time

Non-irradiated steel

- Crystallographic structure
- Cu, Ni, Mn contents

- Grain or lath size

- Density of dislocations

RPV-1

i

Irradiation-induced damage

Irradiation-induced increase of the yield stress

- Last heat treatment conditions
- Yield stress

Tensile test conditions
- Temperature
- Deformation rate }

Fig. 2. Input and output data of RPV-1.

as a stack of ‘racks’. Each of these racks contain a code
or a database and are linked up so as to receive, treat
and/or transmit data. Built in that way, RPV-1 is an evo-
lutionary tool and can be improved very easily: as soon
as a new code or model is available, it can be imple-
mented without any difficulty by replacing a ‘rack’ by
a new one. The codes and databases used in RPV-1
are accompanied by pre- and post-treatment scripts in
order to link them together and transmit data. They
are also embedded in a Python interface which eases
the running of the simulations and the visualization of
the results. The main board of this interface (Fig. 4) is
used to select inputs concerning the irradiation condi-
tions (neutron spectrum, irradiation time and tempera-
ture), steel (%Cu, %Ni, %Mn) and tensile test
(temperature, deformation rate). Auxiliary boards are
also available to select complementary steel input data
(grain size, dislocation density) and all the physical
parameters required by the codes (point defect forma-
tion energies, defect migration energies. . .).

As seen in Fig. 3, three modules can be identified in
RPV-1, they can be run separately:

e the ‘short-term irradiation’ module treats the neutron
spectrum to provide the PKA spectrum (with the
code SPECMIN, see Section 4.2.1) and then, the
(sub)-cascade spectrum in pure iron (with the code
INCAS, Section 4.2.2). By convoluting the (sub)-cas-
cade spectrum (number of (sub)-cascades versus their
dissipated energy) and the size distribution of nuclei
of hardening defects produced by each (sub)-cascade
(given in the database CASCADE, see Section 4.3.1),
it defines a part of the source term for the long-term
irradiation module. The generation rate of point
defect (isolated or clustered) between the sub-cas-
cades is the other part of this source term.

o the ‘long-term irradiation’ module mainly includes a
Rate Theory code (so-called MF-VISC, see Section
4.2.3) to simulate the evolution of the irradiated
microstructure from about 10735 to years. This mod-
ule continuously checks the evolution of the micro-
structure so as to adjust the source term to account

i Short term module Neutron spectrum

Initial Cu content

@6

%

| |

(Sub)-cascade Generation of point defect clusters |
spectrum between (sub)-cascades

D i e 1— ------------------------- 1 »»»»»»»»»»»»
Selection > ¢

of data,

PKA spectrum i

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

]
1

'

i

|
) |

Calculation of Yes 3
copg‘eerggr?tent anon i
iNo §

1

i

Long term module . R .
Size distribution of hardening

defects in Fe-Cu alloy

' Size distribution of hardening

defects in Fe-Cu-Mn-Ni alloy
Selection
of datg,

DUPAIR

Increase of resolved shear stress in @ monocrystal

x Taylor Factor

Hardenin . .
g module Increase of yield stress in a polycrystal

Fig. 3. Schematic structure of RPV-1. To simplify the figure,
only two input data (neutron spectrum and initial copper
content) are indicated.

for: (i) the evolution of the free copper content in
the matrix; (ii) the interaction of displacement cas-
cades with pre-existing defects.



S. Jumel, J.C. Van-Duysen | Journal of Nuclear Materials 340 (2005) 125-148 133

ISR RoveDt - EDIT

Fig. 4. 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 steel input data and physical parameters.

o the ‘hardening’ module finalizes the simulation of the
formation of the hardening defects by enriching those
containing Cu with Ni and Mn, using results pro-
vided a kinetic-thermodynamic code (so-called
DIFFG, see Section 4.2.4). It also simulates a tensile
test with a mesoscopic code (the Foreman and Makin
code called DUPAIR, see Section 4.2.5), using a
database of pinning forces (called DEFECT).

4.2. 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, DIFGG and DUPAIR are directly
chained in RPV-1 (see Fig. 3). Two codes, DYMOKA
and LAKIMOCA, were used to build up the two data-
bases CASCADE and DEFECT integrated in RPV-1.

4.2.1. SPECMIN

SPECMIN is a simplified version of the code SPEC-
TER; both codes have been developed by L. Greenwood
from Pacific Northwest National Laboratory [73].
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.

SPECMIN relies on the binary collision approxima-
tion (BCA) and simulates the interactions between neu-
trons and atoms of pure elements. It takes the elastic
collisions into account 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 neu-
tron cross-sections available from the evaluated nuclear
data file database (ENDF). ENDF data and their uncer-
tainties can be obtained from the National Neutron
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Cross-Section Center at Brookhaven National Labora-
tory (USA). For a given neutron spectrum, the calcula-
tions with SPECMIN successively lead to the following
results:

e the PKA spectrum (number of PKAs expressed as a
function of PKA’s recoil energy) in which the 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 is also calculated from
the nuclear reactions;

e the ‘damage energy” (Tgam) of PKA’s calculated
from their recoil energy according to the Lindhard’s
theory [74];

e the dpa rate calculated from the Norgett, Robinson
and Torrens expression (NRT dpa [75]) giving the
total number (N,) of atoms displaced per PKA:
N = 0.8T4am/2E4 (E4 is the minimal energy required
to displace an atom from its lattice site).

4.2.2. INCAS

INCAS has been developed by S. Jumel and J.C. Van
Duysen from Electricité de France [10] and is written in
FORTRAN. It is based on the binary collision approx-
imation 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 their mov-
ing. It forecasts their elastic collisions with lattice atoms
and interactions with electrons. INCAS provides the
average number and the size of the damage zones (zone
where Frenkel pairs are produced) induced by the PKAs
according to their recoil energy. It also provides the dis-
tance between successive damage zones and the energy
dissipated® in each of them. Two cases have been
identified:

e damage zones in which the dissipated energy is higher
than 8.3keV are considered as (sub)-cascades. They
are classified and counted with respect to five dissi-
pated energy groups: 5-15, 15-25, 25-35, 35-45,
45-55keV (the (sub)-cascade spectrum). For the sub-
sequent calculations, all the (sub)-cascades belonging
to a same group are considered as dissipating the
same energy, i. e. the middle group energy;

e damage zones in which the dissipated energy is lower
than 8.3keV are considered to produce Frenkel pairs
between the (sub)-cascades. At the end of the recom-
bination phase, the number of surviving Frenkel

2 Damage energy = energy spread in atomic collisions.
3 Dissipated energy = energy spread in atomic collisions and
electronic interactions.

pairs left by each of these damage zones can be esti-
mated with the expression (defined by Molecular
Dynamics simulations [41]):

V(E) = 5(Taam)"", (2)

where T4, 18 the damage energy, in keV. The surviv-
ing SIAs and vacancies may be isolated or clustered
in small nuclei (SIAs: 60% are isolated, 20% in clus-
ters of size 2, etc.; see Section 3.1).

Among the data provided by INCAS, those directly
used in RPV-1 are the (sub)-cascade spectrum and the
Frenkel pairs generation rate between the (sub)-
cascades.

4.2.3. MF-VISC

MF-VISC (mean field vacancy interstitial solute clus-
ters) is a Rate Theory code developed by A. Barbu
(CEA), V. Duwig (EDF) and S. Jumel (EDF) from the
MF-VIC code [76,77]; it is written in FORTRAN. For
the building of RPV-1, MF-VISC was used to reproduce
the long-term evolution of the irradiation-induced dam-
age. In its current version, it simulates the fate of the
vacancies, copper atoms and SIAs 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. A detailed
presentation of MF-VISC is available in [78].

4.2.4. DIFFG

In RPV-1, Mn and Ni atoms are introduced into the
simulation with the DIFFG code, developed by B. Od-
ette from the University of California in Santa Barbara
and B. Wirth from the University of California in Berke-
ley [37,79]. DIFFG is a kinetic-thermodynamic code
written in FORTRAN, which determines the phase sta-
bility 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 and
accelerated by the vacancy super-saturation induced by
irradiation. The cluster radius and composition are fol-
lowed as a function of time until each alloying atoms
has the same chemical potential in the matrix and the
precipitates. The final ratios of the Mn and Ni contents
over the Cu content in the precipitates are then calcu-
lated. They are used to determine the Mn and Ni enrich-
ments of the Cu-bearing hardening defects simulated
with the MF-VISC code.

4.2.5. DUPAIR

DUPAIR is used to assess the irradiation-induced
hardening. It is a Foreman- and Makin-type code devel-
oped at EDF by S. Jumel, C. Domain and J.C. Van Duy-
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Fig. 5. Simulation with the DUPAIR code: bowing of a
dislocation line pinned on irradiation-induced defects.

sen from EDF [80]; it is written in C language. In
DUPAIR, the studied material is represented as a paral-
lelepipedic box and the different types of irradiation-in-
duced defects are randomly distributed according to
their 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 (Fig. 5). 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 monocrystal. 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 in-
crease 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.

4.2.6. DYMOKA

DYMOKA is a Molecular Dynamic code developed
by C. Domain from EDF (e.g. [81]); it is written in C
language. 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 used EAM-type inter-atomic
potentials are given in Table 1.

4.2.7. LAKIMOCA

LAKIMOCA is a so-called Kinetic Monte Carlo
code developed by C. Domain from Electricité de
France (e.g. [40]); it is written in C language. 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

Table 1
References of EAM-interatomic potentials used to carry out the
simulations with DYMOKA and LAKIMOCA

Ref.

Fe-Fe Ludwig et al. [88]
Raulot [89]

Cu-Cu Ludwig et al. [88]
Fe-Cu Ludwig et al. [88]

takes a large number of types of object (solute atoms,
impurities, point defects clusters, vacancy-solute clus-
ters, grain boundaries, . . .) into account 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 1); with the latter, these
interactions are not explicitly described.

o 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.

e The Object Kinetic Monte Carlo model takes the
mobility of several types of objects into account: iso-
lated 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 vacan-
cies... are also required.

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

4.3. Databases used in RPV-1

Some calculations required to simulate irradiation ef-
fects are extremely computer-time consuming. They can-
not be performed in flexible versions of VTRs usable on
PCs. For RPV-1, these calculations were carried out sep-
arately on powerful parallel computers (CRAY, PC
clusters,...) and their results were stored in databases
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integrated in the reactor. During the simulation, the
needed data are taken from these databases.

As already mentioned, two databases have been inte-
grated in RPV-1:

e the ‘CASCADE’ database which contains the size
distributions of nuclei of hardening defects formed
by the surviving point defects left by (sub)-cascades
in Fe—Cu alloys. These data are used to prepare the
source term of the Rate Theory code MF-VISC.

e 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.

The CASCADE and FORCE databases were built as
described in the two following sections.

4.3.1. CASCADE

The size distribution of nuclei of hardening defects
formed within some milliseconds (short term evolution)
by the surviving point defects left by (sub)-cascades in
Fe—Cu alloy are stored in CASCADE, depending on the:

e irradiation temperature (7),
e damage energy in the (sub)-cascade (Tgqam),
e free copper content in the matrix (Cu).

The current version of CASCADE includes results
for T=333, 423 and 573K; Tg.m =10, 20, 30 and

40keV; Cu=0.00, 0.03, 0.10, 0.20 and 0.30at.% Cu.
The main steps of its building are described hereafter
and summarized in a more intelligible way in Fig. 6:

displacement (sub)-cascades with PKA damage
energy of 10, 20, 30 or 40keV were simulated by
Molecular Dynamics in pure iron at 7'= 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
10ps of physical time). For each PKA energy, three
simulations were performed with different initial
moving 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:
copper was introduced in the simulation by replacing
iron atoms by copper atoms in the simulation box
containing the surviving defects. For each PKA ini-
tial condition (energy and direction), simulations

were carried out at three temperatures (7" = 333,

423 or 573K) and with four copper contents

(Cu =0.00, 0.03, 0.10, 0,20 or 0.30at.%). For each

set of copper content, temperature and PKA initial

energy, the simulation sequence was:

v’ Firstly the Object Kinetic Monte Carlo (OKMC)
was applied to follow the fate (diffusion, cluster-
ing,...) of the SIAs during a few microseconds.
The simulation was stopped when the configura-
tion of SIAs did not significantly evolve anymore

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
v v A Average size
Average size Average size Average size distribution of STA
distribution of STA NS  distribution of STA |ENEEEEEEEEER distribution of SIA |-q germs
germs (over 1000 germs (over 1000 germs (over 1000 (over 3000
simulations) simulations) simulations) - Lo
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-CuCclusler§, .SIA loops,
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loops, Cu precipitates, loops, Cu precipitates, loops, Cu precipitates, (over 3 simulations)
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Fig. 6. Building of the CASCADE database. Simulations carried out for a given set of irradiation temperature, PKA energy and

copper content.
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(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 sim-
ulation was carried out 1000 times with different
initial random selection numbers.
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 Atomic Kinetic Monte Carlo 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 any-
more. For each set of conditions, this simulation
was carried out only once due to its high comput-
ing requirement. The final size distribution of
nuclei of vacancy-copper cluster, vacancy cluster
and copper precipitate was determined by averag-
ing 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.

4.3.2. FORCE

As already mentioned, FORCE contains the pinning
forces exerted by the hardening defects (vacancy clus-
ters, SIA dislocation loops, pure copper precipitates
and vacancy-copper clusters) on a screw dislocation.
These forces have been determined by Molecular
Dynamics simulations using a ‘static approach’. This
means that the dislocation remains fixed in the simula-
tion box (only displacements of atoms related to the
box relaxation are allowed) and different positions of
the defects as regards to the dislocation are considered.
This approach is precisely described in [11], it can be
summarized in the following way (Fig. 7) [24,82]:

o the screw dislocation is introduced at the center of
the simulation box by applying its displacement field
to the atoms, as described in [83];

e the studied hardening defect is successively intro-
duced at different distances from the dislocation core;

(b) Distance between the defect and the core of the dislocation (A)
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Fig. 7. Static approach used to study the interaction between a screw dislocation and hardening defects with the Molecular Dynamics
code DYMOKA [6]. (a) Three configurations of a 9 copper atoms precipitate and the screw dislocation; (b) Variation of the interaction
energy between a 600 copper atoms precipitate and the screw dislocation, as a function of their separation distance.
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o for each configuration, the relaxed energy of the sys-
tem is calculated. 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 (thus do not
interact);

o the pinning force of the defect is defined as the max-
imum slope of the curve giving the interaction energy
of the system versus the distance between the defect
and the dislocation.

As an example, Fig. 7(b) shows results obtained from
a pure copper precipitate. Such simulations have been
carried out for each type of defects (vacancy clusters,
SIA dislocation loops, pure copper precipitates and
vacancy-copper clusters) with different size and content.
The results are stored in the FORCE database as ob-
tained or in an analytical form according to the nature
of the hardening defect. Detailed results are published
elsewhere [11].

The used ‘static’ approach is very simplified and
deserves to be replaced by a dynamic one in which the
dislocation would be mobile and the defect fixed. How-
ever, the simulation of the gliding of a screw dislocation
in bee iron-base alloys is not an easy task. Indeed, due to
the Peierls friction force, this gliding requires the generat-
ing and propagating of kinks along the dislocation line.

4.4. Simulation steps of RPV-1

The simulation of irradiation effects with RPV-1 re-
quires the successive activating of the three modules pre-
sented in Section 4.1. The successive steps are described
hereafter and illustrated in Fig. 8 for a simulation car-
ried out at 150 °C with a neutron spectrum which is rep-
resentative of one of the irradiation channels of the
French reactor OSIRIS (composition of the irradiated
steel: 0.1%Cu, 1.3%Mn, 0.7%Ni; flux ~ 4.4 x 10'°n.m >
s7!, E > 1MeV).

For the ‘short term irradiation’ module:

Step 1:

The PKA spectrum and the dpa rate are determined
from the neutron spectrum with the SPECMIN code.
As already mentioned, the effects of alloying elements
and impurities on both quantities are negligible and con-
sequently the simulation is carried out in pure iron (Fig.
8(a) and (b)).

Step 2:

The (sub)-cascade spectrum is determined from the PKA
spectrum with the INCAS code. The effects of alloying
elements and impurities on (sub)-cascade formation
are also negligible and the simulation is consequently

carried out in pure iron (Fig. 8(c)). The INCAS simula-
tion 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 correspond-
ing vacancies are isolated and the SIAs distributed to
the following nuclei: 60% are isolated, 20% are in clus-
ters 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 pre-

cipitates, 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 MF-VISC according to the (sub)-cascade spec-

trum. To be more precise, let us consider the following
example:

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

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

v Then, z-x; SIA nuclei of size i, z-y; copper-
vacancy nuclei containing j vacancies and k copper
atoms,... are introduced as source term in MF-
VISC 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 corres- ponding
size distribution of nuclei is determined by interpolat-
ing between the two distributions related to the closest
copper contents already existing in CASCADE. As an
example: if for a 20keV (sub)-cascade CASCADE indi-
cates n; and m; nuclei of three SIAs when the copper con-
tents 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 three SIAs is
equal to:

(01_170()3) [m;(X —0.03) + n,(0.1 — X)]. (3)

The same interpolation is done for all the nuclei. The
mono vacancies and SIA nuclei produced between the
sub-cascades are also added into the source term of
MF-VISC.
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Fig. 8. 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 (flux ~ 4.4 x 10'®n.m™2s™"', E > 1MeV). (a) Neutron spectrum; (b) PKA spectrum
in pure iron; (c) (sub)-cascade spectrum in pure iron; (d) size distribution of vacancy-copper clusters for a dose of 0.1dpa. (e) Size
distribution of SIA loops for a dose of 0.1 dpa; (f) size distribution of vacancy clusters and copper precipitates for a dose of 0.1dpa; (g)
distribution of hardening defects for a dose of 0.1 dpa; (h) evolution of the yield stress versus the dose. (Vacancy: white, SIA: black; Cu:
red, Mn: green, Ni: blue; box size: 28.7 x 28.7 x 28.7nm".)
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For the ‘long term irradiation’ module:

Step 4:

The simulation with MF-VISC is carried out until the

required irradiation time or number of dpa is reached.

Results related to 20 intermediate times are also

available.

Step 5:

At each MF-VISC step, the source term is adjusted in

order to take into account the evolution of the

microstructure:

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

v The probability for sub-cascades to occur at a dis-
tance of less than 1nm of a pre-existing defect, and
thus to have no effect, is calculated with the expression
(1). To keep ‘useful’ (sub)-cascades only, 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(¢).

For the ‘hardening” module:

Step 6:

At the end of the MF-VISC simulation and for the six
last intermediate times, copper precipitates and
vacancy-copper clusters are enriched in Mn and Ni

Table 2
Main homogenisations done during a simulation with RPV-1

atoms according to the results of DIFFG. The final size

distribution of each type of irradiation-induced defects

is then plotted on a graph. The examples given in Fig.

8(d)—(f) show that:

v’ the number densities of SIA dislocation loops and
vacancy clusters are pretty high, which suggests that
these defects play a significant role in the irradiation-
induced hardening;

v" the number densities of vacancy-copper clusters is in
conformity with experimental results;

v’ pure copper precipitates have been formed but their
number density is lower than that of vacancy-copper
clusters.

The hardening defects can also be represented all
together in a 3-D box by supposing them uniformly dis-
tributed in the material (Fig. 8(g)).

Step 7:

For the last six outputs of MF-VISC, Ni and Mn atoms

in copper-rich precipitates and vacancy-solute clusters

are replaced by Cu atoms (see Section 3.2) and the pin-
ning forces exerted by all the irradiation-induced defects
are determined from the FORCE database. The six out-
puts are used as inputs for DUPAIR, which simulates
the corresponding irradiation-induced increase of the
yield stress. This evolution of the increase of yield stress
is plotted versus the irradiation time, total fluence, flu-
ence higher than 1MeV and number of dpa (Fig.

SPECMIN 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

INCAS e Homogenization of PKA’s energies. The PKAs are classified 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

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 (15-25keV, 25-35keV,...); all the (sub)-cascades belonging to a same
group are considered to spread the same energy: i.e. the middle-group energy (10keV, 20keV,...)

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,...

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

MEF-VISC e Homogenization of the size distribution of hardening defects within a grain
e Homogenization of the behavior of all the defects having the same size and content (SIAs, vacancies

and/or Cu atoms)

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

DUPAIR e Homogenization of the irradiation response of all the steel grains

Taylor factor e Homogenization of the distribution of the spatial orientation of grains
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8(h)). The concomitant evolution of the Charpy transi-
tion temperature can be determined from empirical cor-
relations, e.g. ATT =~ 0.68ARpy,> (at 20°C, without
intergranular rupture) [84].

5. Quality of the simulations with RPV-1
5.1. Sensitivity to the input data

The development of VITRs 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 (behaviours, energies, size
distributions, . . .) before each time or space scaling up.
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 simula-
tion with RPV-1 are summarized in Table 2. Consider-
able efforts would be required to quantify their
individual or collective ‘buffer’ effects on the RPV-1 sen-

ARpo.2 (MPa)
S @
S 3

Ln
(=]

sitivity. However, it has been checked that the collective
effect is low in a large range of irradiation conditions (flux,
temperature, . ..). The next sections give some examples
of results obtained with the version 1.2 g of RPV-1.

5.1.1. Sensitivity to the copper content

RPV-1 was run to simulate the irradiation-response
of four steels containing 0.05%, 0.10%, 0.20% or
0.30%Cu (and 1.45%Mn, 0.2%Ni). The four simulations
were performed at 250°C with a neutron spectrum
representative of one irradiation channel of the
British experimental reactor HERALD (flux ~ 5 x 10'°
nm s, E > 1MeV).

The simulated irradiation-induced increases of yield
stress up to a dose of 0.1dpa are plotted versus the dose
in Fig. 9(a). It can be noticed that the hardening grows
with the copper content, which shows that RPV-1 is sen-
sitive to the copper content. Fig. 9(b) and (c) show the
final size distributions of the hardening defects in
the 0.05% and 0.30%Cu steels for the dose of 0.1dpa.
The number density of defects containing copper clearly
increases with the steel copper content.

0.3% Cu
0.2% Cu
2 0.1%Cu

® 0.05%Cu

A Experimental (0.2% Cu - 1.45%Mn - 0.2% Ni)
HERALD - private communication

0 '

0.00 0.02 0.04

0.06 0.08 0.10

(a) dose (dpa)

Fig. 9. Sensitivity of RPV-1 to the copper content. Simulation at 250°C with a neutron spectrum representative of one irradiation
channel of the British experimental reactor HERALD (steel with 1.45%Mn and 0.2%Ni; flux ~ 5 x 10'nm 257!, E > 1 MeV). (a)
Irradiation-induced increase of yield stress; (b) distribution of hardening defects for Cu = 0.05% and a dose of 0.1 dpa; (c) distribution
of hardening defects for Cu = 0.3% and a dose of 0.1dpa. (Vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue; box size:

28.7 % 28.7 x 28.7nm?>.)
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5.1.2. 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 tempera-
tures (7'=55, 200, 250 and 300°C). The simulations
were performed with a neutron spectrum representative
of one irradiation channel of the American experimental
reactor HFIR up to a dose of 0.1dpa (flux ~ 2.6 x 10"’
nm s~ E > 1 MeV).

The simulated irradiation-induced increases of yield
stress are plotted versus the dose in Fig. 10(a). It can
be noticed that the hardening grows as the irradiation
temperature decreases, which shows that RPV-1 is sensi-
tive to the irradiation temperature. Fig. 10(b) and (c)
show the final size distributions of the hardening defects
for the irradiation carried out at 55 and 300°C with a
dose of 0.1dpa. The number densities of SIA loops
and vacancy clusters clearly increase as the irradiation
temperature decreases.

5.1.3. 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 neu-
tron fluxes. The simulations were carried at 55°C with
a dose up to 0.1dpa. A neutron spectrum representative

of one irradiation channel of HFIR was used as refer-
ence (flux ~ 2.6 x 10'°n.m?s~!, E > 1 MeV). The other
neutron spectra were obtained by multiplying this refer-
ence by 0.01, 0.1 or 10 (Fig. 11(a)). The procedure en-
ables 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 Fig. 11(b). It can
be noticed that the hardening grows as the neutron flux
increases. However, the flux dependence tends to de-
crease with decreasing flux and becomes negligible be-
tween 0.1 HFIR and 0.01 HFIR. This trend is
coherent with results obtained by Odette et al. in the
same range of temperature [85]. These results show that
RPV-1 is sensitive to the neutron flux. Fig. 11(d) and (e)
provide the final size distributions of the hardening de-
fects after irradiation with the highest and lowest neu-
tron fluxes. The role played by the point defects clearly
grows with increasing flux.

5.1.4. 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 under two neu-
tron spectra corresponding to the same dpa rate. The

400
Tre= 5570
= L]
300
£ T =200°G
z
o 200 - 5
B
o
<] T =300°C
100 F
0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10
(a) dose (dpa)

Fig. 10. Sensitivity of RPV-1 to the irradiation temperature. Simulations at 55, 200, 250 and 300°C with a neutron spectrum
representative of one irradiation channel of the American experimental reactor HFIR (steel: 0.05%Cu-1.3%Mn-0.7%Ni;
flux ~ 2.6 x 10”n.m s, E > 1MeV). (a) Irradiation-induced increase of yield stress; (b) distribution of hardening defects for
T =55°C and a dose of 0.1dpa; (c) distribution of hardening defects for 7'= 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 28.7nm3.)
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Fig. 11. Sensitivity of RPV-1 to the neutron flux. Simulations at 55°C with one neutron spectra representative of one irradiation
channel of the American experimental reactor HFIR (flux ~ 2.6 x 10"°n.m 2s™!, E > 1 MeV) and with three multiple spectra (steel:
0.05%Cu-1.3%Mn-0.7%Ni). (a) Neutron spectra; (b) irradiation-induced increase of yield stress; (c) 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 28.7nm’.)
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Fig. 12. Sensitivity of RPV-1 to the shape of the neutron spectrum. Simulations at 150°C with a neutron spectrum representative of
one irradiation channel of the French experimental reactor OSIRIS (flux ~ 4.4 x 10'®n.m ?s™', E > 1MeV) and one spectrum
obtained by modifying a neutron spectrum representative of one irradiation channel of HERALD so as to get the same dpa rate as the
OSIRIS type spectrum (steel: 0.1%Cu—1.3%Mn-0.7%Ni). (a) Neutron spectra; (b) irradiation-induced increase of yield stress; (c)
distribution of hardening defects for the OSIRIS spectrum and a dose of 0.1 dpa. (d) distribution of hardening defects for the modified
HERALD spectrum and a dose of 0.1dpa. (Vacancy: white, SIA: black; Cu: red, Mn: green, Ni: blue; box size: 28.7 x 28.7 x 28.7 nm>.)

simulations were performed at 150 °C with a dose up to sentative of an irradiation channel of HERALD so as
0.1dpa. A neutron spectrum representative of one irra- to get the same dpa rate as the OSIRIS type spectrum
diation channel of OSIRIS was used as reference (Fig. 12(a)).

(flux ~ 4.4 % 10"°n.m 25!, E > 1MeV), the other one The simulated irradiation-induced increases of yield

was obtained by modifying a neutron spectrum repre- stress are plotted versus the total fluence in Fig. 12.



Table 3
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 the LWR’s range of neutron energies
Neglecting of alloying elements Not significant in the LWR’s range of vessel compositions
Lindhard model to calculate Tgamage Not significant in the LWR’s range of PKA energies
Dpa definition No 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 LWR’s range of PKA energies
Neglecting of alloying elements Not significant in the LWR’s range of vessel compositions
(Sub)-cascades definition Not crucial if used to compare neutron spectra
Imposed distribution of point defects Small effect on the results
produced between sub-cascades
Numerical errors Related to computer precision
Programming errors Still subject of attention
Uncertainties
From the collision cross-section ~10-20% uncertainties on the results
MF-VISC Model errors

Simplified capture radius
Neglecting of the interactions between
copper atoms and SIAs
Use of continuous equation for larger clusters
Neglecting of the multi-sink effect
Neglecting of the mobility of vacancy-copper clusters
Numerical errors
Programming errors
Uncertainties
Bad knowledge of many parameters
(mobility’s of clusters, binding energies, .. .)

One of the main issues
May be an important source of error

Probably a weak effect

May be an important source of error
Probably a weak effect

Related to computer precision

Still possible (young code)

One of the main issues
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DYMOKA

LAKIMOCA

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
Programming errors
Uncertainties
Mixing enthalpies, entropies and
free energies to describe bce binary mixtures

Model errors
Tension line constant along the bowed dislocation segment

No effect of the irradiation-induced damage on the Peierls friction stress
No possibility of cross-slip
Possibility to pass of small defects by thermal activation processes
Simulation with only one dislocation

Numerical errors

Programming errors

Uncertainties
Pinning forces of the obstacles

Model errors
Neglecting of relativist effects
Neglecting of electron—phonon interactions
Numerical errors
Programming errors
Uncertainties
Inter-atomic potentials

Model errors
Choice of the events accounted for in OKMC
Model for migration energies of vacancies in VKMC
Numerical errors
Programming errors
Uncertainties
Frequency of occurrence of events for OKMC
Inter-atomic potentials for VKMC

Related to computer precision
No

Probably a weak effect

Probably a small effect when the number density
of defects is high or when the obstacles are weak
Probably a weak effect

Probably a weak effect

Probably a weak effect

Probably a weak effect

Related to computer precision

Still subject of attention

One of the main issues

Probably no significant effect

Possible effect in the simulation of displacement cascades
Related to computer precision

May still contain some minor errors

Probably the main issue

Can be mastered

One of the main sources of error
Related to computer precision

May still contain some minor errors

One of the main issues
One of the main issues
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The two spectra induce slightly different hardening,
which shows that RPV-1 is sensitive to the shape of
the neutron spectrum.

5.2. Errors and uncertainties

As described in previous sections, RPV-1 relies on
many hypotheses and contains errors as well as uncer-
tainties which may alter the quantitative character of
the simulations. It is noteworthy that these weaknesses
are not critical for the development of VTR’s. Indeed,
continuous improvement of computer power, under-
standing of irradiation effects and use of large database
of experimental results [9,86,87] will help introduce more
and more precise physical descriptions of the involved
phenomena in the simulation. Concerning RPV-1, Table
3 summarizes some errors (in addition to the already de-
scribed 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. Some rules on thumb are given
in Table 3.

To assess the quantitative character of RPV-1, simu-
lation results were compared with results of a dedicated
experimental program carried out by the Nuclear Center
of Mol (SCK-CEN) [9]. Experimental results provided
by other partners or available in the open literature were
also used. The comparison showed that most of the
RPV-1 results fall within the statistical dispersion of
experimental results (see one example in Fig. 9). This
comparison will be given in a companion paper [12].

A first step in the improvement of RPV-1 has been
started by an interative procedure consisting in (i) com-
parison of simulation results with the database of the
IVAR experimental program [86] led by the University
of California Santa Barbara (this program provides a
coherent set of mechanical testing data as well quantita-
tive microstructural information on a very large range of
materials irradiated in a large range of flux, fluence and
temperature) and (ii) improvement of models and
parameters.

6. Conclusion

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 eases 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. It can already be used for many applications
(understanding of experimental results, assessment of ef-
fects of material and irradiation conditions,...). The
iterative improvement of RPV-1 has been started by
the comparison of simulation results with the database
of the IVAR experimental program [86] led by the Uni-
versity of California Santa Barbara.

These first successes 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 irradi-
ation effects in stainless steels, in a large effort (the PER-
FECT project) supported by the European Commission
in the framework of the 6th Framework Program.
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