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Foreword

On the basis of the exchange of ideas that the authors have had since July 2000 with
Prof. Yu Lu of the Abdus Salam International Centre for Theoretical Physics, and with Drs.
W. Burkart and D. Muir of the International Atomic Energy Agency, we present a report on
the present status of the technological and scientific aspects of embrittlement of nuclear
reactor pressure vessels, together with our advise on what could be the concerted action
between the Abdus Salam ICTP and IAEA aiming at the promotion of research activities in
the field of materials science, particularly focused in issues relevant to nuclear applications.

This report addresses the synergy between the continuous progress of parallel
computing and the spectacular advances in the theoretical framework that describes
materials. Together, they contributed to significantly advance our comprehension of
materials properties like mechanical behavior. It also highlights its impact on nuclear
technology, as it provides physical insight into the complex processes responsible for the
degradation of structural materials under neutron irradiation.

The report is organized as follows: after a brief introduction, we present the basis of
the technological view, with the tools used today to predict embrittlement at the engineering
level. These tools are based on recent output of the basic research of radiation damage, which
is addressed in the section corresponding to the scientific view, together with numerous
examples of related issues. We then enter on our recommendations for future IAEA-ASICTP
activities to contribute to the progress of this area, together with examples of possible
research lines to be supported.



Introduction
The irradiation of metallic materials by energetic particles causes significant

modifications of their mechanical properties; among them, an increase in the yield stress and
a decrease in ductility. Metals and alloys with body centered cubic structure, like ferritic
steels, show a transition from ductile to brittle fracture behavior when the temperature
decreases below a transition temperature TT located in the range of room temperature.
Irradiation of these materials causes a shift of this transition temperature, ATT, towards
higher T's that compromise the response of structural components to external solicitations.

These effects have a profound impact on the integrity of nuclear reactor pressure
vessels, which are built with ferritic steels. It, in turn, determines the lifetime of the entire
facility. This is also a core issue in the materials chapter of the emerging fusion technology.

Although these phenomena have been known for many years, the underlying
fundamental mechanisms are not yet fully understood. Significant progress has been done in
the last decade inducing a regain of interest in the materials science community in the field
of neutron-induced radiation damage.

Two reasons can be identified as sources of this renewed interest: (i)- the
technological demand and (ii)- the scientific offer. From the former, the nuclear power
industry is simultaneously facing the aging of utilities as well as difficulties to build new
ones, consequently, life extension becomes an issue of paramount importance to them;
regulatory agencies have the responsibility to establish the rules for such life extension
programs, which are the outcome of the up-to-date scientific knowledge. And from the latter,
the progress in computational material science in the last decade has provided a completely
new vision of the radiation damage problem, making the ultimate metallurgic goal of being
capable of predicting a deformation curve of an irradiated material, to be at a touch of the
hand in a near future.

This last assertion is based on the new approach to the problem known as 'multiscale
modeling of materials' which is a strategy to go from the atomic scale properties to the
mechanical behavior at the engineering scale [1,2]. In multiscale modeling, the goal is to
predict the performance and behavior of complex materials across all relevant length and
time scales. As such, the challenge is huge: at the nanometer scale, electrons are responsible
of the interactions among the atoms, and a quantum mechanical base for the description is
required. At a micrometer scale, defects in crystalline materials, such as dislocations, control
the material's behavior, while at an even larger scale, a large collection of such defects,
including grain boundaries and precipitates of other phases, govern mesoscopic properties.
The net outcome of these scales might be cast in the form of constitutive laws that ultimately
are responsible for the continuum behavior at the macro scale.

Technological standpoint
Mechanical properties of reactor pressure vessel steels (RPV) are affected by the

neutron irradiation. The shift in the transition temperature, ATT, serves to characterize the
embrittlement of RPV steels of nuclear power plants, and is a key element in demonstrating
structural integrity of the RPV [3]. Charpy testing of RPV steel samples shows that the
ductile-to-brittle transition temperature shifts to higher values after irradiation and that higher
shifts are obtained as the steel is exposed longer to the neutron flux. This means that the RPV
of a nuclear power plant (NPP) is more susceptible to brittle fracture as the plant ages.
Consequently, life-management of the main structural component of the nuclear power
station becomes an issue of vital importance.



Microstructural changes that occur at the micro/nano-meter scale are at the origin of
the mechanical degradation of the steel. The nanoscale features that form during irradiation
produce the transition temperature shifts that are measured in surveillance programs of the
RPVs of NPPs. Understanding the fundamental mechanisms of steel embrittlement is crucial
to analyze the results of RPV surveillance databases, to explain discrepancies among the
data, and to develop trend curves that will be used to predict the RPV end-of-life.

In the past few years, microscopic modeling has proved to be a qualified option to
study the variables that control embrittlement. Atomistic research on primary defect
production in pure metals has evolved into the multiscale modeling of materials [2], which
will soon provide answers to all scales involved in the problem, form atomistic to
engineering.

In early works, the mechanical response of irradiated steels was predicted using
purely empirical correlations based on functional forms that best fitted the experimental
database available at the time. This lead to trend curves with large uncertainties when the
database was scarce. In a concerted effort with scientific laboratories and operators,
regulatory agencies developed guiding practices. A consensus was established on the
quantification of metal embrittlement and the guiding practices were accepted as standard in
several countries [4-6, 50,52].

In practice, the applicability of the trend curves recommended by regulations had to
be verified for each specific plant. In some cases, the use of the recommended trend lines
implied significant overestimations. This imposed a severe penalty on the NPP reducing the
RPV operating margin. The case was even worse when the results were found not to be
conservative since in that case safety was a concern. Sometimes, the case of "outliers", i.e.
RPV steels of NPP's that operate outside the range of the variables identified by the trend
lines, remained unsettled.

The limitation of this methodology, and its lack of adequacy to capture the individual
aspects of embrittlement, is inherent to the empirical relationship of the trend curve to the
underlying embrittlement mechanism. The problem cannot be solved unless a comprehensive
physical base is provided.

In the 70's, considerable effort was devoted to the definition of the exposure unit that
describes the amount of damage accumulated. The early correlation parameters were those of
neutron dosimetry, which measured fast neutron flux, <pf. The shift in Charpy transition
temperature, ATT, was found to depend in a simple way on the fast fluence and a
straightforward trend curve was first developed. In the 60's, the dependence of ATT on a
power law of fast fluence was for the first time proposed.

This approximation introduced the problem of defining the fast range, i.e. the
threshold energy Eo. This is still in use today in USA, where the LWR surveillance analysis
is based on Eo = 1 MeV; in Russia Eo = 0.5 MeV is accepted. The model assumes that all
neutrons with energies above Eo produce the same damage and that the damage produced by
those neutrons with energies below this threshold can be neglected [7]. As soon as results
obtained in different facilities were compared, it was immediately appreciated that a
parameter that could account for the full energy spectrum was needed in some cases.

At an IAEA Specialists Meeting [8] in 1972, the Norgett, Torrens and Robinson,
NRT, formalism was adopted as the methodology of calculating the amount of fast neutrons
damage. The Marlowe program [9] that implemented the Binary Collision Approximation
(BCA) of Robinson and Torrens (1974) was extensively used in the 80's to predict radiation
damage and to define displacement per atom, DPA, as exposure parameter, through the
Kinching-Pease (KP) formula [10]. DPA is an integral quantity that scales the total energy



deposited by the primary knock-on atom in units of the energy needed to displace one atom.
DPA depends on the amount of energy deposited in the material by the neutrons, so it is a
useful damage exposure parameter, superior to the neutron fluence above 1 MeV, Ff, for
correlating embrittlement data obtained from irradiation experiments with different neutron
energy spectra [11].

It is a common international practice still today among the RPV steel community to
use the iron DPA cross-section of the ASTM E 693 Standard when computing damage.
However, the uncertainty associated to DPA calculations amounts to ~ 40% or more when
applied to a LWR spectrum [12] The major sources of error in the DPA definition come from
the neutron spectrum, the model used for describing the energy partition between nuclear
collisions and electronic excitations, and the conversion of deposited energy to ion
displacement. Clearly, the adequacy of this exposure parameter to describe the complex
process of collision cascades and the subsequent evolution of the migrating defects is
questioned.

Differences in neutron spectra lead to different Primary Knock-on Atom (PKA) recoil
energy spectra, then to different efficiencies to produce defects and, finally, to different
damage. The use of PKA spectra introduces a quantity that takes in account the energy of the
recoil atom generated by a neutron collision with the iron matrix. The program SPECTER
[13-15] is designed to compute PKA distributions and allows the definition of better damage
parameters for polyatomic metals, or for epithermal and thermal neutron exposures of iron,
where the traditional DPA definition fails.

Since the mid 80's, molecular dynamics (MD) became the central tool to analyze
collision cascades, showing significant differences with the BCA. In particular, the melting
and subsequent re-solidification of the core of the cascades leads to a mayor recovery of the
surviving defects, reducing significantly their number as predicted by the BCA [16].
Nowadays there exists a large database of MD collision cascades developed in several
laboratories in the world that has lead to the concept of 'surviving defects', which translates
into an energy-dependent 'efficiency factor' that multiplies the results of the KP formula [17].
As an example, the differences between damage of thermal neutrons in a pressurized heavy
water reactor PHWR and in a fusion-14 MeV neutron environment. are now clearly
understood [18].

Even today, use of improved measures of damage is critical to relate mechanical
property data obtained in different neutron environments [19]. Different experimental
conditions are found at accelerated irradiations carried out at Materials Test Reactors
(MTRs) or at different locations in some power reactors like Magnox reactors. This
represents a considerable amount of data to interpret. A case of special significance is that of
through-wall RPV embrittlement attenuation. Deep penetration of neutrons at the PWR and
BWR RPV walls introduce important spectral effects that have to be taken into account when
extrapolating the embrittlement from the first wall to VA and % RPV thickness. The results of
through-wall embrittlement attenuation are used as input data for the fracture mechanic
analysis of postulated defects to assess structural integrity issues. In 2001, an EPRI
Materials Reliability Program (MRP) project was launched to address the problem of a
proper through-wall embrittlement attenuation. Also EPRI has initiated plans to participate in
an IAEA experiment to simulate the attenuation in a vessel wall [3].

During the last decade, fundamental research, including controlled experiments
helped to identify the underlying mechanisms of embrittlement. As the progress in the
models describing the materials continued in the early 90's, the role of alloying elements or
impurities in the evolution of the microstructure was incorporated either in experimental
irradiations on model alloys as in the theoretical description. These late developments were



not only done in the MD approach but also in the kinetic Monte Carlo (kMC) frame, giving
the evolution of irradiation-created defects and their interaction with solute atoms.

In the late 90's, thermodynamic and kinetic models provided significant insight on
the role of nanostructures in embrittlement [20]. Rate theory methods were used to track the
fate of the defects and model defect driven solute segregation. Odette and co-workers
developed detailed models for both Cu and vacancy clustering based on integrating discrete
sets of master equations that describe nucleation growth and coarsening of both the
precipitates and nanovoid complexes [21-23]. The physical models show that micro/nano-
structures develop as a consequence of irradiation, and that nanofeatures can be divided into
three broad categories:

• Copper rich or catalyzed manganese-nickel rich precipitates (CRPs / MNPs).

• Unstable matrix defects (UMD) that form in cascades even in steels with low
or no copper, but that anneal rapidly compared to typical low flux irradiation
times.

• Stable matrix features (SMF) that persist or grow under irradiation even in
steels with low or no copper

In 1998, improved embrittlement correlations of an advanced version of the archival
Power Reactor Embrittlement Database (PR-EDB) [24] were prepared by Eason, Wright and
Odette for the U.S. Nuclear Regulatory Commission [25]. The importance of this report is
that it explicitly introduces the mechanistic understanding of embrittlement in the analysis
methodology of LWR RPV surveillance data. These physically-motivated statistical fits to
the U.S. surveillance database involve a ATT dependence.on irradiation temperature (71), fast
flux (0f) and fast fluence (Ft), the amount of Cu, Ni and P present in the steel composition,
and on the product form (plate, weld, forging) [26]. Two dominant forms of damage, i.e..
matrix defects (SMD) and copper-rich precipitates (CRP), are identified as major sources of
steel embrittlement, whose additive contribution gives the total ATT:

ATT = A7TSMD+ATTCRP

where each term is given by:

ATTSMD=AxfSMD{T,,Ft,P)

ATTCRP =Bx fCRP {Cu, Ni, <pf,Ft)

with A and B constants that depend on the product form (plate, weld or forging).

The variable dependence of the functions, /SMD and /CRP, was established based on an
earlier work that included single-variable experiments [26]. It is well established that SMD
damage is the dominant process for low Cu steels (Cu < 0.1 - 0.15 wt%), and that it scales
roughly with Ffl/2, decreases with increasing 71, and increases with the P content in the steel
[27].
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Figure 1: Fast fluence dependence of matrix damage (SMD) in forged steels, for
two steels with different P contents, P = 0.003 wt% (line) and P = 0.025 wt%
(dash), exposed to two different irradiation temperatures, T-, = 260 °C and 299 "C.

1:
The /SMD prescription adopted in Eq. 1 [25] reflects these considerations, see Figure

r —
JSMD ~

19060
Tj+460 7- (0.4449+ 0.0597 log F,)

(1)

In Eq. 1, the fluence /•> is given in units of 1019 n cm"2 and the logarithm is base 10.

The trend given in Eq. 1 is consistent with experimental mechanical property data and
has also been modeled with success using atomistic simulations [28,29]. However, the
matrix features generated by irradiation are very small, direct microstructural evidence is
difficult to obtain, and several details of the nature of matrix damage have yet to be
confirmed.

CRP damage instead can be described (formulated) to a higher degree of
understanding. The contribution of CRP damage to the total ATT depends on the Cu and M
content of the steel and on the strong Cu-Ni interaction. The effect of the presence of M on
the CRP embrittlement is enhanced as the level of Cu increases [3]. CRP damage saturates at
high fluence, reaching a plateau value. Also, the rate of the increase of CRP damage with
fluence is known to be dependent on irradiation flux-time at low fast flux (fa < 1010 n/cm2).
The/cRp function adopted in Eq. 2 [25] reproduces this behavior, see Figure 2.

In Eq. 2, the influence of Cu content on the CRP damage is described by h(Cu).
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The function h(Cu) is zero for steels with Cu content below a nucleation threshold
(Cu < 0.072 wt.%) and equals a constant value for steels with Cu content higher than 0.3
wt.%:

0 cCu< 0.072 wt%

h(Cu) = <j (cCu - 0.072)a678 0.072 < cCu < 0.3 wt%

0.367 cCu>03wt%

The flux-time dependence has been introduced through the definition of an adjusted
fast fluence, FadjUSted, given by:

F -F ( l | L 5 2 X l ° 9 )

where the fast flux, fa, is given in units of n cm"2 s"1 and the fast fluence, /•>, in n cm"2.

Note that the flux effect in the CRP term is still under discussion [30].

The embrittlement correlation was fitted to the whole database and the constants were
adjusted by least squares. It was found that this two-feature model provides an excellent fit to
the large (609 ATT points) U.S. power reactor surveillance database, with a standard error of
±13°C [26]. Part of this success was due to atomic scale simulations that provided insight on
nanostructural evolution processes that could not be obtained by other means [20].

The model and equations presented above, constitute the state of the art of the
technological understanding of radiation damage in steels for nuclear applications. The
expressions have international scientific consensus and will soon become a standard-tool to
be applied in many plant life-extension programs. Progress towards harmonization of criteria
among countries, in a subject of such a high safety concern as radiation embrittlement of
RPVs of NPPs, can be accelerated through the coordination activities of IAEA.

International agreement between experts, which is promoted by the responsible
agencies in different countries, needs the support of IAEA to take off within an integrated
plan at an international level.

In the last 25 years, IAEA has placed strong emphasis in nuclear data for radiation
damage and dosimetry evaluation of the RPV neutron flux. Significant effort has also been
put on fracture mechanics procedures and testing through several IAEA\CRP programs. This
is the moment to look with a new physically based insight into empirical correlations
between microscopic damage calculations and macroscopic property changes.

In the same way that in 1972 the NRT formalism, which represented the
breakthrough at the time, was adopted by the international community as the methodology to
calculate the amount of fast neutrons damage at an IAEA Specialists meeting, the next
outcome of IAEA could be the implementation of an integrated approach that would embrace
in a single interpretation different types of materials irradiated in different facilities.
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Figure 2: Embrittlement arising from the formation of Cu-enriched clusters (CRP)
in a forged steel irradiated at a flux <pf= 1.19 x 1010 n cm2 s'!. Fluence dependence
for forgins with different contents of Ni and Cu (CQ, = 0.1 wt.% and c&, = 0.3
wt.%), cNi = 1.26 wt.% (line) andcm = 0.044 wt.% (dash).

Recently, initiatives supported by IAEA had focused on WWER vessel embrittlement
[31]. The surveillance database for these types of reactors have in recent times been enlarged
and trends to handle the radiation degradation occurring in WWER-1000 have been reported
[32,33]. In this sense, the initiatives of IAEA should point towards an enlargement of the
global understanding which could integrate the vast majority of RPVs in the world, all
assessed with a uniform tool.

However, despite the improved correlations developed on the basis of the up-to-date
scientific knowledge, it is clear that the equations presented above do not imply a predictive
capacity for general irradiation or alloy characteristics. Predictive models of the plastic
behavior of materials are still under construction; their significant rate of progress suggests
that continuing the effort on the basic science of metals and alloys will soon increase
substantially our comprehension of such phenomena.

Scientific perspectives
The progress made to improve embrittlement correlations that accurately predict RPV

steel degradation still requires basic research activities on fundamental issues in metallurgy.
At present, the research effort is focused on an ensemble of tools to address different time
and length scales that are relevant to determine the mechanical response of materials. This
multi-aspect view of the problem is a consequence of the huge development of
computational materials science that, in a decade, has provided numerous and valuable
results to help in our understanding of basic material's properties.
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Figure 3 helps to give a comprehensive overview of the multiscale approach. At the
smallest length scale, the electronic behavior controls the cohesion and structure of materials.
Their description is essentially based on the Density Functional Theory that provides a
framework to deal with the many body nature of the electronic interactions. The practical
description of molecular dynamics using this formalism made a substantial progress with the
seminal article by R. Car and R. Parrinello on ab initio molecular dynamics in 1984 [34].
The complexity of this formalism, however, limits its use to small systems, and it is usually
the case that the physics of defects is just at or beyond the capacity of present day computers.
Fortunately also in 1984 an ensemble of models based on a simplification of the density
functional formalism opened the possibility to describe simple metals and their alloys with a
precision never reached before with classical potentials, at a computational cost low enough
to allow millions of atoms to be described in molecular dynamics. These were the
contributions by M. Daw and M. Baskes [35], M. Finnis and J. Sinclair [36], and F. Ercolessi
et al. [37]. With them, crystalline defects created by energetic collision, as those produced in
irradiated materials, started to be studied in quite realistic simulations. This is the inset (a) in
Figure 3. The first contribution of this approach showed significant differences with the
traditional Binary Collision Approximation (BCA) used in radiation damage at that time and
implied in the NRT formula. Cascade core melting and re-solidification lead to a major
recovery of the early defects [38].

stress concentration

cleavage cracking at high stress

cluster obstacles to slip

radiation damage
crystal lattice defects

Figure 3: Schematic illustration of the sequence of basic embrittlement processes:
(a) creation of primary radiation damage defects; (b) formation of nanoscale
solute and defect clusters (iron atoms are not shown); (c) pinning of dislocations
and hardening by nano-features; (d) hardening enhanced cleavage fracture; at a
(e) stress concentration. From Ref. [26].
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The implications of these new findings were elaborated in the early 90's and, as the
progress in the models describing the materials continued, the role of alloying elements or
impurities in the evolution of the microstructure was initially incorporated.

These developments were not only done in the molecular dynamics approach but also
in the kinetic Monte Carlo frame giving the evolution of irradiation-created defects and their
interaction with solute atoms. In this way simple defects in pure materials and alloys, as well
as elements of thermodynamics of alloys were studied in detail providing new insight into
the atomic scale of the core metallurgical problems.

Examples of the results obtained with these tools are shown in Figures 4 and 5.

neutron E < E

Vacancy-solute cluster complex

*

/

Figure 4: An illustration of cascade primary-damage production (iron atoms are
not shown in a-c andf): (a-c) MD simulation snapshot of initial, intermediate, and
final dynamic stage of a displacement cascade; (d-e) vacancy and self-interstitial
defects; (f) vacancy-solute cluster complex formed after long-term cascade aging.
From Ref. [26].

At a longer time scale, after a few picoseconds of the initial collision, diffusion of
irradiation created point defects, as well as radiation enhanced diffusion of preexisting
defects or solute atoms, start to play a role. This stage may take from picoseconds to
thousands of seconds, spanning many orders of magnitude of time scale that is certainly out
of the possibilities of molecular dynamics.
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a 72ps

< f 11> projection
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Figure 5: Molecular dynamics simulation of the interaction between an edge
dislocation and an overlapping, truncated vacancy stacking-fault tetrahedron
(SFT) in Cu. a-c, (ill) (top) and illO) (bottom) projections of high-energy atoms
show the motion of two Shockley partial dislocations on their fill] glide plane
and their interaction with an overlapping vacancy SFT at a 7.2, b 16.0 and c
16.8 ps after application of a 300-MPa shear stress. A triangular vacancy platelet
that is bounded by (110) directions forms a single SFT. A triangular vacancy
platelet bounded by two illO) and one (112) directions forms two partial SFTs,
one above and one below the initial plane; we define this as an overlapping
truncated SFT. From Ref. [42]

Figure 6: Center-ofmass trajectories of (a) 2 interstitial migration for 0.8 ns and
(b) 3 interstitial migration for 1.6 ns at 1000 K. The units are in lattice parameters.
All the straight-line segments are oriented along the <111> directions. 2I's can
change direction more frequently than 31's. From Ref. [39].
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The kinetic Monte Carlo calculations, based on input parameters from molecular
dynamics, allow us to follow the time dependence of the nanostructures evolution [39]. The
output of this stage is represented by inset (b) in Figure 3 and more in detail in Figures 6 and
7.

The nanostructures so created interact with the dislocation motion producing the
observed changes in mechanical properties. This dislocation-defect interaction is a central
problem in metallurgy.

Simultaneous to the development of molecular dynamics and Monte Carlo, a new
avenue of research came into play with the introduction of 'dislocation dynamics' in the mid
90's by French and American teams [40, 41]. This model allows a rich description of
dislocation-dislocation and dislocation-defect interaction, and represents a significant step in
the development of predicting capabilities of mechanical response of materials.

Vacancy (free)
Vacancy (in eitwter)
ln<»r«liti*l (tr»«)
Interstitial {In cluster)

J /U^l

1 0 " io'10 lo"5 i o * to "

Time <s)

10* 10° 10s

Figure 7: Time evolution of the defect distribution during annealing of a 20 keV
cascade at 600 K. From Ref. [39]

Complex dislocation reactions and multiplication mechanisms, devised long ago and
described within the elastic continuum, were re-visited with this new tool. Its application to
radiation damage problems seems to provide explanations to complex micro scale
phenomena [42]. This is shown schematically in the inset (c) in Figure 3 and in Figure 8.

Today, molecular dynamics (either in classic and ab-initio approaches) for the early
stages of damage, kinetic Monte Carlo for the defect annealing stage, dislocation dynamics
for the dislocation multiplication and dislocation-defect interactions, quasi-continuum (late
90's) for the polycrystalline behavior represented by inset (d) in Figure 3, and finite elements
for the elasto-plastic regime at the engineering scale, inset (e) in that Figure, constitute the
ensemble of tools used in 'multiscale modeling of materials' [2].

A sample of the predicting capacity attainable today is the stress-strain or
deformation curve obtained by the concatenation of this multiscale approach, shown in
Figure 9.
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Figure 8: Dislocation dynamics results of channel formation and flow localization.
a, Results ofDD simulation in Cu irradiated to PB = 8.24 XJO21 m3 with an initial
network dislocation density ofPN = W12 m '2. The 10-jum side computational cell
containing the dislocations and point defects with defect-free channels is shown, b,
Two-dimensional projection of a. From Ref. [42].

An additional significant effort that will provide feedback to the computational
modeling is the experimental program within the REVE project (REactor for Virtual
Experiments) [53]. This is an international joint initiative to provide ad-hoc experimental
data on model alloys lead by the Belgian Nuclear Research Centre, SCK-CEN, together with
Electricite de France, EDF, French CEA, Spanish CIEMAT, and French, Belgium and

15



British Universities, in close contact with American and Japanese laboratories currently
engaged in similar challenges.

A neutron irradiation campaign of model alloys of growing complexity (from pure Fe
to binary and ternary systems, up to real RPV steels) was performed in the Belgian test
reactor BR2 during 2001. The subsequent material characterization is currently being carried
out at different laboratories involved in the project. These data will significantly help to
validate, improve, and optimize the multiscale tools.

Counting on the success of this initiative, a further effort is being made to extend the
tools to other materials of interest for the nuclear industry, like Zr alloys and austenitic steels,
by a dedicated European Commission project, SIRENA. A CE Network for Improvement of
Techniques for Multiscale Modeling of Irradiation Effects (ITEM) that will focus on
materials other than RPV steels has also been launched. [53]

It is expected that altogether, this body of research will provide the best
representation of mechanical response of irradiated materials.
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Figure 9: Dislocation dynamics (DD) results of stress—strain curves. The stress-
strain curves obtained with DD simulations for Cu irradiated to 9B — 8.24 X
102! m ~3are shown. Without irradiation the system yields at about 37 MPa. When
the defect density along the line (PD) is such that PD ~2> PB, a clear yield point
followed by a yield drop can be observed. However, when the average spacing
between defects along the dislocation line is 30 nm, which is comparable to that in
the bulk, the system yields at a slightly higher stress and only a very diffuse yield
drop is apparent. From Ref. [42].

To end this section, we show in Figure 10 highly detailed views of dislocation
emission during crack propagation obtained with a massively parallel computer able to deal
with tens of millions of atoms. These figures show the power that algorithms and hardware
have to offer to the scientific community to ultimately reach the goal of developing a
predictive capacity of the mechanical properties of real materials.
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Figure 10: Blunting dislocation loops emitted backward from the crack front and
jogging dislocation loops generated from the junction between free surfaces and
the crack front: 35 million atoms interacting via EAM Cu potential. The strain rate
is O.OOlt'o (about l(f s'1). Particles are colored by atomic potential energy; to
visualize dislocation loops and the crack front, only particles with atomic potential
energy between -5.89C and -3.8S are shown, (a) The first backward dislocation
emission (t=9.5t0); (b) the dislocation loops in the region after removing free
surfaces, viewed along the crack front (t=25t0); (c) the emission sequence shown in
the z=0 plane (t=25t0). From Ref. [43].
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Recommendations for IAEA activities
In the last 25 years, the IAEA perspective has influenced the international forums on

radiation embrittlement and life management of RPV steels.

In fact, in 1971 IAEA organized the Phase I of a Co-operative Research Program on
Irradiation Embrittlement of Reactor Pressure Vessel Steels. This program started with eight
countries in 1971, and finally sixteen countries took part in Phase III of the Program in 1983.
The program focused on an international comparison of steel radiation damage
characterization.

The outcome of the Program extended existing databases and motivated further
considerations of the causes of neutron irradiation embrittlement [4,44]

In 1981, the IAEA advisory group on nuclear data for radiation damage and related
safety aspects, at the ASTM-EURATOM Symposium on Reactor Do simetry, highlighted the
relevance of the uncertainties in the correlation between microscopic damage calculations
and macroscopic property changes in irradiated materials, and considered their effects as an
important issue on life-time predictions for reactor structural components [45].

In 1993, the results of REAL-80, -84 and -88 projects were reported. These exercises,
initiated and coordinated by the Nuclear Data Section of the IAEA, were executed with the
aim of improving the neutron metrology procedures for the description of the irradiation dose
received by reactor materials [46].

In 1996, in the frame of a program to assist the countries of Central and Eastern
Europe in evaluating the safety of theirNPPs, IAEA coordinated several tasks as a 'Research
Program on a round-robin exercise on WWER-440 RPV embrittlement' [47], and a
'WWER-440/213 Pressurized Thermal Shock Analysis Benchmark Exercise' [48]. In 1999,
Havel reported an overview of these on-going activities [31].

In 2001 plans have been initiated at EPRI (USA) to participate in an IAEA
experiment to simulate through-wall attenuation. The Materials Reliability Program of EPRI
has manifested that inherent inaccuracies in the method of evaluation of radiation
embrittlement have led the regulatory agencies to continuously increase margins to account
for uncertainties. It has also recognized that long-term operability is at risk for several
American NPP's that will approach the end-of-life and consequently had launched a plan to
address materials issues like microstructural characterization of irradiated materials in the
next 3 years (2002-2004) [3].

From the summary above it can be concluded that IAEA played a significant role in
the seventies at the time of standardizing the use of DPA as an exposure index and that since
then it has also being playing a valuable role as coordinator of large multinational, medium
to long-term initiatives, to extend databases, and to collect the information gathered at
different facilities and make it freely available.

From now on, the IAEA should continue playing its role as a supplier of information,
as a forum for international discussions, and as the active instrument in maintaining
international safeguards [49]. But additionally, because basic materials science is
experiencing a revolution that includes radiation damage theory as well, IAEA faces a
challenge to become a visible part in this activity. Therefore the future tasks of IAEA might
include the promotion of the radiation damages studies. These studies have to be mainly
focused on the development of better theoretical models and computer algorithms to describe
the mechanical behavior of irradiated materials as represented by the data available today, or
in the near future. The outcome will help member countries in finding safe solutions to their
problems in connection with the radiation embrittlement of the RPV's of their NPP's.
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This task needs a concerted international action. From what has been presented in the
preceding sections, it is clear that the world's efforts in this area involve multidisciplinary
teams working together in international collaborations and making use of the state of the art
in computer technology.

The declared objective of both IAEA and the Abdus Salam ICTP of making an
internationally visible and substantial contribution to the field of radiation damage in nuclear
materials is challenging. We believe that the way to reach the goal of becoming part of this
global endeavor can be achieved through promoting international collaborations, linking the
efforts of small or moderate groups in member countries, to large, well-developed and
funded research groups in developed countries.

To this end, a specific program in the spirit of the Coordinated Research Programs of
IAEA can be built on the basis of different modules and their expansions, Each module
should be designed to fulfill specific requirements and be addressed to solve topic issues.
Examples are given below.

We are convinced that with the IAEA-ASICTP support and endorsement, such a
program may have a significant impact on the research activity on nuclear materials in
central and non-central countries. Several factors support this impression: a genuine
commitment to provide financial support in the mid-term basis is an attractive offer to the
research community in non-central countries. For the central countries, the role of IAEA
providing a forum for the exchange of ideas in this area is significant, as it will help getting
the international consensus needed for safeguard design.

Additionally, IAEA may play a substantial role in helping spread the knowledge on
computational materials science applied to nuclear materials among its member countries, by
its usual financial instruments as Research Contracts and Training Visits to promote
exchange of researchers with the leading groups.

We therefore suggest, in what follows, the initial steps of a medium to long time
endeavor; we think the initiative can be scaled up to incorporate several active groups.
Similarly, regional concentration of effort on computational materials science activity in
Latin America, Asia and/or Africa is possible and would be beneficial for the productivity of
all the scientists concerned.

Some steps that may fit into this modular conception are given below in a non-
exhaustive way.

• Applied Research Program that would include a number of research grants to
established groups in non-central countries to work on some of the fronts of the
multiscale modeling in a concerted way with REVE, American or Japanese teams.
Inspired on the fact that today the major challenge is to go from pure Fe to realistic
alloys, these areas could be:

For the irradiation stage:

• Development of better empirical potentials for Fe that include
some of its high temperature phases. Development of potentials for
model alloys like Fe-Cu, Fe-Mn-Ni, Fe-Mn-Ni-Cu. Precise
assessment of the phase diagrams that are obtained.

• Determination of the short time behavior of these alloying
elements under irradiation. Determination of the initial stage of

19



damage in these alloys, with quantitative evaluation of the nano-
features produced by the irradiation

• Determination of the time evolution of the nano-features and the
nature of the interaction of the resulting defects with the
dislocation network.

For the hardening stage:

• Incorporation of defects and interactions calculated in the steps
above into the dislocation dynamics codes.

• Determination of the role of grain boundaries in the model alloys
under irradiation.

• Comparison with, and interpretation of the available experimental
results such as those of REVE, as they are released.

Other examples of applied research areas are given in the next section.

• Organization of one of the periodic international conferences on radiation damage
and/or multiscale modeling of materials in a non-central country in such a way that the
leading scientists in the field get acquainted with the existence of an effort to develop
that field in that part of the world, that is confidently financed and endorsed by renowned
institutions. A possible outcome of this meeting may be the establishment of a formal
partnership and a research program in close coordination with one of the international -
multinational programs in the field.

• Organization of workshops on computational materials science in non-central
countries, including tutorial sessions, oriented for example to Latin American
researchers that are working in, or want to enter the field, and designed to foster regional
collaborations, which at present and for this particular example, are below the potential
of the local human resources. This activity can be linked to the previous one and may
have the support of IAEA to bring in participants from developing countries. Related to
this, there exists the opportunity to set up or reinforce educational programs in nuclear
technology on a regular basis, taking advantage of the experience of already existing
educational centers like Instituto Balseiro in Bariloche, Argentina, which delivers a
degree on Nuclear Engineering, unique in Latin America nowadays, which is reinforced
by the large activity in materials research at Bariloche.

Examples of research areas
Today, the key issues that will help the development of improved predictions have

been identified [51]: To be predictive, embrittlement correlations should connect
macroscopic mechanical behavior with the basic physical laws at the atomic scale.

As it has been clearly established above, research on radiation damage nowadays is a
multidisciplinary task. Arguments have been given above to support the idea of helping
research on Multiscale Modeling rather than on experimental aspects of the problem. Any of
the diverse fronts of Multiscale Modeling is worth supporting. It is clear that the selection of
topics to be supported should follow standard procedures of funds allocation related to
quality and opportunity according to institutional priorities. In what follows, and only as an
example, we give possible areas of research. It includes thermodynamic aspects of radiation
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damage, interface plasticity, and dislocation dynamics, which may give a substantial
contribution to the progress of the field.

Even considering the substantial progress in the comprehension of the microscopic
processes at the early stages of radiation damage gained with the help of computer
simulations, most of the present knowledge is for pure elements. The reason can be found in
the complexity of real materials which cannot be described with the simple approximations
needed to deal with millions of atoms. These large numbers are required to capture the
collective behavior of large defects. It is then a trade-off between the size of the system that
can be simulated and complexity of the interaction model used.

Nowadays, many thermodynamic equilibrium and non-equilibrium properties of
metallic systems can be addressed with ab-initio techniques. However, this can only be done
for very small systems, of the order of a thousand atoms at most. Therefore it is important to
be able to incorporate, and have some control on, the thermodynamics that emerges from
empirical models. This is a subject that is gaining importance at present and therefore it
would be important to explore the equilibrium phase diagrams of a series of many-body
empirical potentials that are currently used in molecular dynamics simulations of the early
stage of damage in metals, with particular emphasis on those model systems where
simulation data are available in the literature.

Once this knowledge is available, the thermodynamic driving forces that operate in a
collision cascade and the subsequent annealing and aging stages can be studied in detail. In
this way it would be possible to determine the early stage of damage in real alloys. This early
stage is the relevant state to predict the micro structure evolution. Similarly, cascade aging
and delayed defect production is controlled by the thermodynamics implicit on the model
used, and controls the longer-term evolution of the vacancy-cluster-solute complexes initially
formed in cascades.

Concerning interface properties, it is expected that with the knowledge gained in the
thermodynamic study proposed in the previous paragraphs it will be possible to see how it
effects interface segregation and sliding under irradiation. Solute segregation is known to
weaken or strengthen the interface; how irradiation influences this behavior has not yet been
described.

Dislocation dynamics is successfully addressing more realistic problems, among
them, polycrystalline plasticity, anisotropic crystal behavior, and dislocation-defects
interactions.

All these subjects act at the same time as driving forces to push the hardware
development of massively parallel computers. As one of the principal customers of the
supercomputing centers, computational materials science benefits from this synergy.

Finally, work in close collaboration with NPP operators to define plant life extension
programs would be of significance, particularly in relation to the evaluation of neutron
spectrum effects. The prediction of most PHWR RPV lifetime has to be reconsidered using
the newly developed physical models [24]. These models may help in the re-interpretation of
the results of accelerated irradiations.
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Deliverables
The outcome of such an initiative can be measured in terms of two variables:

First deliverable. Contribution to make the multiscale modeling of materials a
more powerful tool for the nuclear industry and the NPP operators in the definition
of life extension programs, and the Regulatory Agencies in establishing the rules for
safe operation of NPPs.

Second deliverable. Active participation of IAEA - ASICTP in the world's
effort on multiscale modeling of materials. We believe that the only way to
participate with a substantial or at least visible share in this effort is to promote
collaborations with some of the international teams working on it. This can only be
achieved with the physical presence in the gathering events, and the exchange of
researchers and students among the groups.

Conclusions
In this report we have presented an overview of the state of the art of the engineering

and scientific aspects of irradiation embrittlement of steels for nuclear applications. The
engineering approach is gaining international scientific consensus and will soon become a
standard-tool to be applied in many plant life-extension programs.

Progress towards harmonization of criteria among countries, in a subject of such a
high safety concern as radiation embrittlement of RPVs of NPPs, can be accelerated through
the co-ordination activities of IAEA, and this is one of our recommendations for future
actions of IAEA.

The basic research in mechanical properties of materials is a complex
multidisciplinary approach based on supercomputer capabilities and sophisticated
algorithms. It has immediate application in the nuclear industry. Participating in a
collaborative basis with groups having access to such facilities is the other recommendation
we believe is worth supporting by a concerted action between IAEA and the Abdus Salam
ICTP.
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