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"Experiments are never wrong,
it is our judgment or interpretation that is wrong"

Leonardo Da Vinci
(1452 - 1519)






ABSTRACT

This report provides a physically—based engineering model to estimate the radiation
hardening of 9%Cr—steels under both displacement damage (dpa) and helium. The model
is essentially based on the dispersed barrier hardening theory and the dynamic re—solution
of helium under displacement cascades. However, a number of assumptions and
simplifications were considered to obtain a simple description of irradiation hardening
and embrittlement primarily relying on the available experimental data. As a result, two
components were basically identified, the dpa component that can be associated with
black dots and small loops and the He—component accounting for helium bubbles. The
dpa component is strongly dependent on the irradiation temperature and its dependence
law was based on a first—order annealing kinetics. The damage accumulation law was
also modified to take saturation into account. Finally, the global kinetics of the damage
accumulation kept defined, its amplitude is fitted to one experimental condition. The
model was rationalized on an experimental database that mainly consists of ~9%Cr—
steels irradiated in the technologically important temperature range of 50 to 600°C up to
50 dpa and with a He-content up to ~5000 appm, including neutron and proton irradiation
as well as implantation. The test temperature effect is taken into account through a
normalization procedure based on the change of the Young's modulus and the anelastic
deformation that occurs at high temperature. Finally, the hardening—to—embrittlement
correlation is obtained using the load diagram approach.

Despite the large experimental scatter, inherent to the variety of the materials and
irradiation as well as testing conditions, the obtained results are very promising.
Improvement of the model performance is still possible by including He—hardening
saturation and high temperature softening but unfortunately, at this stage, a number of
conflicting experimental data reported in literature should first be clarified.
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EXECUTIVE SUMMARY

Background

A number of new nuclear systems are under development worldwide including fusion
systems, fission reactors of the fourth generation and accelerator driven systems. In the
design phase of such nuclear components, it is important that engineers can rely on the
material property database not only in the baseline (unirradiated) condition but also on
their behavior upon irradiation. While the material properties in the unirradiated
condition can easily be determined, their post—irradiation behavior is more complicated to
assess for two main reasons. The first is related to the inherent difficulty of characterizing
irradiated materials (hot cells, excessive costs, ...). The second is associated with the
difficulty to provide representative conditions which are not accessible with available
irradiation instruments. In the systems that were cited above, not only displacement
damage but also helium generation will be present. It is important therefore to estimate
the evolution of the mechanical properties when both dpa and He are present.

Scope and objectives

The HELENA project was initiated primarily to provide engineering tools that can be
used to assess the material behavior under the combined effect of displacement and
helium damage. Radiation damage results in a significant hardening and embrittlement of
the material. Because of its engineering orientation, it is important to provide a procedure
that can easily be implemented in engineering design. The property that is of prime
importance is fracture toughness or more specifically the resistance against brittle
fracture of the materials. Unfortunately, for most irradiated data, this is not
straightforward but instead obtained through a correlation procedure. Namely, the
fracture toughness transition curve is obtained by equating the shift of the transition
temperature to the shift of the ductile-to-brittle transition temperature (DBTT) obtained
from Charpy impact data.

Modeling Approach

Because of its engineering nature, the modeling that is developed here is based on the
following strategy. It is clear that commercial materials are very complicated and differ
significantly from model alloys such as binary or ternary alloys, single crystals ... A
number of assumptions or simplifications are required to be able to model their behavior.
However, rather than doing this empirically, a physically-based approach is preferred. In
other words, available physical understanding should be reflected by the model. For
example, if a diffusion mechanism is involved in the investigated process, the diffusion
equation should appear in the model. However, while the kinetics should follow some of
these physical laws, the amplitude of the material variables can be fitted on the
experimental results without losing their physical significance. For example, the
activation energy of a physical process can be fixed to a specific value, lower or higher
than in a simple system but the order of magnitude should be conserved.

The model is based on two components, the first one related to radiation damage (dpa—
damage) while the second is related to helium damage (He—damage). Both components
are essentially based on the dispersed barrier hardening theory. For the dpa component,
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the effect of irradiation temperature is rationalized using the annealing data associated
with a first-order annealing kinetics. The fluence dependence was modified to account
for hardening (defect) saturation. The dpa—component can be written as:

I D
Ac® ~C, xexp|—v exp| — x |1—exp| ———
g a p|: p( k T;'rrad J:| p( (D(L)Ipa j

where @ is the neutron dose, T4 is the irradiation temperature, £ is the Boltzmann

constant, and Cgpa, v, I" and (Dg”“ are constants.

The He-component is based on the Trinkaus [J. Nucl. Mater. 318 (2003) 234-240]
description of dynamic re-solution of helium bubbles under displacement cascades in the
temperature range of interest (50 — 600°C). The He-component is given by:

AO'f‘)' ~ CHe><{!H(&><(He/a’pa))m’2/¢f3 DZ}I/ZMW

where ¢ is the dpa rate (K), (He/dpa) is the Helium—to—dpa rate, ®" is the
threshold dose below which no He—effect is observed, D is the He—diffusion coefficient

(D =D, exp[— U"J , U=~0.93 eV is the He-migration energy, Dy ~10° m’s" is a
irrad

temperature independent constant) and and m are constants (8x10>° m*, m = 7).

For each component, the hardening amplitude is fitted on one experimental condition.
The total hardening is obtained through a linear (p=1) or quadratic (p=2) superposition
law.

— p p |l/p
Ao—mtal - (Aadpa + AO—He)

The available data and their large scatter do not allow to unambiguously prefer one or
another superposition law. In the case of a quadratic superposition law (p = 2), the

constants of the model are: Cgp, = 500 MPa, v = 10, T =0.9eV, <J>g”’“= 3 dpa, Cye =300
MPa, U,~0.93 eV, Dy~10” m’s™", ®rehold = @sgg 000 e dpa, S~ 107 m*, m=17.

Experimental database

Irradiation effects on structural materials are usually monitored by examination of their
irradiation—induced hardening and embrittlement and these are often measured using
tensile and Charpy impact tests (DBTT). Unfortunately, the DBTT data can be
misleading. Moreover, they are comparatively scarce in comparison to tensile data. It was
shown that the hardening can be correlated to embrittlement using a physically—based
load diagram concept. Therefore, the tensile data, or more specifically the yield strength,
were selected to build the experimental database.

A literature survey showed that in order to have a representative database, it was
necessary, in a first step, to incorporate various heats of the generic 9%Cr—steels and to
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ignore their differences in terms of chemical composition and heat treatments. In a
subsequent step, chemical composition will be examined in few cases.

Because available experimental data were obtained either at room temperature or, more
often, at the irradiation temperature, it was necessary to normalize all data to a single
reference temperature, namely room temperature (25°C). The normalization procedure
takes the change of the Young's modulus temperature dependence into account together
with the anelastic deformation that appears at high temperature. As a result, the
normalized yield strength (to room temperature) can be derived as :

where: o' =2.67 104 K" if T <RT
a'=5510"K" if 600°C>T>RT

The validity of this relation was demonstrated on a number of experimental data.

The literature survey that was carried out resulted in gathering a large number of tensile
data on various 9%Cr—steels. The above mentioned normalization procedure was applied
to all experimental data of the database to estimate the irradiation hardening at room
temperature.

Findings

Despite the number of assumptions and the relative simplicity of the two—component
model, the obtained results are very promising. It is very important to emphasize that
because of the simplicity of the model developed in this work, cancellation of the
contributions of other components such as chemical composition or spectrum and rate
effects are not excluded. The simplicity of the presented model is dictated by the
available experimental database. The database that was used is not ideal and a number of
conflicting data are still not resolved. In particular, the effect of irradiation temperature is
not fully clear. It was also assumed that, contrary to the dpa—contribution, the He—
contribution does not saturate. Actually, it should but available data do not allow to
reliably account for this saturation. The appropriate superposition law also cannot be
assessed because of the lack of experimental data in the desired range.

It is clear that the present model in its simple form can be improved but this cannot be
done without additional experimental data. Nevertheless, the present model can help in
defining the appropriate experiments to be performed, as this is also one of the main
objectives of modeling.

Recommendations for further research

The variety of materials heats, heat treatments, irradiation reactors, environmental
conditions (temperature, dpa, , ...) call for a radiation monitoring system that allows
verification of the experimental results. It is highly recommended to include a monitor
material that should be used in each irradiation setup.

Irradiation temperature effects should definitely be clarified. It is highly recommended to
investigate this effect by minimizing other variables that also affect the material response.
This means that a single material with identical specimen configurations should be
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irradiated in the same reactor at different temperatures. This should be complemented by
some post—irradiation annealing experiments.

One of the database gaps is the high dose — high He region. Specimens for such region
can be obtained by combining He—implantation with subsequent neutron irradiation. By
varying irradiation and implantation temperatures, dpa—levels and He—contents, the
database can be clearly enlarged and improved.

A more systematic study on the correlation between the various properties would be very
helpful. A tool such as the load diagram is recommended and should be experimentally
demonstrated. It should also be desirable to include experimental data where the
microcleavage fracture stress is affected by irradiation. Miniaturized specimens should be
used together with standard ones to validate these geometries. This is very important in
the perspective of IFMIF where the space availability is very critical.



|. INTRODUCTION

The successful implementation of fusion reactors as an efficient source of electrical
power generation requires the resolution of a number of critical issues set down by the
structural materials, in particular those of the first wall, divertors, limiters and breeding—
blanket components. These components are not only submitted to classical loading such
as thermo—mechanical stresses but also to neutron irradiation that drastically modifies the
material properties. The materials that constitute these components should be therefore
qualified to ensure their optimum performance and safe operation [1-5]. The latter is
extremely important in the nuclear context.

Hence, the interaction of high energy neutrons with metallic structural materials leads to
a number of radiation damage phenomena, including hardening, embrittlement,
irradiation creep, void swelling, and hydrogen— and helium—embrittlement.

In absence of irradiation, structural integrity calculations together with a material
property databank allow a quasi—straightforward selection of the appropriate material for
a specific application. Upon irradiation, the physical and mechanical properties of the
material are significantly modified and they are not easily quantifiable. Three important
objectives of modeling were pointed out by Odette [6]:

e it provides a framework in which the validity of the proposed mechanisms can be

quantitatively assessed;
e it provides a guide to design and to interpretation of the experimental results;
e it provides a systematic physical basis for extrapolation.

There are a number of reasons why difficulties are encountered for evaluating the
performances of such materials, among which the three following.

e First of all, these difficulties are inherent to the radioactive character of such
irradiated materials. In other words, the materials become highly activated
necessitating hot cells utilization.

e Second, it is impossible or very difficult to reproduce the actual service conditions
of operation of the materials to be characterized and evaluated.

e Third, the irradiation and testing costs prohibit evaluation of the complete testing
matrix. As a result, only scarce data are usually available to determine the
materials properties in the irradiated condition.

Besides the objectives outlined above, the importance of modeling finds essentially its
origin in the resolution of the abovementioned difficulties. Indeed, a model can easily
cover a much larger spectrum of operation conditions while it has been developed on the
basis of fewer conditions. However, by modeling, it is not meant very accurate physical
modeling as this is neither feasible nor possible nowadays. Rather, the modeling that is
considered here is of engineering nature, with the ultimate goal to cover as much as
reasonably possible the main parameters needed to describe the phenomenon. In other
words, the model should be simplified to its most simple formulation taking into account
the major influencing elements and including any physical background whenever
available. This means that empirical description or empirical constants are accepted only
when no alternative way is available. As a matter of fact, the model should be constrained



by the kinetics of the physical phenomena on one hand, and on the other hand the
amplitude is fixed by the experimental observations. Such an engineering type of
modeling approach was also used for other materials, such as reactor pressure vessel
steels [7-11] and austenitic steels [12-18]. However, while displacement damage is the
dominant damage mechanisms, the effect of helium damage was not quantified. The main
objective of the present work is to quantitatively estimate the contribution of helium and
dpa to the hardening and embrittlement of 9%Cr—steels. These steels are indeed seriously
considered for application in a number of nuclear components including fusion, fission
and spallation environments. It is important to mention however that all data presented in
this report concern base metal only meaning that weldments are excluded. Although
9%Cr—steels and weldments have a number of similarities, the irradiation behavior could
be similar [19] or different [20-21].

1.1. Engineering Modeling Methodology

Recent trends indicate an extensive interest in radiation damage modeling using computer
simulations within the frame of the so-called multi—scale modeling approach [22-28].
Although this approach is very important and desirable to pursue, it has today not the
capacity to predict commercially—available materials behavior under irradiation. Indeed,
while atomic—scale modeling considers simple systems such as binary or ternary alloys,
commercial materials cannot easily be represented by these model alloys. Commercial
alloys contain dozens of alloying elements and many of them, although in small
proportions, can drastically affect their radiation resistance. Therefore, another approach,
in parallel to atomic—scale modeling, should be promoted in order to provide tools that
can be used for engineering purpose, in particular for material selection and component
design. This approach, illustrated in Figure 1 combines mainly three ingredients, the
microstructural observations, the mechanical properties and materials science in a single
framework.

There are other alternatives to the modeling approach selected here that were reported
recently. The first one due to Kemp et al. [29] proposes an artificial neural network
approach to analyze irradiation hardening of ferritic/martensitic steels. Unfortunately, the
success of such an approach is very much dependent on the database quality and as will
be seen later, this is not yet sufficient as many gaps in the database should still be filled.
The second one, much closer to the one proposed in this work, was proposed by
Yamamoto et al. [30] who collected a large database on radiation hardening and
embrittlement of 9%Cr—steels and developed a semi—empirical model to rationalize the
experimental observations. Their analysis has provided a number of insights on the
effects of some variables but there was no systematic application of the model and
comparison to the experimental observations.

In the engineering approach, the general concept is to simplify as much as reasonably
possible the mechanisms responsible for the material degradation. This means that
second—order mechanisms will be neglected or lumped in a single “not fully resolved”
term which is of empirical nature. In reactor pressure vessel (RPV) steel embrittlement,
this approach was used very often with success. Three damage mechanisms are



considered in RPV hardening and embrittlement, copper precipitate hardening, matrix
damage and phosphorus segregation, and although a number of empirical parameters
were included, the phenomenological description is often physically-based. This means
that it is not a “simple” mathematical fit of a number of experimental data but rather is
“constrained” by some physical laws. In other words, the magnitude can be fitted to
experimental results but the phase or the kinetics should be described by a simplified
physical model. This means that if the physics indicates an exponential dependence with
respect to a variable while experimental data show a linear dependence, it is the
exponential form that should be taken.

For the problematic of helium, the same strategy as in RPV steel embrittlement will be
considered. This means that besides hardening due to precipitates, to point defect clusters
and dislocations [31-32], we will consider in addition helium. However, this is not so
simple because depending on the material (microstructure) and irradiation conditions
(irradiation temperature) the helium will affect the material properties differently.

mechanical
properties

modeling

tensile
Charpy impact

fracture toughness

crack resistance

solid state physics

dislocation theory
radiation damage theory

fracture mechanics

SANS
PAS
FIM/APT

materials science
— physics

microstructural
observations

Figure 1. Ingredients needed in an engineering modeling approach.

1.2. Report Outline

In the following, the main keywords included in the title will be clearly specified, in
particular the meaning of hardening and embrittlement, the engineering methodology that
was selected and the application to 9%Cr—steels.

The monitoring of irradiation effects is usually based on the change of mechanical
properties. Therefore, irradiation hardening and embrittlement and their correlation will
be presented in section 2. In section 3, the main results of the literature review on
irradiation effects on 9%Cr—steels will be given. The experimental database also based on
the literature will be detailed in section 4. Section 5 will detail the main elements of the
model. Application of the proposed model will be given in section 6 while the discussion
of a number of critical issues will be given in section 7. Final conclusions and
recommendations will follow in sections 8 and 9, respectively.



What is actually reported in literature? In most cases, tensile data (yield and ultimate
tensile strengths, uniform and total elongation) and Charpy impact data, more precisely
the ductile—to—brittle transition temperature (DBTT) and upper shelf energy, are the data
that are reported. Sometimes — if not very often — the data are not published but are
plotted in Figures. Then, only the yield strength increase and the DBTT—increase are
usually plotted as a function of neutron dose. Sometimes, the data are reported as a
function of irradiation temperature. Unfortunately, such Figures are misleading as the test
temperature is taken equal to the irradiation temperature. Moreover, the neutron dose
varies often in a large range. Also, the DBTT may vary depending on the way it is
determined and also the specimen size may be different (standard Charpy versus sub-
sized samples). Some experimental data although from irradiations in different reactors
(neutron spectrum, neutron flux) with probably different dosimetry measurements are
reported in a single diagram. As a result, the uncertainties on the conclusions when
considering all these experimental biases may be very large.



Il. IRRADIATION HARDENING AND EMBRITTLEMENT

2.1. Hardening versus embrittlement

In this report, focus is put on neutron radiation hardening and embrittlement of structural
materials. Of course, thermo-physical, corrosion, creep, fatigue, ... and other properties
are also important but these will not be considered in this report. As illustrated on Figure
2, the monitoring of radiation hardening is usually done by examining the yield strength
change while radiation embrittlement is monitored by the ductile—to—brittle transition
temperature (DBTT). These are the two main properties that are reported in literature to
quantify irradiation hardening and embrittlement. It is important to comprehensively
define these two parameters to be able to model them.

In practice, technological components are designed to operate under loading conditions
where the applied/generated stresses are well below the yield strength of the material.
Under irradiation, the yield strength of structural materials is changed. In most cases,
irradiation results in an increase of the yield strength and therefore the stresses in the
component remain in the elastic regime. However, in few cases, in particular at high
temperatures, material softening, i.e. reduction of the yield strength, can also occur. It is
essential to verify that this softening cannot induce dimensional instabilities that might
affect the operation of the component.

The DBTT is a reference temperature that is used in structural calculations to provide a
lower operating temperature limit of the components and materials. Above this
temperature, the material behavior is essentially ductile and therefore any high local
stresses can be accommodated by plastic deformation and therefore no unstable fracture
would occur. On the other hand, below the DBTT, unstable brittle fracture is possible
jeopardizing the safe operation of the component. In general, the materials are chosen
such that their operating temperatures are well above the DBTT.

However, upon irradiation, the DBTT is raised and therefore the lower operation
temperature limit is accordingly raised to higher temperatures. Therefore, it is extremely
important to capture these effects in order to ensure that the component is operating at
any time in the "authorized" safe temperature window. However, the DBTT, at least as
currently determined in practice, is not an intrinsic physical material property
characterizing fracture [33]. As clearly emphasized by Lucas et al. [34], there is no
unique DBTT for a material. The limited applicability of the Charpy impact test was also
pointed out in [35] but it is still used to monitor irradiation effects. More critical, under
some circumstances that will be seen later, it might bias (underestimate) the actual
embrittlement [36].

Another very important material property that is very useful to monitor irradiation effects
is the fracture toughness. This is probably the best monitor that directly measures the
resistance of a material against fracture. Figure 3 illustrates the irradiation effect on the
fracture toughness evolution with temperature. As it can be seen, not only the transition
curve is affected by irradiation by increasing the probability of brittle fracture but also the



ductile crack initiation toughness is substantially reduced in the ductile regime.
Moreover, although not directly obvious from Figure 2, the tearing resistance is
proportionally reduced as well. For example, around room temperature, Figure 3
indicates that while the unirradiated material has a high toughness (high resistance to
brittle fracture, ~270 MPaVm), after irradiation it would fail at room temperature in a
brittle manner already at very low loading levels (<40 MPavm). Of course, from a design
point of view, such a figure is extremely useful for structural integrity calculations.
Unfortunately, at it will be seen later, the available experimental data are too scarce to be
utilized in a modeling perspective. Moreover, modeling fracture requires first the
modeling of deformation.

loss of tearing resistance

unirradiated

stress ener
o[ J— = d

irradiated

hardening unirradiated
irradiated

I
I
I
softening | ¢
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|
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Figure 2. Monitoring irradiation hardening and embrittlement.

As reported by Odette [33], the fracture conditions can be correctly predicted by
combining the relationships between:
1. the applied loading and the local crack tip stress/strain fields;
2. these stress/strain fields and the local damage evolution in the crack tip process
zone; and
3. the critical damage condition leading to fracture.

The basic micro—mechanisms of the rupture process in the brittle fracture regime were
given by Odette [33]. Basically, fracture occurs when the local stress exceeds a critical
stress, the so—called microcleavage fracture stress, over a critical area ahead of the crack
tip [37-41]. This description was originally developed for ferritic steels but the same
approach can be applied to ferritic/martensitic steels [42-43]. The microcleavage fracture
stress and the critical distance depend mainly on the prior austenite grain size, the lath
packet size, and the size and number density of the carbides [42]. The microcleavage
fracture is usually assumed to be temperature independent [44] and remains little affected
by irradiation [45].
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It is important to mention that the DBTT values that are reported in literature are
questionable. Indeed, this temperature is arbitrarily defined at an energy level fixed to
50% of the upper shelf energy [46]. After irradiation, the upper shelf energy does not
necessarily monitor the irradiation effects and might in some cases bias the DBTT value.
It is not surprising to observe in some cases an increase of the upper shelf energy after
irradiation [47]. At high dpa—levels, dislocation channel deformation tends to occur [20,
48-49]. This phenomenon results from the removal of defect clusters by dislocation
motion and further provides the basis for an instability leading to a new mode of failure
called channel fracture [49-51]. Under these circumstances, in the upper shelf
temperature range, while static fracture toughness is significantly diminished, the
dynamic fracture toughness remains unaffected by irradiation. Actually, the deformation
mechanism is modified by the impact loading rate and therefore the DBTT when
evaluated at 50% of the upper shelf energy will be incorrectly smaller. Therefore, the
definition of the DBTT should be modified to avoid biasing this important parameter.

So, from a design point of view, the DBTT determined using Charpy impact tests is not
directly exploitable. Actually, it has to be correlated to fracture toughness transition
temperature. The latter provides a fracture toughness versus temperature curve that can be
compared to the loading conditions and further used in structural integrity calculations to
ensure that operation of the component is located in a safe temperature window. For
instance, for reactor pressure vessel ferritic steels, it is well accepted that the shift of the
Charpy impact transition temperature (ADBTT) is equal/proportional to the shift of the
fracture toughness transition temperature (AT oompavm) [52-55]. However, this simple
correlation cannot be extended to other materials or other experimental conditions.



There were many attempts to correlate hardening (yield strength increase) to
embrittlement (DBTT—shift) but these simple one—to—one correlations are still a matter of
debate. As it will be seen later, the hardening—to—embrittlement correlation in not linear.

The only appropriate property that can be modeled is the yield strength. Indeed, the main
effect of irradiation is the creation of defects that will act as obstacles to dislocation
motion. The dispersed barrier hardening theory, described in a number of reviews [16,
56-59], offers a frame in which hardening can be easily modeled. Hardening theory is
well described. It is clear that hardening and embrittlement are intimately connected and
therefore, it should be possible to relate them. In the following, it will be shown that such
hardening—to—embrittlement correlation can be provided through the use of the load
diagram approach.

2.2. On the correlation between hardening and embrittlement

From a modeling point of view, it is more practical to model the hardening than
embrittlement. In most published literature, an empirical linear relationship is assumed
between hardening and embrittlement [60-61] although some physically—based
correlations were already proposed [62]. Rather than applying a proportionality factor
between hardening (Acy) and embrittlement (ADBTT), it is possible by analyzing the
material flow and fracture properties in a physically—based frame such as the one offered
by the load diagram (see next), to provide a more physical relationship between
hardening and embrittlement. This way, even when non hardening embrittlement occurs,
this phenomenon can be taken into account.

2.2.1. Load diagram

The load diagram requires instrumented Charpy impact tests in combination with tensile
tests. Actually, instrumented impact test record offers an accurate description of the flow
and fracture of the material. In Figure 4, the load—time test records of Charpy specimens
tested at various temperatures are shown. These curves clearly show that the absorbed
energy increases with test temperature. Up to the maximum load, the specimen
continuously deforms with or without some ductile crack extension. The rapid load
decrease is indicative of brittle fracture. In the transition region where both ductile crack
extension and brittle fracture co—exist, as illustrated in Figure 5, it is possible to correlate
the load—time test record to the observation of the fracture surface. Each part of the
record can be associated with what occurs during the test. In particular, some
characteristic loads can be used to consistently relate them to the fracture processes.
Indeed, the characteristic loads:

Fgy : load at general yield

Fmn : maximum load

F. : unstable fracture load

F, : arrest load
correspond to specific events on the fracture surface. Except the general yield load, all
other loads are not physical but engineering parameters. Indeed, the general yield load
can be associated with the dynamic yield strength of the material. However, to be directly



exploitable, it is necessary to transform the load into stress to be specimen configuration
independent.
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Figure 4. Charpy impact test records as a function of test temperature.
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Figure 5. Charpy impact test record correlation to fracture surface.

It was shown in [63-64] that the stress during an impact test can easily be derived using
the following relation:
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pSF
o= 2
2C, (W-a)’B

where ois the stress, S is the span (=40 mm), F is the load, W is the specimen width (=10
mm), B is the specimen thickness (=10 mm), a is the notch depth (=2 mm),
Cyis the constraint factor which depends on the tup configuration: C/=1.274 for ISO tup
and C~1.363 for ASTM tup [64], B is a constant depending on the yielding criterion: =2
for Tresca and =3 for von Mises criterion. Actually, an intermediate criterion between

Tresca and von Mises (Baverage=1.866) gives the best agreement [65]. As a result, in the
case of a Charpy test with an ISO tup, the following conversion formula can be applied:

M

o(MPa) = yx F(kN) 2

where y=45.8 for standard Charpy impact tests with an ISO tup. In the case of sub—sized
Charpy impact tests of KLST—type, y =#597.5. Application to a typical 9%Cr—steel, Eurofer—
97, is shown in Figure 6 where a good agreement is observed between standard Charpy
impact tests (CVN) and sub—sized Charpy impact tests (KLST).

It was shown in [66] that during the Charpy impact test, the corresponding effective strain
rate is about 10 s Figure 6 shows indeed a good agreement between tensile data tested at
dynamic loading rate (10 s™) and the general yield strength value derived from both standard
and sub-sized Charpy impact tests. Of course, locally, the strain rate may reach 10° s™ but
when integrated over a representative volume of material where deformation occurs, the
equivalent strain rate is ~10 s as experimentally verified in [66]. Note that other stresses
(om, 0w and ,) are dependent on the initial ligament and do not have a physical significance
as the general yield stress (ogy).
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Figure 6. Both standard (CVN) and sub—sized (KLST) Charpy impact specimens provide
a unique general yield strength — temperature dependence. Static (£~1 10 s™) and
dynamic tensile tests (£~10 s™") are also included for comparison.

It is known that material deformation occurs according to a thermally—activated slip process

[67-73]. Basically, the yield strength can be represented by the sum of two components:

1. the athermal stress, o, accounts for the interaction between dislocations with long
range obstacles (precipitates, grain boundaries, ...);

2. the thermally activated stress, oy, accounts for short range obstacles (<10 atom
diameters) to dislocation motion. These short-range barriers include the Peierls-Nabarro
stresses and dislocation forests.

The yield strength as a function of strain rate ( £ ) and temperature (7) can be described by
the following equation [64]:

kT Ln(éy/é

1/m'
a(é,T)zap(l—aT)l—( m )] +0,,(0-al) (3)

c
where H. is the activation energy (enthalpy) of a given barrier, op is the so—called
effective Peierls stress, & is the intrinsic strain rate sensitivity of the material, m and m’

are constants that describe the lattice energy barrier, k is the Boltzmann constant and the
constant « is the coefficient of temperature dependence of the Young's modulus (a=2.67 10°
* K. This yield strength model is also called double kink nucleation model [74]. Note that
other formulations than equation (3) could also be used without any difficulty as far as they
represent the experimental data.

 Within the temperature range under consideration, the temperature dependence of the Young modulus is
assumed to be linear.
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Once the stresses are calculated, a diagram can be constructed which combines the static
tensile and the Charpy impact characteristic stresses of the material under consideration. A
typical example is shown in Figure 7 for a 9%Cr—steel. The static and dynamic yield stress
curves shown in Figure 7 are obtained using equation (3) while other curves are fitted to
experimental data with engineering constrained models [66]. As it can be seen, only one
parameter set allows to consistently represent the data shown in Figure 7. The shear fracture
appearance SFA—curve model (bottom Figure) is essentially based on the load diagram (top
Figure).

The load diagram approach rationalizes the instrumented Charpy impact and static tensile
data into a unique description of the material including the strain rate effects on the flow
properties and fracture behavior. More details on the load diagram can be found in [66].

Two important characteristic temperatures, namely T; and To, can be derived from the
load diagram. T is the brittle temperature and is defined as the temperature at which
fracture occurs in a fully brittle manner, corresponding to a shear fracture appearance
SFA = 0%. At Ty, fracture occurs at the general yield stress, G,4y. At and above To,
fracture is fully ductile (SFA = 100%).

The transition temperature, Ty offers a better alternative to the DBTT parameter that is
usually defined at 50% of the upper shelf energy. As it will be seen later, the use of T; to
characterize the DBTT reduces the probability to bias the actual shift of the transition
temperature.

The instrumented Charpy impact test allows also deriving the so—called microcleavage
fracture stress. This critical stress is assumed to be insensitive to test temperature and strain
rate [38-40, 75] if the cleavage mechanism occurs by slip (in contrast to twin—initiated
cleavage). The values that were obtained on 9% Cr — steels range between 2100-2400 MPa
[75-76], in the same order of magnitude of ferritic steels [66]. It is also very often assumed
to be unaffected or very little affected by irradiation [44] but its reduction or increase were
sometimes reported in literature. Tanigawa et al [77-78] reported a significant increase of the
microcleavage fracture stress for three 9%Cr — steels (F§2H, JLF-1 and ORNL-9Cr) as a
result of precipitate size change and amorphization. However, the method that was used for
o.—determination is questionable. Henry et al. [79] reported a decrease of the microcleavage
fracture stress in the He—implanted zone of a three point bend specimen. However, the
method that was used is also questionable; in particular their Figure 3 is not consistent as the
pop—in load corresponds to a stress well below the yield strength.
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Figure 7. Load diagram of Eorofer—97: stress—temperature and SFA correlation.

2.2.2. Irradiation effect on the load diagram

It is generally well established that irradiation hardening affects primarily the athermal
component of the yield strength [68-69, 73, 80]. This means that the shape of the
temperature dependence of the yield strength is not modified by irradiation. It should be
emphasized that all the parameters of the model except the athermal yield strength remain
unchanged by irradiation. This means that the load diagram in any irradiated condition
can be obtained from the unirradiated condition by modifying only the athermal yield
strength. This simple description of irradiation effects is not fully true. Indeed, in such a
case, the microcleavage fracture stress, also called critical stress, is implicitly assumed to
be constant [60]. A slight decrease of this critical stress with temperature is sometimes
reported [81]. It is usually accepted that cleavage fracture initiation is associated with the
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achievement of this stress over a critical distance [37, 82]. However, the microcleavage
fracture stress can be affected as well by irradiation, for instance in two specific cases,
under segregation of impurities or under He—bubbles diffusion to grain boundaries and
that can modify the fracture mode from transgranular to intergranular fracture [83-85].
So, the grain boundary weakening, without affecting the material hardening can enter into

play.

The microcleavage fracture stress, o., can also be estimated from the load diagram. It is
equal to the dynamic yield strength at T (brittle fracture temperature corresponding to
0%—SFA) times the stress concentration factor, Cy:

6. = Cyxa(T)) (4)

where Cyr~ 2.35.

This stress is usually assumed to be temperature and irradiation independent [44, 45].
Tanigawa and co-workers reported a significant increase of the microcleavage fracture
stress upon irradiation of 9%Cr—steels [77-78]. However, the procedure they used to
estimate the microcleavage fracture stress is doubtful because of the DBTT definition and
the stress concentration factor that was used. However, an increase of the o is not
excluded but the magnitude should be very small. Nevertheless, experimental data are
required to better quantify, if any, the change of microcleavage fracture stress. However,
in presence of intergranular fracture, the microcleavage fracture stress can be lowered
without hardening change leading to the so—called non—hardening embrittlement. As a
result, the hardening—to—embrittlement relationship is essentially governed by two
parameters, the athermal yield strength increase and the eventual change of
microcleavage fracture stress. Because the cleavage fracture stress is proportional to the
stress at Ty, the latter will be considered to determine the induced embrittlement.

At Ty, the yield strength is equal to:

m

0 . . 1/m'
o1 =0y (l—aT?)1- ("WJ v o, 1-a1) )

c
After irradiation, equation (5) becomes:

KT Ln(s, 1))
H

c

m

+ (6 an +AC 'rrud)(l —aT lirmd)

1

o(&. 77 = 01— a 777 )| 1 - [

Assuming that other material parameters such as op and H,, ... are not changed by
irradiation (only the athermal part is elevated), the relation between AT; =7,/ T, and

AGiqq 18 NON linear requiring a numerical solution. Note that the procedure described
above is similar to the one described by Wullaert et al. [45].
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In the following, first, the relation between hardening and embrittlement without change
of the microcleavage fracture stress is considered. Figure 8 illustrates the effect of
irradiation on the load diagram. As it can be seen, the increase of the athermal yield
strength component assuming a constant microcleavage fracture stress lead to an increase
of the transition temperature, T;. A similar load diagram with the same athermal yield
strength increase but allowing for a reduction of the microcleavage fracture stress is
shown in Figure 9, resulting in an additional non—hardening transition temperature
increase, ATnug. [82, 86]. Such non—hardening embrittlement can occur as a result of
enhanced radiation—induced segregation of impurity elements to grain boundaries or
radiation enhanced helium diffusion and accumulation to grain boundaries [84].

Unfortunately, experimental data on the alteration of the microcleavage fracture stress by
irradiation or where irradiation changed the fracture mode are very scarce.
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Figure 8. Relation between hardening and embrittlement in absence of non hardening
embrittlement.

As it can be seen, the microcleavage fracture stress plays an important role to determine
the relationship between hardening and embrittlement. Unfortunately, there are very few
experimental data on its dependence on temperature and irradiation. The microcleavage
fracture stress is often reported to slightly decrease with test temperature [87]. A decrease
of the microcleavage fracture stress was suggested by a number of investigators to
explain excessive embrittlement with regard to hardening, see for example [87-88].
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Figure 9. Relation between hardening and embrittlement in presence of non hardening
embrittlement.

Assuming the general case of invariable microcleavage fracture stress, it is possible to
estimate the relationship between the yield strength increase, AGam, and the transition
temperature increase, ATy. This relation is shown in Figure 10 indicating clearly the non—
linear character of this correlation. At low neutron dose levels corresponding to yield
strength changes below about 250 to 300 MPa, there is a quasi—linear relationship
between hardening and embrittlement with a slope of about 1/3 °C/MPa. However, above
300 MPa of hardening, the slope continuously increases and can exceed 1 °C/MPa above
about 450 MPa-hardening. This Figure clearly shows that simple linear correlation
between hardening and embrittlement valid at low dose levels might be very
unconservative at higher dpa levels.

It is important to emphasize that the relation between DBTT—change, yield strength
change and microcleavage fracture stress is not that easy and will depend on a number of
other parameters. An illustration can be found in [87] where for the same yield strength
increase and the same microcleavage fracture stress, the change of DBTT can still be
different. This would mean that the strain rate sensitivity or/and the activation enthalpy
are drastically affected by irradiation. However, this requires a full characterization of the
tensile and Charpy impact properties, which is usually not available.

It is clear that the correlation between hardening and embrittlement is not fully
understood because of the DBTT definition, such as the data reported in [81, 89]. For
example, a 9Cr-2WVTa steel irradiated at 365°C up to 7 dpa leads to a large increase of
the yield strength (Ac,=125 MPa) and a negligible embrittlement (ADBTT=4°C) which
obviously is strange. At a higher dose level, 14 dpa, the 9Cr-2WV exhibits a DBTT shift
and a yield strength increase respectively of 29°C and 141 MPa in comparison to 15°C
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and 147 MPa for the 9Cr-2WVTa [81]. Moreover, this abnormal behavior is not
confirmed by the data obtained at a higher irradiation temperature (393°C) [32, 90].
There is clearly an inconsistency between these two data series. Other indications also
support the bias introduced by the DBTT definition, as can be seen from the shape of the
transition curves shown in [88, 91-92].

300 9%Cr—steel .
Eurofer—97 7
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200
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Figure 10. Correlation between hardening (Ac,,) and embrittlement (AT)).

Finally, a good and full characterization of the material in the unirradiated condition is
essential to derive the effect of irradiation on the deformation and fracture properties. In
the irradiated condition, very limited and appropriately selected tests would be sufficient
to build diagrams such as those shown in Figure 8. Of course, some validation of the
procedure in few conditions is necessary but systematic characterization of irradiated
materials including tensile, Charpy impact and fracture toughness tests are not required at
each dose level. However, when change of fracture mode is suspected, it is important to
evaluate the change of the microcleavage fracture stress to account for the additional
non-hardening embrittlement. Simple tensile tests on notched bars associated with
detailed finite element calculations and scanning electron microscopy observations can be
used to determine the microcleavage fracture stress when required.

2.2.3. Load diagram application

It is essential to understand the importance of the general property—to—property
correlation concept and the particular case of the load diagram. It was already mentioned
that one of the parameters used to monitor irradiation effects is the DBTT. This DBTT is
conventionally defined as the temperature at which the absorbed energy is half the upper
shelf energy. In a recent investigation, it was experimentally demonstrated that the upon
irradiation of Eurofer-97 at 300°C, the DBTT—change is found systematically and
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significantly lower than the shift of the fracture toughness transition curve, AT oompavm
[36]. Moreover, the upper shelf energy level is not or very little affected by irradiation
while crack resistance measurements indicated a drastic loss of initiation toughness and
tearing resistance. On the other hand, the load diagram indicated a shift of the
temperature Tj that is in agreement with the shift of the fracture toughness transition
curve. This was attributed to the dislocation channel deformation phenomenon that is
different when the specimen is loaded at dynamic loading rates [93]. Therefore, most of
DBTT values reported in literature should be considered with care. On the other hand, the
correlation between the temperature T; and Tjoompam 1S more consistent (see Figure 11)
[36]. Actually, it is the ductile fracture component that affects the DBTT—value and
therefore an alternative way is to reduce the energy level at which the DBTT is evaluated
to a level where the fracture is typically brittle. Also, experimental data, where the upper
shelf level is not affected by irradiation or even increases after irradiation, do not indicate
that a significant decrease of upper shelf toughness and tearing resistance is possible at
static loading rate. This was confirmed by crack resistance tests performed at dynamic
(impact) loading rate exhibiting no or negligible effect of irradiation (see Figure 12) [93].
On the other hand, crack resistance tests performed at static loading rate show a drastic
effect of irradiation (see Figure 13). This clearly shows that a negligibly small effect on
Charpy impact upper shelf does not necessarily mean that static initiation and tearing
resistance would behave similarily. [93]. Close examination of the Charpy impact test
records at upper shelf temperatures of unirradiated and irradiated samples shows that both
load—time traces are very similar (identical) except in the very early (<1ms) phase of the
deformation process (see Figure 14) [93]. Actually, the material ahead of the notch is
modified (annealed) by the deformation process during this 1ms—phase and the irradiated
material cannot be distinguished from the unirradiated material above 1 ms.

These few examples clearly show the importance of considering different material
properties and analyzing the experimental data in a consistent manner to help
understanding the underlying physical mechanisms.
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2.3. Conclusion

The limitations of the conventional DBTT based on Charpy impact tests were clearly
established in particular when plastic instability (plastic flow localization) due to
dislocation channel deformation occurs.

It was shown that the load diagram approach offers a frame in which an increase of the
yield strength can be correlated to the change of the DBTT as measured by Ti. The most
important aspect is that the material should be well characterized in the unirradiated
condition (tensile, Charpy impact, fracture toughness). In the irradiated condition, only
tensile data are required if the microcleavage fracture stress is not affected by irradiation.
Otherwise, the microcleavage fracture stress should be determined by combining tests
with a notched geometry, scanning electron microscopy (SEM) examination and finite
element calculations.
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I1l. RADIATION EFFECTS ON 9%CR-STEELS
3.1. Introduction

Under neutron bombardment, the physical and mechanical properties of fusion reactor
components will be altered. The nature and amplitude of the changes of the mechanical
properties will depend on a number of parameters, including irradiation temperature and
neutron dose. More details on the interaction of neutrons with solids can be found in [94-
97]. In general, any radiation damage model should rely on the microstructural changes
resulting form these atomic—scale interactions and their consequences on the mechanical
properties. For many metals, one can distinguish two types of defects that are created in
the atom lattice: the neutron—induced point defects and the transmutation products. Point
defects are created when impinging neutrons knock atoms from their lattice sites via
elastic or inelastic collisions. Elastic collisions occur in such a way that a part of the
kinetic energy of the neutrons is transmitted to atoms. Inelastic collisions involve neutron
absorption and subsequent emission of a y—, a— or p—particle. The recoiled atoms are
forced into interstitial positions, the so—called self-interstitial atoms (SIA), leaving empty
lattice sites, the so—called vacancies. Of course, irradiation temperature plays an
important role in the evolution of these point defects (SIA's and vacancies) and the
resulting microstructure. For the transmutation elements, hydrogen (H) and helium (He)
are usually generated by fast neutrons following (n,p)— and (n,a)— reactions. Because of
their low solubility in metals, such gases have a detrimental effect on the mechanical
properties of metals.

It is also generally accepted that the irradiation—induced defects act as obstacles to
dislocation motion increasing thereby the yield strength. Most of the models that were
developed to account for radiation hardening are based on the interaction of a moving
dislocation with these defects [12, 17, 18, 97]. As a consequence, the plastic flow to
dissipate the available energy for cracking is also reduced leading to the so—called
irradiation embrittlement of the material. However, this simple description should be
moderated. Indeed, softening rather than hardening can also occur after irradiation [31,
98-100]. Moreover, the deformation and fracture mechanisms can also be modified by
irradiation (dislocation channel deformation, intergranular fracture). All these effects
should be captured by the model but in the present work, focus is put on irradiation
hardening as most of the available data exhibit such a behavior.

A list of possible mechanisms involved in the irradiation—induced changes in the
microstructure of many structural materials was given in [12-13]. Although qualitatively
known, it is still very difficult to quantitatively estimate the contribution of each of these
mechanisms to radiation damage. Nevertheless, in practice, only the major mechanisms
are considered and these are often simplified to be applied in an engineering perspective.

Temperature is an important parameter in radiation damage evolution and three main
temperature regions can be distinguished [1]:
e At low temperature: radiation hardening occurs already at low dpa with a
decreasing rate above a certain dose level. Most of the defects are related to point



24

defect generated during the collision cascades. Because of the low temperature,
there is insufficient thermal energy to drastically modify the defects evolution.

e In the intermediate temperature region, the thermal activation energy promotes the
agglomeration of single defects, and consequently voids and planar defect clusters
can form, resulting in swelling and enhanced irradiation creep.

e Finally, in the high temperature regime, embrittlement can be associated with the
formation of helium bubbles at grain boundaries.

The mechanical properties of 9%Cr—steels provide important data input for structural
integrity calculations. These properties are directly related to their microstructure which
undergoes modifications under service. It is therefore important to characterize these
materials before and after irradiation, in particular with special attention to the
microstructure and its stability with respect to irradiation and thermal aging. A complete
description of microstructural evolution under irradiation is out of the scope of this
report; a number of very interesting papers were written on the subject [6, 101]. Here,
only a brief description will be given together with some specific aspects related to
9%Cr—steels.

3.2. Materials: 9%Cr—ferritic/martensitic steels

The 9%Cr—steels were initially developed for application in the petrochemical and
chemical industries and power generation plants, in particular gas turbines and boilers.
This choice was motivated by their good mechanical properties such as high strength and
creep—rupture properties. In the nuclear field, ferritic/martensitic steels of the Fe—9-12%
CrMoV(Nb) type have mainly been used as wrapper and in few cases as cladding
materials in fast breeder reactor fuel elements in the temperature range of 360-550 and
600°C, respectively [1, 19, 102-109]. In the last decade, these steels gained interest for
application not only in fusion technology but also in advanced nuclear systems such as
generation-IV (GEN-IV) fission reactors, spallation sources and accelerator—driven
systems (ADS) [104, 110-118]. As a result, extensive R&D was worldwide directed
towards the behavior of these steels under irradiation. The environmental conditions
differ from one system to another but helium production is significant [119]. The
selection for ferritic/martensitic steels is based on their good thermo—physical and
mechanical properties, good compatibility with major cooling/breeding materials in the
foreseen temperature window of application and low sensitivity to swelling and He—
induced high—temperature embrittlement. Since the mid—80's, the R&D activities were
gradually redirected from the optimization of conventional alloys to reduced activation
heats. The reduction of activation was reached by substituting Mo by W while Nb is
replaced by V and Ta [102, 120-125]. These activities were performed in close
collaboration within a consortium including Europe, Japan and the USA under the IEA—
implementing Agreement on Research and Development of Fusion Reactor Materials [1,
120, 126-128].

In particular, EUROFER (a 9%Cr-1WVTa steel) in Europe [3, 129-141], F82H (8%Cr-
2WVTa steel) in Japan [78, 127, 134, 141-155] and various 9-12%Cr—steels in the US
[32, 35, 83, 87-88, 91-92, 125, 149, 156-163] were extensively characterized with respect



25

to their irradiation behavior. One of the major critical issues of these materials is their
irradiation embrittlement in the low temperature range [1]. An additional critical issue
that it is difficult to assess is the synergetic effect of displacement damage and helium
[164]. Table 1 summarizes a number of 9%Cr—steels that were examined in literature.
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In a modeling perspective, these steels were selected in the present work because they are
expected to offer a large experimental database given all the international programs
dedicated to their irradiation behavior, in fusion but also in other frameworks such as
GEN-IV and ADS [4, 118, 181-187]. Note that the focus in this work is directed towards
9% Cr—steels. The 12%Cr—steels which were also often investigated together with the
9%Cr-steels were excluded from the database. The reason is the presence of d—ferrite or
o'—phase that enhances irradiation embrittlement by promoting y—phase (chi phase)
formation [83, 175, 188]. Note also that a monotonic decrease of the Charpy upper shelf
energy was noticed with increasing Cr—content [189].

The 9%Cr—steels that are examined in this report exhibit typically a fully tempered
martensitic microstructure with lath shaped martensite subgrains with a high density of
M,3Cg precipitates [190-193]. The M»;Cs precipitates are Cr—rich carbides resulting form
the tempering treatment [194]. They are preferentially located along grain and subgrain
boundaries [190]. Other types of precipitates can also be found such as Ta— and V—-rich
MX-type precipitates [34, 195].

3.2.1. Effect of composition

Many investigations were carried out in the 90's to optimize the chemical composition of
9%Cr—steels [89, 123-124, 196-199]. In the case of 9%Cr—W-steels operating below
500°C, the 9%Cr—1WVTa was the most promising steel from the toughness point of view
[196]. Such a typical steel, called Eurofer, was developed in Europe and was the subject a
many investigations within the Fusion R&D activities [126, 133, 140, 190, 200-203]

As it will be seen later, in some cases, despite similar chemical compositions and heat
treatments, very large discrepancies in the mechanical properties of the unirradiated
condition can be noticed. This is the case for example with the 9%Cr—1MoVND heats that
were investigated by Klueh et al. [87, 161, 180, 204-205].

From the irradiation behavior point of view, it is difficult to unambiguously establish the
relation between composition and irradiation hardening and embrittlement [85, 102, 196,
198-199, 206-207]. Of course, an element such as Ni would enhance the post—irradiation
hardening and embrittlement in particular at low temperatures. But other elements such
as W, Mo, Nb, V, ... were primarily optimized to improve the mechanical properties in
the unirradiated condition rather than improving the radiation resistance [124, 208, 198].
Sometimes, the microstructure optimization is done based on ageing properties [209].

Finally, it is important to point out that the effect of Cr—content on the DBTT—shift as
shown in the famous Figure due to Kohyama et al. [128] and that is generally used to
support the choice of 9%Cr—content is incorrect. Other data showing not so spectacular
change of DBTT with Cr—content were also reported in [123, 127]. However, the DBTT
determination based on Charpy impact data might be affected by the steel microstructure.
As a result, the minimum DBTT—change shown to occur around 9%Cr—content is biased
by the possible dislocation channel deformation inducing flow localization. It is believed
that chromium content does not have a crucial effect except when compared to pure Fe or
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high Cr—steels (>11%Cr) where the d—phase, y—phase or a'—phase may form [87, 188].
This is supported by experimental data reported by Hamilton and Gelles [210] who found
that irradiation hardening was nearly independent of Cr—content. On the other hand,
corrosion resistance is very much improved by Cr—addition [123, 211].

It is a matter of fact that 9%Cr—ferritic/martensitic steels have seen their development
drastically increased the last years not only for fusion materials application but also for
the next generation of fission reactors and the subcritical accelerator—driven systems.
There is a worldwide interest of the international community in these materials because,
as iron/chromium—based alloys, they offer an economically— and technically more viable
alternative as structural materials than other special materials. Moreover, a well—
established knowledge already exists on ferritic steels and it is expected that a number of
findings will still be applicable to the martensitic steels. Of course, the approach that is
followed here is not restricted to steels but can easily be implemented to other materials if
the necessary ingredients are known.

3.2.2. Effect of heat treatment

The heat treatment affects directly the final microstructure of the material and
consequently the mechanical properties [160, 209, 212-216]. A wide range of strength
and toughness levels can be obtained as a function of heat treatment. In general, better
toughness is obtained for low strength materials [214]. The 9%Cr—steels are usually
submitted to a normalization treatment at 950—1100 °C followed by a tempering
treatment at 700—-800 °C. The effect of normalization on impact properties was found to
be negligible [217]. Contrary to Rieth [217], Schifer et al. [216] reported experimental
data on F82H that exhibit a reduction of DBTT when normalization temperature is
decreased from 1040°C to 920°C. The reduction of DBTT is concomitant to a reduction
of the yield strength. The increasing of normalization temperature increases the grain size
[218] and the increase of the annealing temperature reduces the material strength [218].
On the other hand, experimental data on MANET-I [217] and MANET-II [219] show that
the effects of tempering temperature on the DBTT and USE are significant. In particular,
it is found that increasing tempering temperature results in both reduction of the DBTT
and increase of the USE. Recently, Wakai et al. [220] reported data on F82H irradiated at
250°C in the JMTR to 2 dpa that indicate a minimum irradiation hardening for tempering
at 750°C for 1 h. Maiti et al. [42] reported a number of mechanical properties that
indicate a peak in the microcleavage fracture stress when normalized around 1050°C.
Above this temperature, the microcleavage fracture stress decreases.

Optimum heat treatment of 9%Cr—steels seems to be a normalization treatment at ~1000-
1050°C/1h and a tempering treatment at 750°C/1-2h [213, 220]. In general, a reduction of
the prior austenite grain size, by lowering the autenitization temperature, decreases the
DBTT [160, 218]. Moreover, for a given grain size, tempering at higher temperature
reduces the DBTT resulting from the lower strength. Irradiation effects can also be
affected by the initial heat treatment [148, 216, 219].
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3.2.3. Thermal aging

It is important to point out that besides irradiation resistance, the 9%Cr—steels should also
exhibit a good resistance to thermal ageing. A number of investigations examined the
behavior of 9%Cr—steels and in particular the effect of chemical composition on thermal
aging [31, 124, 161, 190, 192, 207, 209, 213, 221-223]. In general, it is found that 9%Cr—
steels are thermally stable for temperatures not exceeding 600°C. Above this temperature,
Laves phases were observed and reductions of strength were noticed [102, 214, 222-223].
These Laves phases were also observed at lower temperatures, for example, in long term
(>10000 h) thermally aged samples at 450-650°C [83, 207] and irradiated at 460°C to 60
dpa [197].

Swindeman et al. [224] reported loss of strength of a 9Cr-1MoV steel after aging above
600°C resulting from a coarsening of the tempered martensite substructure, in particular
the precipitation of Laves (Fe;Mo type) phase. Similarly, Gelles et al. [225] reported also
precipitate coarsening under irradiation at 600°C. On the other hand, Hsu and
Lechtenberg [226] reported that a thermal aging of an 8Cr-2WV steel at 600°C/1000 h
without Laves phase formation. Laves phase was found by Fernandez et al. [192 ] on
F82H steel after aging at 550°C and 600°C for 5000 h which resulted in a significant
degradation of the Charpy impact properties. At 500°C during 5000 h, no effect was
observed in aged Eurofer [190].

In general, the 9%Cr—steels under irradiation were found stable if the temperature
remains below about 600°C [161, 226]. Above, softening was usually observed.

3.3. Effect of chemical composition/heat treatments on irradiation behavior

The aim here is not to present a detailed study on the effect of chemical composition on
these kind of steels, other references can be found in literature, for example [102]. Here,
we briefly report some of the effects related to chemical composition on the irradiation
behavior, in particular chromium, the first alloying element that is added primarily to
improve the oxidation and corrosion resistance. Kohyama et al. [128] collected literature
data and showed that the DBTT-shift upon irradiation as a function of Cr—content
exhibits a minimum around 9%Cr—content. This critical amount favoring a minimum
DBTT-shift was also reported in [89, 127, 206]. However, as already mentioned before,
the monitoring of irradiation embrittlement by the DBTT can be biased if dislocation
channel deformation occurs [36]. Hamilton et al. [121] investigated the effect of Cr and
Mn on the irradiation behavior of Cr—steels irradiated to 30 dpa at 375°C. The minimum
DBTT-shift was obtained with the 7.5%Cr—content. The data indicate also a reasonable
correlation between embrittlement and Mn—content.

Klueh et al. performed a detailed study to understand the differences observed between
tensile and Charpy impact post-irradiation data of 9Cr-2WV and 9Cr-2WVTa [32, 90,
92]. In particular, the post—irradiation hardening of both steels are comparable but their
embrittlement not. In particular, Ta was found to lower the DBTT. The possible causes
were systematically investigated, such as grain size (lath size or prior austenitic grain
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size) and microstructure, but were ruled out. The plausible explanation according to these
authors is the change of effective surface energy, and by extension the critical fracture
stress. This is probably true. However, an additional potential reason for the difference
between both steels is the upper shelf behavior and the DBTT definition. Indeed, the
upper shelf energy of 9Cr—2WVTa is 30% higher than of 9Cr—2WV (11.2 J versus 8.4 J).
This means that the density/size of the second phase particles in 9Cr-2WYV are higher
than in 9Cr—2WVTa. The tearing resistance (ductile crack growth) is different in these
steels. Because the DBTT is evaluated at 50% of the upper shelf energy, the DBTT is
influenced by the ductile tearing resistance.

The "best" choice of the 9Cr—2WVTa composition was supported by the experimental
data of Klueh and coauthors [89] that show the least embrittlement in terms of DBTT—
change.

In a general way, literature data do not report any clearly identified effect of a specific
element on irradiation behavior. Instead, the effects of the elements refer often to the
initial properties rather than on irradiation behavior.

The appropriate heat treatments were usually optimized to obtain high strength/high
toughness but a lowest DBTT [102, 212, 216-220, 227-228]. However, high strength
leads to lower toughness and vice versa. One way to improve toughness is to reduce the
size and number density of the carbides [229]. But this would result in a lower strength.
From the post—irradiation behavior point of view, few investigations were published in
literature [148, 160] and these do not allow providing a clear and full understanding.
Klueh et al. [160] reported no significant effect of the heat treatments for 9Cr—1MoVNb
irradiated at 365°C and 420°C in a range of 4 to 100 dpa. They suggested reducing the
initial DBTT by reducing the prior austenite grain size. On the other hand, Wakai et al.
[148] reported a significant effect of the tempering temperature and time on the post—
irradiation hardening of F82H steel irradiated at 250°C up to 1.9 dpa. In particular a
second normalizing and tempering treatment was found beneficial in reducing the
radiation hardening. However, no explanation was provided.

As it will be seen later, all 9%Cr—steels considered in our database were considered to
belong to one single heat despite some differences in their chemical composition and heat
treatments. Two underlying reasons for this choice are that, on one hand, obviously there
is no significant effect of material composition and heat treatment on the post irradiation
behavior (in terms of irradiation hardening and embrittlement) and on the other hand, it
will be difficult or impossible to built an appropriate database that can be used for
modeling if chemistry and heat treatment variables are also taken into account.

Several techniques have been used to study helium effects, including nickel and boron
doping, helium implantation with accelerators and injector foils and spallation neutron
sources [152, 154, 156, 157, 159, 194, 197, 230-238]. Finally, note that because Ni and B
may induce undesirable changes in the initial microstructure [108], another very
interesting technique was proposed in [239-241] that uses Fe—isotopes rather than Ni or
B, in particular **Fe, which was used also for hydrogen production [242-243].
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Unfortunately, its excessive price, something like 20 kUS$/g [236], makes it financially
unacceptable.

3.4. Microstructural changes under irradiation of 9%Cr-F/M steels

Irradiation temperature is the primary parameter that controls the irradiation—induced
defects. In general, their density decreases while their size increases with increasing
irradiation temperature [114].

Below about 450°C, a number of radiation — induced precipitates were identified,
including G—phase, a'—phase, M¢C and x— phase [83]. Laves phase, which forms during
thermal aging at 400-600°C, does not form during irradiation below 600°C [83].

Small angle neutron scattering (SANS) measurements performed by Mathon et al. [244]
revealed nano—scale precipitation of Cr—enriched bec a'—phase under irradiation. It was
shown by these authors that precipitation kinetics under irradiation are much faster than
under thermal ageing and the o' formation by a classical nucleation and growth process
occurs according to a simple irradiation—accelerated mechanism. Finally, for the 9%Cr—
steels, the irradiation hardening is mainly attributed to point defect clusters rather than
precipitates.

Materna-Morris et al. [108] reported systematic microstructural investigations on five
9%Cr-steels irradiated at 250 and 450°C. Dislocation loops could be identified at 250°C
(10%'-10% m™) but not at 450°C. o'—precipitates were also found at 250°C (10*'~10% m"
%) but not at 450°C except for one material. On the other hand, He—bubbles were found at
both irradiation temperatures, with size and number density of 1.5-3 nm/10*'-10% m™
and 2-6 nm/10%'-10% m™ at 250°C and 400°C, respectively. The He-bubbles were
usually located near subgrain boundaries and dislocations.

Dubuisson et al. [106] noticed that in general, in terms of precipitates, the microstructure
is not significantly modified by irradiation. Actually, small dislocation loops are the
defects that are mostly reported in literature [6, 106], their number decreasing with
increasing temperature.

Kai and Klueh [245] conducted detailed microstructural analysis on three 9%Cr—steels,
9Cr—-1MoVND, 9Cr-2WVTa and 9Cr—2WV, irradiated at 420°C to 35 dpa. Before
irradiation, the mainly M»3Cg precipitates were identified together with MC carbides.
After irradiation, a high dislocation loop density was observed in all steels without
formation of additional phases except in the 9Cr—1MoVND where chi phase is observed.

Ogiwara [246] reported microstructural TEM data on JLF-1 steel ion—irradiated at 420°C
up to 60 dpa using single and dual-beam ion irradiation.

Tanigawa et al. [247] reported amorphization of the radiation—induced precipitate M3Cs
of Fe—ion irradiated F82H at 300°C but not at 500°C and amorphization of Laves phase
irradiated/aged F82H at 300°C.
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Amorphization of M»;Cs—precipitates was initially reported by Dai et al. [193] and
confirmed by a number of other authors [114, 117, 185, 247-249]. The amorphization of
M,;Cs—precipitates under irradiation does not only occur at low temperature but at high
temperature as well [247]. Laves phases were also amorphized in Fe ion aged F82H steel
at 300°C [247]. Further discussion on amorphization, in particular the effect of
temperature, can be found in [247].

In the case of 9%Cr—steels, the majority of precipitates in both unirradiated and irradiated
condition are M,3;Ce—type [146]. Moreover, an apparent effect of irradiation on
precipitation was reported in [146]. Ando et al. [250] reported microstructural
observations of ion—irradiated F82H indicating that the defects consist of interstitial loops
[6, 31, 174] and defect clusters, consistent with other authors [12, 251].

A non exhaustive summary of the various microstructural observations is given in Table
2.
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Table 2. Summary of microstructural studies performed on irradiated 9%Cr—steels.

dislocation

He- dislocation precipitate | precipitate | void/bubble | void/bubble
. Tirrad dose . loop . . . .
reference material €0) (dpa) content loop size density size dens:ty size de;lfltX
(appm) (nm) (m) (nm) (m™) (nm) 107 m™)
. JLF-1 420 60 5.1 8.4 107

gﬁ’g‘]’a‘ﬂ JLF-1 420 60 900 6.6 14107 73 4810
Fine M(Ta,V)X precipitates under dual beam responsible of the additional hardening
F82H (IEA) 300 5 3.5 6.6 107

JLF-1 300 5 3.6 5.9 107

Tanigawa ORNLICr 300 5 42 7.6 107

[77] Ac,=370, 314 and 463 MPa (for F82H-IEA, JLF-1 and ORNLOICr, respectively). Based on dislocation loops, Ac,=310, 300 and 363 MPa.
The difference in radiation hardening of the various materials was attributed to precipitate accumulation on block/packet and PAG
boundaries.

F82H (IEA) | 300/500 | 10/20 | 150/300

Tanigawa JLE-1

[247] ORNLICr
Qualitative data only, M23C6 amorphization in F§2H at 300°c but not at 500°C, refined microstructures after irradiation.

Jung [165] Eurofer-97 | 250 | 038 [ 2500
After annealing at 550°C and 750°C, high density of bubbles with 1.5 and 1.7 nm size, respectively.

0.8 125 2.1 1.6 10*
F82H 60 1.6 235 24 2.410%

Dai [144] 5.9 1055 3.1 33107
Size and density of the small loops increase with dpa. No bubbles are observed. Upon annealing (160-400°C/0.3-2h) loop size increases
while loop density decreases. Only partial recovery of the yield strength is observed. The residual hardening can be attributed to the total
dislocation line density that has increased from 1.2 10" m™ t0 5.5-7.5 10" m™.

F82H ‘ 360 ‘ 350 | Wpto ~20 na. <5 na.

Ando [250] — 3300 - - - - - —
Interstitial loops (20 nm), defect clusters ((<5nm) and dislocation networks were detected. He—implantation results in additional
hardening due to nano—voids.

68 2.2 125 3.8 3.1107 - -
110 3.8 214 33 3.0107 - -
F82H weld 200 5.7 375 3.9 3.1107 - -
Jia [252] 245 104 780 5.8 4.110% 1 5.010”
345 11.1 1000 7.5 1.6 107 13 5.310%
Radiation defects identified as black dots and interstitial loops with size and density similar to base metal. Bubbles are observed only at
high temperatures / high He—contents.
360 11.8 1115 8.1 1.5 10% 1.6 4.3 10%
295 9.7 670 6.5 2.7 107 1.4 4.0 107
255 10.1 735 5.5 3.810% 12 4.210%
235 9.9 560 3.6 3.6 10% 0.9 4.710%
FSOH 210 9.9 560 3.5 3.4 10% 0.8 4.6 10
175 9.9 560 33 23107 0.7 5.1107
140 9.4 705 3.7 3.6 107
200 5.7 375 3.7 1.9 10%
110 3.8 225 3.2 2.7 107
Jia [114] 90 2.7 145 2.1 2.6 102
360 11.8 1115 8.9 1.3 10* 1.4 5.110%
295 10.1 725 5.4 3.310” 1.2 5.310%
o1 250 8.3 540 4.5 3.610% 1.1 54107
205 5.8 380 44 1.8 10”
130 4.6 235 3.8 2.5 107
110 3.8 225 3.0 2.110*
Between ~90 and ~250°C, size and density are both insensitive to irradiation temperature. Above ~250°C, defect size increases while
density decreases. At ~10 dpa, Helium bubbles with ~1nm size and 4-5 10% m? density were observed above Tiyq=175°C and He—
content > 500 appm He. M;;C(,—amolrphization observed below Ti,¢=200°C.
325 0.7 1.1 1.3 10%
L(éfNT)a 35 | 29 | 12 34107
aging 400°/10000h 1.5 1.110%
. 325 0.7 1.4 5.0 10%
Mathon L?C‘\i,L)C 250 2.4 1.2 6.6 10”
[244] 400 2.4 0.9 3.6 107
LAI12TaLC 250 24 1.3 6.8 10”2
(CW) 400 24 0.8 1310%
LA13Ta
(W) 325 0.7 - 0
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Tia dose He- dislocation dls';:’ c(:]twn precipitate | precipitate | void/bubble | void/bubble
reference material (O'E“) (dpa) content loop size density size denssity size dezl}sitg
(appm) (nm) () (nm) (m™) (nm) 10%m~)
325 0.7 - 0
F82H 325 2.9 * *
HT9 325 0.7 1.2 1.0 10*
MANET-II 325 0.7 1.2 3.110%
Mathon T91 (CW) 325 0.7 1.3 0.9 10”
[244] EMI10 325 0.7 1.0 6.0 107
EMI10 (CW) 325 0.7 1.5 1.4 10%
SANS measurements for Cr—rich a'—precipitation under irradiation much faster than under thermal aging. o'—phase density increases with
Cr content and neutron exposure but decreases with increasing temperature. Irradiation hardening is mainly due to point defect clusters
but the a'—phase contribution becomes evident for high Cr—content steels. (*) vacancy clusters rather than o'—precipitates.
F82H [ 350 [ 5 ] [ 8.5 [ 9.010% ] [
Ando [235] | 50 appm He co-implantation does not cause additional hardening. Irradiation hardening is largely due to dislocation loops, dot-like
defects and network dislocations. Ni—addition increases hardening but not through the He—embrittlement process.
9Cr- 21 5.0 10” 95 <1.0 10°
IMoVNb 400 12.1 30 25 20 10 o ~ 9 3.0 10”
oCr- 20 7.0 10°" 98 <1.0 10 o
]M;I\\]/iNb- 400 12.3 161 24 6.0 10" (M,X) 54 50102 5 9.0 10
22 20
VW 400 12 25 " 010 9 <1010 27 1.3 10°
Hashimoto | 9Cr2VWTa- 23 1.0 10* 102 <1.0 10%
253, 157] B 400 12 25 30 40102 - B 9.0 9.6 10*
9Cr2VWTa- 17 1.0 107 92 <1.0 10
INi-A 400 ) 123 150 16 6010" | MO)7 | 2.010" 3.0 27 10"
9Cr2VWTa- 23 1.0 107 98 <1.0 10° )
ONLB 400 12.3 150 ot 60 10 MO) 6 20 10° 43 3.0 10%
A and B correspond to the tempering temperature, 700°C and 750°C, respectively. The irradiation—induced loops correspond to a<100>
and (a,/2)<111> type loops, respectively while precipitates correspond to M2;Cs and MgC/M,X type precipitates. The increase of
hardening in Ni—doped steels was attributed to the formation of radiation—induced precipitates (MsC/M,X) and cavities.
OPTIFER-Ia 250 0.8 <60 5.9 10” 1.0 10% 2.0 1.5 10%
OPTIFER-la 450 0.8 - - 2.0 5.7 10”
OPTIFER-II 250 0.8 <60 2.6 107 2.1107 3.0 3.8 10%
OPTIFER-II 450 0.8 - -- 6.0 1.2 10™
F82H 250 0.8 <20 1.9 10 7.5 10* 1.5 <1.410%
m;‘ﬂ“ F82H 450 0.8 - 1.9 102Z 3.0 37107
[108] ORNL 3791 250 0.8 <10 1.0 10* 3.5 107" 2.0 <1.110"
ORNL 3791 450 0.8 - - 3.0 <4.6 10
MANET-II 250 0.8 70 1.4 10™ 3.810™ 2.0 3.6 107
MANET-II 450 0.8 - - 4.0 1.110%
Precipitate and loop size were not given. The embrittlement (ADBTT) of the various materials were shown to be proportional to the He —
content (calculated from '°B burn—up). However, this is not supported by the tensile properties.
19
9Cr-2WV 420 36 50 3.0 10* 123 ﬁ }8.5 25 2.5 10"
19
9Cr-2WVTa 420 36 50 3.0 10 13463 ‘S‘é }8.3 25 4.0 10"
Kai [245] 155 36107
Khueh(32] | pordh 420 36 100 5.0 10° 40 6810 30 6.0 107
° 106 | 8610°x)
The precipitates correspond to M,3Cs, MC (V- and Ta-rich) and y precipitates, respectively. The major microstructural change for all
steels after irradiation is the formation of dislocation loops and the y— phase for the 9Cr-1MoVNb steel.
HT9 419 79 5.4 1.2 10%
Dubuisson | DIN 1.4914 429 68 11.7 2.0 10™
[106] DIN 1.4914 459 50 21.9 8.0 10"
The radiation defects responsible of the embrittlement were identified as MgC—precipitates .
365 6.7 12.7 6.8 10"
405 35.8 22.7 2.310%
F82H 550 37.0 - -
E‘g‘;‘}" 670 283 - -
750 37.1 - -

Precipitates were identified to be M»;Cq except at 750°C with W-rich Laves phase. No change of the size and distribution of carbides is
observed upon irradiation. No cavity formation was observed for irradiation at or above 550°C.
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3.5. Effect of Helium

A significant analytical and theoretical work has been done on helium embrittlement at
Forschungszentrum Jiilich [254-256,] and in the US [257-262]. These investigations
resulted not only in a significant improvement of basic understanding on the nucleation
and growth of He—bubbles in solids but also a reasonable agreement with experimental
data was reached [97, 263-265]. However, from an experimental point of view, most of
these data were related to swelling of austenitic stainless steels. Moreover, there was no
database extensive enough to include a reasonably large number of variables. Finally, for
the properties of interest in this report, namely hardening and embrittlement,
experimental data are scarce, mainly because of the difficulty to inject helium in
materials.

The development of advanced nuclear systems such as fusion and spallation sources has
motivated material scientists to increase the efforts in assessing the effect of helium on
the mechanical properties of structural materials. In the following, a brief review will be
given on the few techniques that were used to inject in controlled manner helium into
metals. Afterwards, a literature survey will be made to extract the most important
parameters that should be taken into account.

3.5.1. Helium generation in fusion materials

Besides the usual radiation damage related to the atomic displacements resulting in the
perturbation of the crystalline structure, another damage mechanism that affects the
structure of the material is the production of transmutation products through nuclear
reactions. This damage mechanism is a concern for both fusion and spallation
environments [119, 266-267]. While the amounts of metallic atoms that are produced
under irradiation through a transmutation process are very small and do not significantly
affect the material properties, it is not the case for gas atoms, such as helium and
hydrogen. Although its production rate will be significantly higher than for helium [119,
266, 268] hydrogen will not be treated here. Indeed, its effect is less critical because of its
relatively high mobility in comparison to He. Therefore the limited experimental
investigations reported in literature are in the low temperature range, around room
temperature [269]. Hydrogen can be easily removed by a diffusion process when
temperature is above ~250°C [270]. Helium on the other hand is a serious issue and may
drastically degrade the mechanical properties of materials. Contrary to hydrogen,
increasing temperature would favor He—diffusion to grain boundaries under the supply of
vacancies forming large He—bubble size that might lead to premature fracture. In the
following, focus is put on helium, not on hydrogen despite the production rate of the
latter that is about one order of magnitude higher.

The (n, a)-nuclear reactions are the main source of He generation [241, 263, 271]. Other
sources are generally less critical, for example, first wall materials exposed to high fluxes
of a—particles escaping from the confinement or He—generation by tritium decay since
they do not significantly affect the bulk properties [263].
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There are three important reactions contributing significantly to He—production in fusion

reactor structural materials involving neutron interaction with atoms [263].

1. The first one is related to high energy neutron—induced (n, o)-reactions, such as:

IM+on’ =/ M'+}He (several MeV) (72)

IM+n” =M "+ 0"+ He (7b)

The cross-sections of such reactions are very high for a fusion neutron spectrum.

Example of cross sections for various metals as a function of neutron energy can be
found in [263]. (n,a)—reactions occur in a fission reactor but require a hard neutron
spectrum. The He—production rate in typical material test reactors (MTR) is low (<1

appm He/dpa). Fast breeder reactors and mixed neutron—proton reactors have an
energy spectrum that promotes higher He—generation rates. Finally, the fusion 14
MeV neutrons resulting from the deuterium—tritium fusion reaction allows He—
generation at a rate of about 10 appm He/dpa. Helium generation cross sections of
various elements for 14 MeV neutrons can be found in [272].

2. The second one is related to the thermal neutrons with two—step reactions
involving specific isotopes, such as Ni:

SSNi+gn™ —>3Ni+y (8a)

s Nitn" —CFetiHe — (4.76 MeV') (8b)

This He—generation process was often used to simulate fusion irradiation conditions

and will be discussed later.

3. Finally, the third reaction involves boron because of its very high cross section
(owm = 4000 barn [263, 272]):

UB+in" 1L (0.84 eV)+3He (1.47 MeV) )
The first reaction with high energy neutrons (14 MeV fusion reactions) is the most

interesting one but unfortunately there are, to date, no sources that are capable of
providing such a neutron spectrum with a relatively high flux. It is the objective of the

International Fusion Materials Irradiation Facility (IFMIF) to provide such an intense 14

MeV neutron flux to investigate fusion materials [273]. In the absence of such an
experimental tool, researchers have used the Ni— and B—doping techniques to generate
helium.

Nickel was extensively used to generate helium [157, 159, 194, 232, 234-236, 238, 253,

274]. However, these data were excluded from the database, in particular at low

temperature where Ni might affect not only the helium component but also the radiation

damage component [236]. Boron was also used in 9-12%Cr-steels to increase the He—
production, in particular by Wakai et al. [152, 142-143, 152, 154, 197, 233-234].
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Other helium generating processes such as proton bombardment, a-particle implantation
and tritium trick were also used; their description can be found in literature [271]. For the
very high He—contents (above 0.1 at.%), most of the available data were obtained by
implantation. Unfortunately, as will be seen later, the associated dpa level is usually quite
small (< 1 dpa).

Finally, it is worth mentioning some alternative approaches. The first one related to the
doping approach was suggested to reduce uncertainties of using Ni and B by replacing
the natural dopants by their isotopes [236, 241]. The second approach suggests the use of
thermal neutron shielded and unshielded capsules in a mixed neutron spectrum reactor
allowing various He—to—dpa values. Finally, an interesting in—situ He—implantation
technique was proposed by Yamamoto et al. [275] which consists in irradiating in a high
flux reactor the target (material to be investigated) that was previously coated with NiAl.
The (n,a)-reaction with Ni allows a uniform He concentration of 5-50 appm He/dpa to a
depth of 5-8 pm.

For ITER, the maximum radiation damage level achieved by any structural material is not
exceeding a few dpa. On the other hand, for DEMO, the radiation damage levels will
reach 150-200 dpa with He—production rates of <10 appm He/dpa and hydrogen isotopes
of <50 appm H/dpa [273].

3.5.2. Helium effects on the mechanical properties of fusion materials

From an experimental point of view, many contradictions can be found in literature on
the effect of helium on the mechanical properties. For high He—contents, obtained usually
with implantation, there is a clear effect of He on hardening and consequently on
embrittlement. But in the low range of He—concentrations, from a few appm He up to few
hundreds, literature data is confusing [35, 161]. The contribution of helium to hardening
and embrittlement is far from being well established. For example, the significant
difference in irradiation hardening between specimens irradiated in HFIR and EBR-II
cannot be attributed to helium [161].

3.6. Conclusion

The basic irradiation effects on 9%Cr—steels were reviewed. The tempered martensite
consists of a lath structure containing mainly Cr—rich M3;Cg precipitates. Other
precipitates might be found such as MC, MX, Laves phase but their impact is small. The
metallurgical structure of 9%Cr—steels is usually stable below ~600°C. Under irradiation,
no significant phase formation was reported.

Of course from an engineering modeling point of view, it is necessary to simplify the
story without loosing much reliability. It is clear that in the low temperature regime, the
defect structure in the irradiated condition is dominated by point defect clusters and small
dislocation loops. There are indications that with increasing neutron exposure, a number
of these defect clusters are transformed into small loops. The density of these defects
decreases with increasing irradiation temperature and we can consider that above about
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450°C, the annealing recovery does not allow to maintain the effectiveness of these point
defect clusters and small loops. This means that above 450°C, the damage component
vanishes.

In comparison to neutron displacement damage, helium studies are not so extensive. A
number of investigators have clearly revealed the presence of helium bubbles. However,
it is not clear at all from which threshold level helium starts to have significant effect on
hardening and embrittlement. For high He—content, usually obtained though implantation
techniques, there is no doubt that the observed hardening results primarily from He. On
the other hand, for less than about 1000 appm He, the effect of He on
hardening/embrittlement is not so obvious as very often the dpa component is also high.

For modeling purposes and for the temperature window of interest on one hand and the
fact that major irradiation effects are observed in the low temperature range on the other
hand, we will deliberately limit the damage modeling into two distinct components, one
related to the displacement damage and the other on the He—component. The dpa
component will be primarily related to the point defect clusters and their evolution into
small loops. The He—component will be related to helium bubble generation. We could
also have included a third component related to phase precipitation but its contribution is
small and appears mainly at high temperature. Anyhow, as it can be seen from the
summary Table 2 there are not sufficient data that allow investigation of the kinetics of
precipitation as a function of dose and irradiation temperature.
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IV. EXPERIMENTAL DATABASE
4.1. Introduction

An experimental database is a requirement to develop an engineering modeling. As
already mentioned, one of the most important properties from a design point of view is
fracture toughness. Unfortunately, experimentally measured fracture toughness data are
scarce and only very few data could be found in literature [47, 276-279]. As a result,
focus is put on the tensile and Charpy impact data which are mostly reported in literature
for monitoring irradiation effects.

Modeling relies on a number of key experimental data to precisely define a number of
generic trend curves such as the temperature dependence, the fluence dependence, the
helium content dependence ... Therefore, the performance of any model depends on the
experimental data on which it relies. Any excessive scatter in the experimental data
would be transferred to or reflected on the model prediction. Biased experimental data
would bias the model parameters as well, and therefore, it is important to discard from
the database any suspicious data. The difficulty remains how to detect the suspicious data
when raw data are not available and only treated data are given in literature. For example,
only the DBTT data (from Charpy impact tests) or yield strength change (from tensile
tests) are often reported in literature. Details on the number of specimens that were used
and the individual instrumented test records are usually missing. Also details on the
irradiation conditions are missing. Moreover, other parameters such as the specimen size,
test procedure, dosimetry measurement, ... should ideally be taken into account. In
practice, this is unfortunately not the case. For example, there is no monitor material in
any of these irradiations to effectively verify the correspondence between radiation
damage in various reactors. Also, in some cases, physical inconsistencies were detected
in the experimental data requiring their censoring. However, the data censoring was very
limited to avoid a drastic reduction of the size of the database. So, all these uncertainties
lead to a large scatter in the input data, see for example Figures 15 and 16 taken from
literature. Of course, another important parameter which is responsible of this large
scatter is related to the material composition and heat treatments. As it will be seen later,
the scatter is significantly reduced when data from a single material irradiated in the same
reactor and tested in the same laboratory are examined. Some of literature data had to be
discarded because of variable irradiation temperature [113, 117, 280]. It is clear that the
combination of all these small differences can lead to a wrong picture on the actual
irradiation effects but there is no other alternative. Nevertheless, the work presented here
does not aim to remain as it is presented here but would require updating as new more
reliable experimental data become available.

In the following, the initial properties of 9%Cr—steels will be examined together with
effects of irradiation and post-irradiation annealing treatments. In particular, the flow and
fracture properties will be examined. These are very important to support the findings of
the present work in terms of modeling.
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4.2. Analysis of the experimental data used in the database
4.2.1. Baseline properties of 9%Cr-steels
4.2.1.1. Tensile properties

The initial tensile properties of 9%Cr martensitic steels exhibit a temperature dependence
typical of bee materials. Depending on the chemical composition but more specifically on
the heat treatments, the 9%Cr—steel properties found in literature exhibit a very large
scatter, as shown in Figure 15 for the yield strength and Figure 16 for the tensile strength.
The temperature dependence of the yield strength exhibits a typical trend curve of many
steels but, as it can be seen, at room temperature, the yield strength ranges between 380
and 760 MPa. Actually, the variations in the tensile properties are not well understood.
For example, the chemical composition and the heat treatments of the 9%Cr-1MoVNb
steel investigated by Klueh et al [161] are typical of this steel class and quite similar to
other materials (1040°C/0.5h + 760°C/1h) but the yield strength at 400°C is significantly
higher than usually observed, 754 MPa versus ~460 MPa. Another similar steel with a
slightly different heat treatment (1050°C/0.5h+700°C/5h) exhibiting also such high yield
strength at high temperature was recently reported by Klueh et al. [156]. Addition of
2%Ni may also increase the tensile resistance of 9%Cr—steels [180]. The irradiation—
induced hardening will be affected by the initial yield strength simply because of the
saturation phenomenon (defect recombination). It is therefore important to keep in mind
these large discrepancies in the initial tensile properties when assessing the performances
of the model.

1000 — #9Cr-IMomod  [J9Cr-IMoVNb ©9Cr-IMoVNb+2Ni X 9Cr-1WVTa
X 9Cr2WV @ 9Cr-2WVTa +DIN 1.4926 OEMI0
r — Eurofer AF82H 0JLM AMANET
F@_ |XMANETII XNFL T91 +EMI0
F 0191 o AF82H
L &
O
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= L
g
= L
o
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E .
2 r
> 250 +
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temperature (°C)

Figure 15. Yield strength — temperature dependence in the unirradiated condition of
various 9%Cr—steels.
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Figure 16. Tensile strength — temperature dependence in the unirradiated condition of
various 9%Cr-steels.

The data which clearly lie outside the general trend curve were identified as those of
9%Cr-1MoVND steel and are plotted in Figure 17. The chemical composition of these
steels is very similar and the heat treatments as well (see Table 3). Actually, the same
heat labeled XA-3590 was used in [112, 156, 161, 180, 205]. Despite these similarities,
the tensile data indicate values which cannot be understood.

Finally, it is interesting to select only one material, say F82H instead of all 9%Cr-steels.
This is shown in Figure 18 and as it can be seen at room temperature, large deviations can
be observed.

These examples clearly illustrate the difficulty of relying on experimental data that are
used to calibrate and validate modeling. It should be emphasized here that these data are
in the unirradiated condition and still one single material can exhibit such a large scatter
in the initial properties. As a matter of fact, this modeling approach should be carefully
looked at given all these discrepancies.
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Figure 17. Yield strength — temperature dependence of unirradiated 9Cr-1MoVND steels.

Table 3. heat treatments of the various 9Cr-1MoVND steels.

Tnormalization thormalization thmpcring ttcmpcring
reference °C) (hr) °C) (hr)
Abe et al. [281] 1050 0.5 760 1.5
Farrell et al. [112] 1040 1 760 1
Klueh et al. [156] 1050 0.5 700 5
Klueh et al. [161] 1040 0.5 760 1
Klueh et al. [199] 1050 0.5 760 1
Klueh et al. [180] 1040 0.5 760 1
Klueh et al. [205] 1040 0.5 760 1
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Figure 18. Yield strength — temperature dependence of unirradiated F82H steel.

4.2.1.2. Charpy impact properties

The initial Charpy impact properties of 9%Cr—steels vary also from one material/heat to
another. As a matter of fact, examination of the KLST—Charpy impact properties
obtained by Schneider et al. [172-173] on various 9%Cr—steels shown in Figure 19
indicate that there is only a little dependence of the transition curve on the material. Also
indicated in Figure 19 is the transition temperature range for a single material, namely
F82H, which was tested by various laboratories in a round robin exercise. As it can be
seen, the scatter is in the order of magnitude of the scatter observed on all other materials.
More important, examination of the dynamic general yield strength depicted in Figure 20
clearly shows the small effect of material on this property.
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Figure 19. The DBTT of unirradiated 9Cr—steels is within the DBTT-range measured
during a round robin on a single F82H material.
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Figure 20. Load diagram representing a variety of 9%Cr—steels that exhibit a single yield
strength temperature dependence.

4.2.2. Irradiation Effects on the mechanical properties of 9%Cr—steels

It is important to emphasize that nearly identical initial properties do not mean that the
various steels will be equally affect by irradiation. However, using the same Schneider et
al. data [172-173], it is not always easy to extract consistent information on the actual
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effects of irradiation. This is illustrated in Figure 21 which shows the Charpy transition
curves of F82H irradiated between 60°C and 450°C. As it can be seen, the upper shelf
plateau seems unaffected by irradiation. It indicates also that it is independent of
irradiation temperature. The ductile—to—brittle transition temperature does not depend on
the irradiation temperature in a consistent manner. On the other hand, a consistent picture
is obtained if the general yield strength is used to monitor irradiation effects. This is
illustrated in Figure 22 obtained on F82H irradiated at 300°C but unfortunately many
data were missing. Nevertheless, these two figures illustrate the importance of analyzing
multiple— rather than single— property data to get a global picture of the effects of
irradiation. Another illustration is given in Figures 23 and 24 on F82H irradiated at
300°C to various neutron doses. The Charpy impact data on various 9%Cr—steels
reported by Schneider et al. [172-173] and Rieth et al. [282-283] were systematically
analyzed and are shown in Figures 25.a to 25.1. Details on the determination of the
dynamic yield strength can be found in [172-173, 282]. Despite the large scatter, the right
hand pictures representing the variation of the general yield strength with temperaure are
more consistent than the left hand side pictures depicting the variation of absorbed energy
as a function of temperature.

In Figure 26, the correlation between the embrittlement (measured by the DBTT) and
hardening (measured by the general yield strength) exhibits a large scatter and clearly
show the difficulty of modeling to reproduce such results.

As a matter of fact, we will consider in the following only tensile data, namely the yield
strength, and all other data, in particular Charpy impact data, will be used only as a
support. Thus, the experimental database will be exclusively based on tensile data.
However, another difficulty appears as all tests are not performed at the same temperature
and this will be analyzed hereafter.
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Figure 21. Illustration of the difficulty of DBTT—determination in the unirradiated and
irradiated conditions (F82H steel) [173].
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Figure 22. Same tests as Figure 21 but represented by the general yield strength [173].
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Figure 24. Derivation of the irradiation hardening from the instrumented Charpy impact
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Figure 25.a. Charpy impact energy transition behavior and associated general yield stress:

energy (J)

unirradiated condition.

157 ®=24dpa | COPTIFER-V(1)  OOPTIFER-V(2) ¢ OPTIFER-VI(I) 1250 T
~% P8 | OPTIFER-VI(2) A OPTIFER-VII(1) A OPTIFER-VII (2)
Tina = 250°C| 5 Fg2H-mod BILF-1 © OPTIFER-la
X OPTIFER-IT DORNL 3791 1000 +
data from FZKA-6976 (2004) & FZKA-6605 (2001)
10 +
OOOEPED%@ g 750 +
<
B A o °x g <
Aoy 6 500 +
<
51 o X
*
250
A% x
0 LI PO : : i 0 : : : : : i
-200 -100 0 100 200 300 400 -200 -100 0 100 200 300

temperature (°C)

400

temperature (°C)

Figure 25.b. Charpy impact energy transition behavior and associated general yield
stress: irradiated condition ®=2.4 dpa; Tjy.g = 250°C.
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Figure 25.c. Charpy impact energy transition behavior and associated general yield stress:
irradiated condition ®=2.4 dpa; Tixq = 300°C.
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Figure 25.d. Charpy impact energy transition behavior and associated general yield
stress: irradiated condition ®=2.4 dpa; Tjx.g = 350°C.
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Figure 25.e. Charpy impact energy transition behavior and associated general yield stress:
irradiated condition ®=2.4 dpa; Tixraq = 400°C.
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Figure 25.f. Charpy impact energy transition behavior and associated general yield stress:
irradiated condition ®=2.4 dpa; Tixaq = 450°C.
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Figure 26. Correlation between the yield strength change and tensile strength change.

4.3. Test temperature effect on irradiation—-hardening

In practical applications, tensile tests that are reported in literature are very often
performed either at room temperature (~25°C) or at the irradiation temperature. There are
only few cases where tensile tests were performed in a large temperature range.
Therefore, to be consistent when comparing irradiation hardening values obtained at
different temperatures, it is necessary to perform a kind of normalization procedure to
consistently analyze the data.

As indicated in chapter 11, deformation is a thermally-activated process described by
equation (3). This equation indicates that the athermal component varies with the test
temperature because the Young's modulus variation with temperature. In a first step, the
yield strength should be corrected to remove the effect of the Young's modulus. If the
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yield strength in the athermal range is plotted as a function of test temperature, Figure 27
indicates that the slope of the trend line is approximately a. ~ 5.3 10 K™, which is
significantly higher (about twice) than the Young's modulus slope (o ~ 2.76 10 K™).
This means that another phenomenon is concurrently reducing the yield strength and this
will be discussed next..
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Figure 27. Effect of test temperature on the yield strength of 9%Cr—steels.

It is also interesting to examine some available experimental data on the effect of test
temperature on irradiation hardening. To illustrate the effect of test temperature on
irradiation hardening, the data were normalized to the increase of the yield strength at
room temperature. The results are shown in Figure 28. As it can be seen, within the
temperature range under consideration, there is a linear decrease of the normalized yield
strength change with test temperature. The measured slope of this curve indicates o = 5.5
10" K, a value which is in close agreement with Figure 27. So, both experimental data
sets shown in Figures 27 and 28 indicate a linear decrease with a constant slope,
approximately twice the usual Young's modulus temperature slope. As a matter of fact, at
high temperature, the measure of the yield strength at quasi-static strain rates (of the
order of 10 s™") may be affected by the anelastic deformation. There is experimental
evidence that in the high temperature range, Young's modulus measured dynamically
using ultrasonic waves lead to higher values than when derived from tensile tests [284].
Sawada et al. [284] reported Young's modulus data measured with two methods, namely
ultrasonic pulse method versus classical tensile test. The reported data are in close
agreement with other published data and trend curves [3, 134, 285-286]. While good
agreement between the two methods is observed at low temperature, both methods
deviate in the high temperature range (see Figure 29). The illustration shown in Figure 29
shows how the anelastic deformation can bias the Young's modulus measurement during
a tensile test. Young's modulus as measured in a tensile test is actually affected by the
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loading rate as a result of the combination of the elastic and anelastic strains [287]. An
estimate of the contribution of the anelastic deformation can be made based on
experimental data obtained on both Young's modulus and yield strength.

Experimental data show that the slope of the temperature dependence of the yield
strength is roughly twice the slope of the temperature dependence of the Young's
modulus, as obtained on other independent data.
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It is very interesting to observe that if the ultimate tensile strength change rather than the
yield strength change is considered, Figure 30 is obtained. This Figure is similar to Figure
28 except that the yield strength is replaced by the tensile strength. The ultimate tensile
strength does depend neither on the Young's modulus nor on the anelastic strain and that's
what Figure 30 shows. This clearly supports that above mentioned explanation, i.e., the
anelastic deformation and the Young's modulus temperature dependence do not enter into
account when dealing with tensile strength.
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Figure 30. No effect of test temperature on the radiation—induced change of the tensile
strength.

In the following, the normalization procedure is developed. From an engineering point of
view, the engineering yield strength is usually evaluated at a fixed plastic strain of 0.2%
(,=0.002). At a specific strain rate, the Hooke equation allows to write:

o,(N)=EM)x¢e,=(1-al)xEyx¢, (10)
Here E is the Young's modulus, 7 is the temperature and ¢, is the elastic strain.
However, if anelastic deformation occurs, then this relation changes to:

o,(T)=E(T)x¢,(T) (11)

where the strain ¢, assumed to be linearly dependent on temperature, is given by:

£,(T)=(1-pT)x¢&,, (12)
Equation (10) can be re-written as:
o,(IN=EM)xe (T)=(1-al)xEyx(1-pT)x¢,, (13)

this can be approximated by:
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o (N =[1-(a+PT|xEyxe,, (14)

In our evaluation, o. is taken equal to 2.76 10 s™ and (a+B) equal to 5.5 107 s™.

Thus, the normalized yield strength increase can be written as:

1-a'Tyr T
—— M xAo 15
l-a'T 7 as)

a'=2.67 10K if T<RT
where: {

RT _
AO'y ~

(16)
a=5510*K"' if 600°C>T>RT

For example, after irradiation, if the measured hardening obtained by testing at 7=300°C
is AO'yT =100 MPa, the estimated hardening if the test was done at room temperature

Trr=25°C) would be Ac®T =134 MPaMPa.
y

Application of the preceding normalization procedure to the data of Figure 28 leads to the
horizontal line shown in Figure 31. Another support of this methodology is given by the
tensile test data obtained on Eurofer-97 irradiated to various neutron doses and tested in
the range of -150 °C to +300°C [130]. The results in terms of yield strength increase as a
function of neutron dose are depicted in Figure 32 where both as tested (at the test
temperature) and after T-correction data are shown for comparison. The correction
procedure outlined above applied to the data (blue dots) shown in Figure 32 clearly
shows that the scatter is much reduced (red diamonds).
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Figure 31. No effect of test temperature on the irradiation hardening after both Young's
modulus and anelastic deformation correction.
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Figure 32. Effect of the test temperature correction on Eurofer-97 irradiated at 300°C
showing the reduction of the scatter after temperature correction.

4.4. Conclusion

The following conclusions can be drawn from the available experimental database. First
of all, the available data do not allow separating the various 9%Cr—steels as their
properties and behavior are quite similar. Moreover, there is not a single material that was
investigated from all point of views. In other words, we are obliged to include in the
database various 9%Cr—steels (about 30 heats) to have relevant ranges of variables. The
database consists essentially of tensile data. The Charpy impact data were discarded
because they may bias the actual irradiation effects. Moreover, from a modeling point of
view, tensile test data are more appropriate than DBTT data. Because all tensile tests
were not performed at the same temperature, a normalization procedure was used to
estimate the radiation hardening at any temperature by taking into account the variation
of the Young's modulus with temperature and the anelastic deformation that occurs at
high temperature.

Note that yield strength increase data shown in this report were all normalized to room
temperature using equation (15). This means that small differences are expected with
published data as the latter correspond to the value at the test temperature.
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V. RADIATION DAMAGE MODELING
5.1. Description of the model

It is important to emphasize here that the model is first kept relatively simple given the
large number of parameters and variables that should normally be taken into account. The
model should be step by step updated only when necessary. Basically, only two distinct
damage mechanisms related to atomic displacement damage and transmutation [288] will
be considered:
1. The dpa-related damage associated with defects involved in atomic displacements
during neutron bombardment. This includes mainly point defect clusters (enriched
with solute atoms) and loops (mainly interstitial-type loops [6, 12, 251]).
2. the He-related damage due to helium generation. This includes mainly bubbles
primarily filled with He.

For both components, we will consider the dispersed barrier hardening model to begin
with as it can be easily related to the irradiation—induced features that are responsible of
the observed hardening. The model assumes randomly distributed obstacles to dislocation
motion and assumes that the increase of the stress required to overcome these obstacles is
a function of their density (number density), their size (average obstacle size) and their
strength, as schematically illustrated in Figure 33.

dislocation

obstacle

Figure 33. Dislocation — obstacle interaction.

The yield strength increase can be written as:
Aoy =a,MGb\N,d, (17

where ¢y is the obstacle strength equal to 0.1 — 1 [14, 17, 20, 97, 243, 289-290], M is the
Taylor factor (M=3.06 [291]), G is the shear modulus, b is the Burgers vector, d;y and Ny
are the size and number density of the obstacles, respectively.

Contrary to the dispersed hardening model which is more appropriate for strong
obstacles, according to Zinkle et al. [292], an alternative model due to Friedel-Koupa-
Hirch was more appropriate for weak obstacles.
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Ao-legMded,/Nd (18)

However, inserting numerical values (M = 3.06, G = 85 GPa, b = 0.254 nm) together with
microstructural data (dy;~ 1 — 10 nm and Ny~ 1 10! —510% m'3) and comparing with
measured yield strength increases does not support such an equation. Therefore, most of
the irradiation defects can probably be considered as strong obstacles.

The dispersed barrier hardening model was used by many investigators when
microstructural data were available [20, 77, 246, 293-294]

5.1.1. dpa—component

First of all, the change of the mechanical properties (hardening and embrittlement) is the
result of the microstructural changes that occur in the material under neutron exposure.
Under high energy neutron irradiation, the vacancies and interstitials that are formed have
the major effect on these steels [83]. Ideally, to reliably assess the change of the
mechanical properties of structural materials under both dpa and helium damage, it is
essential to characterize the microstructural changes and determine their evolution with
neutron fluence. If the nature, the size and the number density of the various irradiation
defects are known as a function of the irradiation conditions, it would have been possible
to model the combined effect on the mechanical properties using for example the
dispersed barrier hardening theory. Unfortunately, availability of such data is illusive, as
it was for other materials (ferritic steels for example). Moreover, some of the
microstructural features are too small to be resolved. Therefore, the very few
microstructural data found in literature will be used only as a support. Another
alternative, pioneered by Pachur [295-297] uses annealing studies to derive the various
irradiation mechanisms that are classified according to their activation energy [297-299].
Unfortunately, such annealing studies are not available to perform such an evaluation.
Therefore, another route that will be detailed here after should be taken to build the
model.

There are a number of features reported in literature on the nature and sometimes on their
distribution (size, number density) of radiation defects. However, a clear identification of
all the defects responsible of the observed change of the mechanical properties is still
lacking. The difficulty stems mainly from the defect resolution related to their nano size
level. Actually, only a combination of multiple examination techniques can overcome
this difficulty. Nevertheless, so—called black dots, point defect clusters, small interstitial
loops, cavities (voids, bubbles), radiation—induced precipitates are usually reported in
literature [12, 97, 117, 142, 174, 222, 251, 300-301]. We cannot reasonably develop a
model if all these defects are considered because the number of parameters to be
determined would drastically increase and consequently additional empirical constants
will be required. This is the reason why in a first stage, only one dpa — component is
considered.

The dpa—component is due to dpa damage, consisting of point defect clusters evolving
into small loops, probably interstitial loops at higher dpa levels. Their size and number
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density that are reported in literature are in the range of 1 — 10 nm or larger and ~10*' —
few 10”> m”. Their density decreases with increasing irradiation temperature.

The parameter that primarily governs the radiation hardening is the number density of the
defects. Therefore, from equation (17), the yield strength increase can be approximated
by:

! ~C N, ~CJD (19)
where the constant C depends on the material and the irradiation conditions, more
specifically, the irradiation temperature. The number density of defects is taken
proportional to the neutron fluence. Such a relation, equation 5, would lead to a
tremendous hardening for high dpa levels which is not observed experimentally. Indeed,
before irradiation, the vacancy concentration is usually in thermal equilibrium with the
lattice. Radiation hardening cannot increase indefinitely but reaches a saturation value
when the rate of defect production is balanced by the annihilation rate reaching a steady
state defect concentration. Consequently, another form of fluence dependence due to
Whapham and Makin [302] can be used:

Aol ~C /1 —exp{— ;)J (20)
0

where @ is a constant.
Note that at low dpa — levels, both preceding equations are equivalent.

To define the kinetics that controls the temperature dependence of the radiation damage
(dpa—component), the annealing (recovery) will be used. If the recovery mechanism is
assumed to be mainly driven by the escape of vacancies from the zones, an Arrhenius law
type of kinetic can be expected [303-305]. It is known that annealing studies are the
appropriate test to investigate the main defects responsible for hardening and
embrittlement [297]. As a result, the defects are classified according to their activation
energies for annealing. Unfortunately, such studies are missing for the 9%Cr-steels.
However, it is possible to provide a physically—based trend curve that accounts for the
temperature dependence. So, an approximation can be obtained by combining the various
mechanisms to obtain a single effective mechanism as illustrated in Figure 34. An
example of application is illustrated in Figure 35, where four annealing mechanism
kinetics can be described by a single effective activation energy which represents the
total annealing behavior [305].
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Figure 34. Illustration of combining three annealing mechanisms to obtain an effective
one.
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Figure 35. Annealing mechanisms according to their activation energy. Data were
taken from [297].

It is known that removal of defects upon post—irradiation annealing follows a simple
activation or Arrhenius type law [305]:
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where I is the activation energy for recovery, 7is the recovery time, & is the Boltzman
constant and T is the absolute temperature. The lower the temperature the higher is the
lifetime of a vacancy. This means that at low temperature, the steady-state vacancy
concentration is higher and therefore leads to a higher hardening and embrittlement
[306].

It is usually assumed that the fractional variation of the hardening recovery, £, follows a
differential equation of the type [303-304, 307]:

af

—=—k, " 22

- (22)
where:

r
ky =kyexp| - 23
! 0 p[ k Tirrad] ( )

For a first-order kinetics, n=1, simple integration leads to the following equation:

L =exp| —k, texp[— I ] (24)

fO L k Errad

The irradiation temperature sensitivity factor, Fr, can be written as:

F, ~exp| -V exp(— Fﬂ (25)

irrad

where I is the activation energy and v is a frequency factor [308]. A number of tensile
test data, shown in Figure 36, were selected to determine these constants. Three types of
data were selected:

1. specimens irradiated at low temperature (<60°C) and tested at increasingly higher
temperatures (the annealing time corresponds to the holding time at constant
temperature before testing [144, 158, 279];

2. specimens implanted with He at constant dpa and He—content where only the
implantation temperature is varied [164, 309];

3. specimens irradiated and further annealed [174, 281].

The annealing data are shown on Figure 36 where the relative temperature sensitivity
factor, Fr, is calculated by normalizing the observed relative irradiation hardening with
respect to its initial as—irradiated condition. For example, if a specimen irradiated at 25°C
exhibits a hardening of 150 MPa, after annealing at increasingly higher temperatures, the
measured hardening is divided by 150 to obtain the relative temperature sensitivity, Fr.
This way, the sensitivity factor is between 0 and 1. The average value is used as a
reference when several specimens are available; this explains why some data points lie
above 1 or below 0 (not indicated). Above about 450°C, the temperature sensitivity is
negligibly small and this is supported by literature data [21, 289]. As it can be seen,
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despite the large scatter, the data can be reasonably well fitted with equation (25).
However, as will be seen later, this fit (T 1-dependence) is not consistent with the
database which suggests a dependence according to the dashed curve (T2—dependence)
shown in Figure 36.

@ F82H mod: 0.3 dpa ; 500 appm He

T2-dependence | @ MANET-T: 0.3 dpa ; 500 appm He
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Figure 36. Irradiation temperature dependence of dpa—damage. The dashed curve is more
consistent with the experimental database (see later). Experimental data taken from [144,
164, 174, 279, 281, 309].

Other data such as those of Alamo et al. [310] agree with such a T2—dependence trend
curve. However, some literature data are also in disagreement with Figure 36 such as
[311] where proton irradiation data indicated an important hardening around room
temperature (126 and 246 MPa for 0.37 and 0.93 dpa, respectively) and negligibly small
when irradiated at 250°C (7 and 27 MPa for 0.30 and 0.75 dpa).

Actually, during annealing, one can distinguish between various activation energies
corresponding to the various mechanisms. However, given the large uncertainties
inherent to the available experimental data, only one activation energy is considered.

So, the yield strength increase due to displacement damage can be written as:

r )
dpa _ _ _ —
Ao =~ Cpy, % exp{ 1% exp( KT H x |1 exp( :{”" ] (26)

The constant Cgp, can be fixed on one single experimental condition and should remain
constant for all other situations.
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5.1.2. He—component modeling

The second damage component that is considered is the He—component. In literature, He—
bubbles induced by transmutation (n,a) reactions indicate bubble size and number
density that are in the range of 1 — 3 nm or larger at higher temperatures and ~10' — few
107 m™.

To model the hardening induced by He—bubbles, we considered the work of Trinkaus
[312] on the kinetics of bubble formation at intermediate temperatures (0.2<T/T,<0.5
corresponding roughly to 50-600°C, T, being the melting point in K). Actually, the re—
solution of gas from bubbles during irradiation was first postulated and further
experimentally verified to explain the fission gas release behavior in UO, nuclear fuel
[313]. Experimental evidence of irradiation—induced re—solution of gas atoms from
bubbles in other solids was given by Evans as well [313]. Trinkaus [312] developed an
analytical description of both the nucleation of bubbles under internal He—generation
(primary He—bubbles) and the gas re—solution from existing bubbles (secondary bubbles).
A number of simplifications were considered in developing this analytical description. In
particular, it was assumed that the di—He clusters form already a stable bubble nucleus.
Moreover, it was assumed that a certain fraction of He—atoms in a bubble is re—solved per
dpa. The derived bubble density and size representing the upper and lower bound
estimates are:

2/m 3/m 1/m
(5 ) )
and
1/m
' 27v'DP 28)
470%ar’ K>

where N is the number density of He—bubbles (m™)

R is the bubble radius (m)

P is the helium production rate (s'l)

K is the displacement rate, or dpa rate (s™)

x is the resolution efficiency factor (-)

v is the volume per atom gas in the bubbles (rn3 )

Qis the volume per matrix atom (m3 )

a= Sﬂ ~10*'m~2 where 1o ~ 0.5 nm is the clustering radius

D is the diffusion coefficient (m*s™)

m is a constant (m=7) characterizing the time dependence of N (N~t"7).
Details can be found in [312] and therefore the same notations were taken.

As for the dpa component, by using the dispersed barrier hardening model, the following
He—induced yield strength increase component can be obtained:
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Aafe ~ Cyy, X {ﬂ(ﬁx(He/dpa))m’2/¢f3 D? }[ﬁlw (29)

where ¢ is the dpa rate (K), (He/dpa) is the Helium—to—dpa rate (=K/P), ®""! is the
threshold dose below which no He—effect is observed, D is the diffusion coefficient

(D =D, exp[— Yy j , U=0.93 eV is the He-migration energy, Dy ~10° m’s” is a
irrad

temperature independent constant) and Zand m are constant (8~107" m*, m=7). This

equation was simplified leaving only the most important input parameters. As for the

dpa—component, the amplitude, characterized by the constant Cy. is experimentally fitted

on one single condition and kept constant for all other experimental conditions.

The threshold value of @™ was fixed to 500 appm He. Below this threshold, the
contribution of helium into hardening is marginal, in agreement with literature data [237].

It is important to note that the approximations used above and the derived equation (29)
are valid only in the temperature range mentioned above, namely ~50 — ~600°C. Indeed,
below ~50°C, the He—diffusion changes from the replacement mechanism to the cascade
mixing mechanism [314] leading essentially to a population very small He—vacancy
clusters. Above ~600°C, re—absorption of re—solved gas atoms reduces the gas resolution
efficiency and thermal dissociation of gas atoms from bubbles becomes important.

5.1.3. Superposition law

In the presence of various obstacle types with different size, number density (obstacle
spacing) and strength, the total hardening will be a superposition of the individual types
of hardening obstacles. A realistic model should take all this information into account.
However, this is practically impossible from an analytical point of view and therefore a
number of simplifying approximations should be considered. Foreman and Makin [315]
developed computer calculations of a dislocation moving across a random array of
obstacles of different strengths that can help for estimating the appropriate superposition
law to be used. A good overview of the various effects of size, density and strength
distributions can be found in [316]. For simplicity, we will consider here only two simple
cases that are usually used, the linear and the quadratic superposition laws. This means
that the total contribution of both dpa and He to hardening can be written as [316]:

A0, =(ac), +Acf, )" (30)
where p characterizes the superposition law that is used, p=1 for a linear superposition
and p=2 for a quadratic superposition. Figure 37 illustrates for both superposition laws
how the two components vary. For the same total hardening (100%), a linear
superposition is suggesting for example 50% of each of the component
(50%+50%=100%) while a quadratic superposition results in a higher contribution of the
second component (V(50%°+86.6%%)=100%).
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The computer simulations performed by Makin and Foreman suggest a better agreement
of the numerical results with the quadratic superposition. This was confirmed by other
simulations performed by Malerba [317]. In general, it is found that the best agreement is
found by combining both laws [318]:

Ao,y =Sx% (Aadpa + AGHe)+ (1 - S)>< (Aajpa + AJIZJE)W (31)
where 0<S<lI.
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Figure 37. Relative damage component contribution according to the selected
superposition law (total hardening = 100%).

This means that the appropriate superposition law lies between linear and quadratic, but
probably closer to the latter. For instance, the data of Foreman and Makin [315] suggest
an S value close to 0.2 (see Figure 38). From a practical point of view, the choice of the
appropriate superposition law should be based on the best agreement to the experimental
data. Of course, to make such an assessment of the appropriate superposition law
different combinations of the amplitude of the two components are required, which
unfortunately are often missing in the available experimental data. Nevertheless, both
linear and quadratic superposition laws will be used in our case.
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intermediate superposition law (0<S<1)
AGiw =S (Ao +Acy) +(1-5) (Ac +Acy)
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Figure 38. Intermediate superposition law applied to the numerical simulations of
Foreman and Makin [315] (S=0.2).

5.2. Application

Equations (26), (29) and (30) allow determining the total yield strength increase as a
function of a limited number of variables, namely, the irradiation temperature, dpa—rate,
the total dpa and the He—to—dpa rate or He—rate. All other parameters (v, I', A, ®g, Ty, m,
Capa, Che) are constants. Application of this model is presented in the next section.

In the following, application of the model to a number of typical situations is provided as
illustrations. First, ignoring the He—contribution, i.e., for data obtained from neutron
irradiations, the hardening trend curves are given for different irradiation temperatures in
Figure 39. In Figure 40, an example showing both dpa— and He— contributions for a
hypothetical situation of proton irradiation at 250°C. As it can be seen, the model
assumes a threshold He — content (fixed to 500 appm He) below which He—contribution
is ineffective. The effect of He—generation rate on the hardening is illustrated in Figure
41. Finally, for typical fusion conditions, such as ITER, DEMO and IFMIF where the
He—generation rate is close to 10, the hardening trend curves are shown in Figure 42 at
various temperatures, 200 to 500°C.
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Figure 39. dpa—damage component at various temperatures when He—contribution is
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Figure 40. Application of the model to proton irradiation environment.
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Figure 41. Effect of He—generation rate on the hardening kinetics at 325°C.
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Figure 42. Predictions of the model for fusion—relevant irradiation conditions at various
temperatures.
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5.3. Conclusion

It is important to emphasize that the model presented in this section was voluntarily kept
as simple as reasonably possible to allow an analytical description of radiation hardening
including He, of 9%Cr—steels in the temperature range of 50 to 600°C. One of the main
reasons for this simplification is to keep the number of model variables to a minimum
level. It is a matter of fact that each subsequent model parameter brings additional
variables. Therefore, additional variables, such as chemistry, defect nature, ... should be
incorporated only if the deviations between the model and the experimental data cannot
be rationalized.

It is important to note that a saturation of hardening due to He—damage component should
also be incorporated into the model in a similar way as for the dpa—damage component.
Experimlental evidence was given by Klueh et al. [83, 161] on the saturation of
hardening caused by He. This saturation phenomenon was not taken into account in the
version presented in this report because of the experimental data limitation. As a result,
the hardening due to He will be overestimated at high dpa doses.
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VI. RESULTS AND ANALYSIS
6.1. Introduction

Before analyzing the results of application of the preceding model, it is interesting to
point out a few comments. It is known that one of the methods used to generate helium is
through the Ni—doping. Very often, the 9%Cr—steels are doped with 1 to 2%Ni [157, 159,
194, 232, 234-236, 238, 253, 274]. Many investigators [125, 157, 161-162, 180, 194,
205, 215,232,234, 238, 253, 319 ] have extensively used this procedure to promote
helium generation in 9—12 %Cr steels. However, in the temperature range below ~300°C,
while indeed helium is created through the interaction of the thermal neutrons with Ni—
atoms, the effect of Ni—addition on the dpa—damage is much more significant than the
hardening resulting from helium [156, 164, 231, 236]. At high temperature, say above
about 400°C, the Ni—contribution to hardening becomes negligible [232, 320].

To better illustrate the difficulty of using Ni for He—generation, we collected
experimental data published by Klueh and co-authors [156, 159, 161, 180,205, 320-321]
on the effect of Ni—doping. Figures 43, 44 and 45 show the results in terms of hardening
as a function of neutron dose and He—content of 9%Cr—steels irradiated at 50°C but
tested at 25°C, at 300°C tested at 300°C and at ~400°C tested at 400°C, respectively.
There is no evidence of intrinsic He—induced hardening effect for the three temperatures
considered here. Ando et al [235] reported data on their Figure 4 that clearly show the
detrimental effect of Ni—addition on the displacement damage component. On the other
hand, Ni itself could have an intrinsic effect on displacement hardening as it does in
ferritic steels. Finally, Tanigawa et al. [146] suggested the possibility of Ni—enhanced
MqC phase precipitation under irradiation. Also large microstructural changes arising
from Ni—precipitation complicate the interpretation of the results [274]. Therefore, all
Ni—doped steels were removed from the databank.

Nickel-doping was one of the procedures that were used to increase helium—content in
9%Cr-steels. However, the observed increase of hardening and embrittlement after
irradiation is believed to be attributable to displacement damage rather than helium, in
particular at low temperature [156, 194, 230-231, 236]. Conclusions such as those
reported by Klueh et al. [319] might be wrong. In a recent paper, Klueh et al. [156]
reported microstructural observations by TEM which indicate that the irradiation—
induced dislocation loops were denser and finer in the 1%Ni—doped steel with respect to
the undoped steel.

Klueh et al. [232] reported no effect of helium on Ni—doped 9%Cr— and 12%Cr—steels
irradiated to ~16 dpa at 390, 450, 500 and 550°C. Klueh et al. [180, 205, 319] reported
data that indicate an effect of helium at 400 and 300°C but not at 500°C. This was
attributed wrongly to helium and is thought to be due to enhanced displacement damage
by nickel addition, as it does in ferritic steels. However, in the low temperature range, say
below ~300°C, nickel is expected to play a significant role in enhancing radiation
hardening [270].
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Figure 43. Helium effect (through Ni—addition) on irradiation hardening. Tiy.g = 50°C
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Figure 45. Helium effect (through Ni—addition) on irradiation hardening. Tiyg = 400°C
and T1551 =400°C.

6.2. Application of the model to the database

All experimental data were normalized to room temperature testing using equation (15).
The yield strength increase as a function of the displacement damage (Ac,—dpa) taken
from the database where He—content is below 1000 appm (0.1%) are shown in Figure 46.
As it can be seen, despite the large scatter, there is no significant effect of temperature in
the range 50 — 325 °C. A significant hardening decrease is noticed at 365°C and higher.
Above about 430°C, no hardening occurs and even some softening is evidenced, in
agreement with [19, 21, 99-100, 281]. The results shown on Figure 46 are not consistent
with the data shown in Figure 36 (T/—dependence) on the irradiation temperature
dependence. The reasons of this disagreement are at this stage unknown. Details on the
testing conditions are necessary to identify the possible reasons. Nevertheless, if the
negligible effect of irradiation temperature in the range 50 — 325°C is taken into account,
the temperature sensitivity factor should be modified according to the dashed curve
shown on Figure 36 (T2—dependence).

In Figure 47, the data where the He—production rate is about ~100 appm He/dpa are
shown for various temperatures. This Figure is consistent with Figure 46 on the
negligibly small effect of irradiation temperature below about 300°C. Finally, for the He—
implanted specimens, the data are shown on Figure 48 confirming the absence or
negligible effect of irradiation temperature effect below about 300°C.
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Figure 46. Experimental data for low He—content specimens (<1 appm He/dpa) for
different irradiation temperatures.
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Figure 47. Experimental data for medium He—content specimens (~100 appm He/dpa) for
different irradiation temperatures.
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Figure 48. Experimental data for high He—content specimens (~6400 appm He/dpa) for
different implantation temperatures.

It is important to notice that the experimental data where the yield strength after
irradiation has decreased rather than increased cannot be correctly modeled. Irradiation
softening, which occurs in the high temperature range (450 — 600°C), was indeed not
incorporated in the model. Actually, an additional temperature—dependent component
which reduces the yield strength should be added to account for the irradiation softening.
Unfortunately, well dedicated experimental data are required to accurately account for
this phenomenon. So the temperature sensitivity remains an open issue and it will be
necessary to correctly take this key parameter into account before being able to reliably
model irradiation effects on the whole temperature range.

Assuming a quadratic superposition law, application of the model to the database are
shown in Figures 49 and 50, for the two temperature sensitivity trends shown in Figure
36. These two Figures compare the experimentally-measured yield strength increase to
the predicted one using equations (26), (29) and (30). At high dpa and high He—content,
the predicted hardening is significantly overestimating the experimental one (see Figure
51 for an extended scale). This was expected from the He—contribution to hardening that
does not saturate. Unfortunately, the available data do not allow yet the determination of
the saturation value. If the linear superposition law is adopted the whole picture does not
significantly change: the scatter is too high to clearly identify possible changes.
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Figure 49. Comparison between experimental data and model prediction considering the
irradiation temperature sensitivity dependence of the full curve (7/—dependence) shown
in Figure 36.
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Figure 50. Comparison between experimental data and model prediction considering the
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Figure 51. Similar to Figure 50, with X—axis extended. At high dpa, the model
overestimates the hardening as no saturation of He—component was assumed.

It is interesting to examine the data according to the irradiation temperature and to the
He—production rate. The results are shown in Figure 52 for the neutron irradiation data
(where He—production rate is about 1 appm He/dpa), Figure 53 for the proton irradiation
data (He—production rate is about 100 appm He/dpa) and Figure 54 for the He—implanted
data (He—production rate is about 6400 appm He/dpa). As it can be seen, the model
predictions are in reasonable agreement with the experimental data. These data
demonstrate the possibility to extract useful information from ion irradiation, in a similar
way as neutron irradiation [322-323].

Two remarks can be made on the application of the model to the available database. First,
the model cannot accurately predict the hardening of 9%Cr—steels when both dpa and
He—content are high. Indeed, the square root dependence of hardening as a function of
dpa overestimates the actual hardening and should normally saturate above a certain He—
level. Second, for high He—contents obtained by He—implantation, the concurrent dpa
level does not exceed 1 dpa. It is therefore clear that the database should be updated to
include data which are not considered in the present version.

Globally, the agreement between experimental and predicted hardening is reasonable if
all uncertainties and adopted assumptions are taken into consideration. It should be
emphasized that from an engineering point of view, a mean curve is not a must but
lower/upper bounds would offer a frame for designers that they can evaluate their safety
margins.
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Figure 52. Application of the model to experimental data obtained from neutron
irradiations in test reactors.
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Figure 53. Application of the model to experimental data obtained from proton irradiation
(He—production rate ~100 appm He/dpa).
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Figure 54. Application of the model to experimental data obtained from He—implantation
(~6400 appm He/dpa).

It is important to mention that Ullmaier and Camus [251] attributed their hardening
mainly to the displacement damage for He—concentration below 5000 appm He. This is in
contradiction with the data shown in Figure 54. Some other authors attributed hardening
and embrittlement to helium although the He—content was significantly lower, below 100
appm He [108]. This illustrates the still open question of the actual role of Helium in
hardening and embrittlement of 9%Cr-steels.

6.3. Conclusion

Application of the proposed model to the experimental database is very promising given
all the uncertainties related to the database itself and the assumptions of the model. It is
clear that additional experimental data are required to better define the He—contribution.
As already pointed out by Trinkaus [312], specimens should be pre-implanted before
irradiation to high dose levels. It is also clear that the yield strength increase cannot
indefinitely rise with He—generation and ultimately should saturate. It should also be kept
in mind that it is possible that such saturation could be accompanied by a reduction of the
microcleavage fracture strength which would affect thereby the relationship between
hardening and embrittlement.
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VII. DiscussION

This section has as a primary objective to try to answer a number of questions that
inevitably can be raised because of the difficulty to take all parameters into account.
Indeed, the engineering modeling that was developed in this document is not aiming to
account for all the physical mechanisms involved during irradiation. As already clearly
stated in the introduction, the main objective is to provide trend curves to engineers that
are responsible of designing nuclear components. These trend curves, rather than to
establish them empirically, some physical background was put in the model to describe
the hardening/embrittlement kinetics. The model was deliberately (actually, there was no
other choice) simplified to reduce the number of model parameters that have to be
determined. The adequacy of modeling is measured by the performances that it allows in
representing the experimental data. It is clear that, at this stage, we cannot pretend that all
the data will be well described by the model. However, the model might (should) be
improved each time additional evidence is available. For example, the precipitate
component should be added as this damage mechanism was experimentally evidenced.
However, to correctly describe this phenomenon, it is clear that specific experimental
data should be produced. But given the experimental database that is available to date,
adding damage mechanisms and therefore damage components would certainly not
improve the model performance as we would rely on additional speculation which we
tried to reduce as much as reasonably possible.

In the following, we will examine to which extent a number of assumptions that were
made are relevant or not. In particular, the effects of material (chemical composition, heat
treatments) and irradiation conditions (temperature, neutron versus proton) will be
examined.

7.1. Effect of chemical composition and heat treatment

Throughout all this report, no distinction was made between the various 9%Cr — steels
although their chemical compositions vary quite substantially. It is interesting to examine
to what extend such an assumption is valid. Therefore, we've gathered in Figure 55 the
experimental results obtained on various 9%Cr — steels neutron—irradiated at about 55°C.
As it can be seen, within the experimental uncertainties, the small differences can hardly
be attributed to the material heat. Other examples are given on Figure 56 and Figure 57
for neutron—irradiation data at 300 and 400°C, respectively. So, the assumption on the
lack of influence of material heat (chemical composition) is acceptable. This assumption
is also supported by other data such as [112, 172-173]. Note that in Figure 57, the data
lying significantly above the trend curve are different from the others. Indeed, the former,
taken from Klueh and co—authors [87, 156, 161, 180, 199, 205, 324] exhibit a
significantly higher initial yield strength (in the range of 700 MPa at 400°C) than the
latter (in the range of 500 MPa at 25-386°C). It is believed or suspected that these
materials are senstive to temperature, or in other words, these steels are probably not
thermally stable. Nevertheless, other mechanisms enter into play, that are out of the scope
of the present report.
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Figure 55. Effect of material heat on irradiation hardening (T = 55°C).
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Figure 56. Effect of material heat on irradiation hardening (Tixag = 300°C).



83

1000 T [9%Cr—steels
[ [Ty = 400 °C
“ [ [0 Fg2n
73011 4 9cr-1MVND
g [ [ m9Cr-1Mo
= 500 L | ¢ 9Cr-2WVTa
b>a |-
< r A
I . A
250 + .
L A A A A
O L S ] 1 I N | % . 1 1 I T | % 1 !A 1 1111 A{
0.1 1 10 100

neutron dose (dpa)

Figure 57. Effect of material heat on irradiation hardening (Tix.q = 400°C).

We developed in the previous section the reasons why the Ni—doping data promoting He—
generation were excluded from the experimental database. What about B—doping? It is
known that addition of Boron allows during irradiation the formation of He through the
1B (n,a) "Li reaction. However, this Li—element affects also the microstructure of the
steel [108, 230, 234, 236, 270]. Moreover, the quick transformation of Boron into Helium
leads to a He—production rate that is much higher than under a typical fusion environment
[270]. However, the B—concentrations that were considered in literature are so small that
the generated He—content does not exceed few hundreds appm He. In Figure 58, we
gathered a number of experimental data obtained by Wakai and co-authors [142-143,
148] which does not unambiguously indicate an effect of He. In [108, 152, 154, 171, 278]
the differences on the measured hardening and embrittlement of various 9%Cr—steels
were attributed to helium (resp. B—content). However, the helium content is so small that
it is doubtful that the observed differences are due to He. As also suggested by Klueh et
al. [230], the interpretation of such results could present a source of confusion.
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Figure 58. Effect of heat treatment on F82H. Significant effect of heat treatment but not
of He—content obtained with B—doped steel.

We included in Figure 58 also the effect of heat treatment that shows the large influence
of the heat treatment on the post—irradiation hardening. Unfortunately, such data are not
systematically available and microstructural examinations are lacking to allow a more
systematic assessment.

7.2. Temperature effects

First, it is interesting to examine the effect of irradiation temperature on the material
behavior. We have already indicated that some major conflicts are apparent from the
available data, in particular in the transition range before the recovery mechanism starts
to effectively operate. We will first examine the general trend of the effect of irradiation
temperature and then more details will be given on the effect of irradiation temperature
on the post—irradiation behavior of the 9%Cr—steels, including annealing effects.

Examination of the data shows that above ~430 °C, some softening is observed after
irradiation. As it was suggested by [83] and [154], this might be due to irradiation—
enhanced thermal ageing effects that probably induce precipitate coarsening. According
to Bae et al. [99], softening is caused by the reduction of the dislocation density induced
by radiation—enhanced dislocation climb and mutual annihilation. Also Mdslang and
Preininger [100] attribute softening to the radiation—enhanced dislocation recovery and
subgrain formation within the martensitic laths. Tamura et al. [325] reported M3Ce—
precipitate growth and precipitation of Laves phase after thermal ageing. However, the
effects of thermal ageing become significant only above ~600°C (for 1000 h exposition).
Interesting results were reported by Kimura et al. [31] which indicate the difficulty of
interpreting post—irradiation data when the material is sensitive to temperature (thermal
ageing). Aging phenomena can harden the material without neutrons. Maziasz and Klueh
[222] reported long term thermal aging data on 9%Cr—steels in the temperature range of
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482 to 704°C during 25000 h. They clearly established that the evolution of the
microstructure is significantly different from the 600°C—irradiated one. Moreover, the
microstructure remains stable below ~600°C but coarsened above. Schifer [214] reported
significant degradation of the mechanical properties of F82H-mod steel resulting from
precipitation of Laves phase (Cr, Fe),W upon thermal aging at 600 and 650°C.

In our model, we considered that above 450-500°C, the irradiation hardening due to
displacement damage reduces to zero. Of course, this is not correct but it is expected that
even if taken into account, its contribution will be small if the temperature remains below
~600°C, which is the case of our database. For higher temperatures, thermal ageing
effects might become significant, as suggested by the thermal aging data.

Below ~430°C, only partial recovery is usually observed. The amount of recovery as a
function of temperature is, at this stage, quit ambiguous; the available experimental data
do not show a unique picture. We considered three types of data:

Data where irradiation temperature is systematically varied

First, the experimental data obtained by [129, 172-173, 217, 283, 326-327] on various
9%Cr—steels irradiated in a range of 0.2 to ~16 dpa in a temperature range of 250 —
450°C show that irradiation embrittlement remains quasi—constant between 250 and
300°C and onset of annealing recovery occurs above 300°C. Their results are shown in
Figures 59 and 60 for embrittlement and hardening, respectively. These results are
confirmed on other materials with a more significant recovery rate between 300 and
350°C (see Figure 61) [326-327]. On the other hand, according to Spitig et al. [328],
irradiation hardening of F82H irradiated to 0.16 to ~0.5 dpa in a temperature range of 25
—400°C shows a monotonic decrease from ambient to 400°C. These data are supported
by Rensman [279] data on irradiated Eurofer—97 at two temperatures, 60 and 300°C to
approximately the same neutron dose level of ~2.4 dpa and the measured irradiation
hardening level for the two temperatures were 308 and 335 MPa, respectively. So, it is
believed that below 300°C, irradiation hardening dependence on temperature is
negligible. Kimura et al. [329] gathered a number of data in the range of 350 — 550°C and
high dpa (up to 36 dpa) showing the decrease of embrittlement in this range. Effective
annealing recovery of irradiation hardening was shown to occur between 300 — 400°C by
Kimura et al. [289]. However, radiation embrittlement measured either with Charpy
impact or fracture toughness tests in the range 250 — 500°C shows a monotonic decrease
with increasing temperature [276, 289]. But this conclusion is moderated by additional
data taken from [47, 330] (see Figure 62). Softening is observed when temperature
exceeds about 430°C. Daum and Lindau [164, 309] reported data on two steels, F82H
mod and MANET-I, which were He—implanted to 500 appm He and a displacement
damage level of 0.3 dpa in a range of temperatures of 50 — 550°C indicating a monotonic
irradiation hardening decrease with increasing temperature. However, two important
points should be mentioned. First, the various specimens were tested at a temperature
equal to the irradiation temperature (Tiest = Tiraq). Because the irradiation hardening
decreases with increasing test temperature, the slope of the decrease is actually smaller.
Second, there is a significant difference of hardening rate between F82H mod and
MANET-], this difference is most probably caused by the high Ni—content of MANET-I.
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We collected a number of DBTT shifts published by Klueh and his co—authors on various
9%Cr—steels but as it can be seen from Figure 63, the scatter is such that it is difficult to
reliably assess the irradiation temperature effect.

Finally, it appears that for most of the data analyzed in this report, a full recovery is
observed around ~450°C.
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Figure 59. Effect of irradiation temperature on irradiation embrittlement [172-173].
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Figure 60. Effect of irradiation temperature on irradiation hardening [172-173].
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Figure 63. The DBTT-shift as a radiation embrittlement monitor does not allow to
consistently differenciate between the various data sets. All data from Klueh et al. [32,
35, 87-88, 91, 159-160, 162, 319] and Lechtenberg [331].

Data irradiated at T;aq and tested at higher temperatures

Rensman and al. [139, 279] irradiated tensile specimens of Eurofer-97 at 60°C to ~2.3
dpa and tested them at increasingly higher temperatures. Unfortunately, the holding time
before testing was not reported. The yield strength increase decreases continuously with
increasing testing temperature, in agreement with other data published by Horsten et al.
[332] on a mod. 9%Cr—steel (see Figure 64). Similar results were obtained by Dai et al.
[144] on F82H irradiated with 800 MeV protons at 60°C and tensile tested at higher
temperatures after 15-20 min temperature stabilization (see Figure 65). Helium content
was ranging between 125 and ~1400 appm He. The results shown on Figure 65 indicate
that the yield strength is only partially recovered. Moreover, the recovery amplitude does
not seem to depend on the dose level. Finally, the recovery of the proton irradiated
samples is clearly lower than the recovery of the neutron irradiated samples. The role of
He is unfortunately not clear. Indeed, Maloy et al. [158] reported data on a mod 9%Cr-
1Mo steel irradiated to 3 dpa in a spallation environment at 35-50°C that show a full
recovery at 400°C. Unfortunately, the amount of generated He was not reported. Finally,
it is interesting to examine the data reported by Abe et al. [178, 281] on three 9%Cr—
steels, namely 9Cr-1WVTa, 9Cr-3WVTa and 9Cr-1MoVND, irradiated at about 265°C up
to 0.03 and 0.45 dpa in the JMTR reactor. Tensile tests were performed on these steels at
room temperature, 200, 300, 400, 500 and 600°C. Very surprisingly, a maximum
hardening was observed for the 9%Cr—W VTa steels when tested at ~300°C but not for
9Cr-1MoVND [178, 281 ] (see Figure 66). As it can be seen, the 9Cr—WVTa steels
exhibit a significant increase of the yield strength at about 300°C followed by a
monotonic decrease with increasing temperature. This behavior was associated with
carbon, more specifically carbon—vacancy complexes. However, this is not systematically
observed on other materials and irradiation, annealing or testing conditions. For example,
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the data reported by Schneider et al. [172-173, 233] do not exhibit any hardening or
embrittlement peak around 300°C (see Figures 59-60). Other data are not supporting such
peak hardening occurrence around 300°C [129, 198, 276, 279, 326, 328-329]. However,
as it will be seen next, despite these differences, post—irradiation tests performed by Abe
et al. [178, 281] confirmed their observations.
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Figure 64. Effect of testing temperature on irradiation hardening of Eurofer — 97
irradiated to ~2.3 dpa at 60°C and Mod 9%Cr — steel irradiated to 1.5 dpa at 70°C [139,
279, 332].
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Figure 65. Effect of testing temperature on irradiation hardening of F82H
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Figure 66. Effect of test temperature on irradiation hardening [178].

Data where post—irradiation annealing is performed

The peak hardening at about ~300°C suggested by the data of Abe et al. [178, 281] were
confirmed with post — irradiation annealing experiments. The experimental data shown in
Figure 67 exhibit trend curves that are in qualitative agreement with the data shown in
Figure 66. Despite this confirmation, this observation cannot be generalized and therefore
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some additional hardening mechanisms are suspected but cannot be identified with the
available information.

Kimura et al. [333] compared isochronal (1h) post-implantation annealing with neutron
irradiated/annealing and reported that the recovery was retarded when helium is present.
They suggested that this is due to the suppression of the annealing out of the defect
clusters by the presence of helium or by the He—bubble growth that occurs at high
temperature. However, it should be mentioned that the two situations were not exactly
similar, 156°C/0.048 dpa/120 appm He for the He—implanted samples and 220°C/0.15
dpa for the neutron irradiated samples. Unfortunately, this comparison suffers from the
differences in the irradiation conditions in terms of dpa and irradiation temperature
although the effect of the latter is assumed to have a negligible effect (156 versus
220°C). Hardness data on 9Cr—steels helium—implanted at <150°C up to 580 appm He
and 0.223 dpa and annealed for 1 h in a temperature range of 200-600°C were also
reported by Kimura et al. [333-334]. They show a slight hardness decrease below 400°C
followed by an increasingly significant recovery above. However, according to these
authors, retardation of the thermal recovery is observed on the helium—implanted steel in
comparison to the irradiated (helium free) steel which fully recovers at or above 400°C.
The residual small hardening observed on helium—implanted specimens after annealing at
high temperature (>400°C) is supposed to be due to the thermally stable helium bubbles.
Zvezdin et al. [335] reported Charpy impact data on a 9Cr-2MoVNb and 10Cr-1MoVNb
irradiated to ~25 dpa at ~350°C in the BOR60 reactor that indicate a significant recovery
after annealing at 550°C/4h. This significant recovery was also reported by Petersen et al.
[327] on Charpy impact data on Eurofer-97 which indicate that a significant recovery of
the transition curve is obtained after irradiation at 330°C to 15 dpa (BOR60) and
annealing at 550°C/3h. Moreover, the tensile properties show a nearly full recovery of the
yield strength and uniform elongation upon the same annealing. Note that at a lower
annealing temperature, namely 450°C, the efficiency of the recovery was much smaller.
Kimura et al. [31] showed that upon neutron irradiation in FFTF/MOTA up to 10 dpa at
373°C of two 9Cr—2W steels (JLM-0 and JLM-1), annealing at 500°C/2h resulted in
partial recovery of the tensile properties and full recovery (or even over-recovery or
softening) at 600°C/2h. These results are partially confirmed on another steel, mod JLF-
1, irradiated also in FFTF/MOTA up to 10 dpa at 370°C and annealed at 400, 500 and
600°C/1h [289]. The recovery is complete at and above 500°C. Finally, Marmy [179]
obtained a good recovery by annealing the MANET steel at 450°C/6.5h after irradiation
to 0.4 dpa at 190°C.

To summarize the effect of temperature on radiation hardening and embrittlement based
on the examination of the literature data mentioned above, three main conclusions can be
brought out:
1. A full recovery is expected to occur in the range of 450 — 600°C, depending
mainly on the irradiation conditions;
2. the major change of the recovery rate occurs in the range between 300 and 450°C;
3. below ~300°C, it is not yet clear how the temperature affects radiation hardening
and embrittlement. The lack of experimental data in this range of temperature is
also obvious.
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Before closing this discussion of the temperature effect, it is important to mention some
additional complications on the temperature effect. For example, Chen et al., [336]
reported post—irradiation annealing experiments on various structural materials including
a Ni-alloy (Inconel 718), a refractory metal (Ta), an austenitic stainless steel (AISI 304L)
and a 9%Cr-ferritic/martensitic steel (DIN 1.4926) taken from a spallation target
irradiated at 400, 200, 250 and 250°C, respectively and found no significant change of
the yield strength but a significant recovery of the ductility. The irradiation temperature
was between 200 and 400°C and the annealing temperature was varied between 300°C
and 700°C for 1h to 10h. The dpa dose and He—content amount to 20 dpa/3300 appm He,
8.4 dpa/440 appm He, 6.7 dpa/1300 appm He and 5.8 dpa/1300 appm He, respectively.
Annealing at 500 and 700°C for 1h of Inconel 718 does not modify the hardening neither
the ductility. At 700°C, a significant increase of hardening is observed but not explained.
Intergranular fracture is suspected in all specimens. The annealed Ta-sample (400°C/1h)
exhibited a significant increase of the yield strength and reduction of the ductility in
comparison to the as-irradiated sample. The 304L stainless steel annealed at 700°C/1h
shows that the yield strength remains unaffected while the tensile strength (work
hardening) and ductility increase. For the DIN 1.4926 steel, upon annealing at 300, 350,
400 and 700°C for 1h, the yield strength is only slightly decreased but the ductility
significantly increases with the annealing temperature. Tentative explanation was
provided by the authors but remains exploratory and incomplete. These results contradict
with those reported by Marmy and Victoria [179] indicating a good recovery of both
strength and ductility of the DIN 1.4914 (MANET) irradiated at 190°C and annealed at
450°C/6.5h. On the other hand, the ductility recovery with only very limited hardening
recovery was confirmed by Jung et al. [165] who performed post—implantation annealing
at 550 and 750°C for 10 h on helium pre—implanted tensile specimens of Eurofer—97 at
250°C up to 2500 appm He and 0.38 dpa. Their microstructural examination revealed that
the post—irradiation defects, black dots and small loops, were not observed after
annealing but instead, a high density of dislocations is found [165]. Unfortunately, the
samples were punched from the deformed tensile specimens and therefore these
dislocations might also be attributed to plastic deformation. Again, this phenomenon of
post—annealing ductility recovery but strength retention is not understood and requires
more investigations.

All the experimental investigations presented here above on the temperature effects show
the difficulty to rationalize all these data (see Table 4). There is clearly an urgent need to

resolve these experimental conflicts and provide a consistent picture on how actually the

temperature affects hardening and embrittlement.
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Table 4. Summary of the results found in literature on temperature effects.

dose He- ost—irrad T. t,
reference material Tirraa (°C) (dpa) content P “&‘;‘3')““' "("l‘:;“' main outcome
(appm)
Sa;ggan;gg]e_ 250; 300; Charpy impact Constant ADBTT between 250 and 300°C
’ ’ Eurofer-97 3505 400; 15 - Py 1mb - - followed by a significant decrease of
Petersen tests (DBTT) § 5
[327] 450 embrittlement around 400°C
Kimura D}i;l;Taf:ﬁdtpy Monotonous decrease of irradiation embrittlement
F82H 250 - 500 4-5 -- P - - with increasing irradiation temperature. Only
(289] fracture artial recovery up to 550°C
toughness) P Yy up i
Petersen annealing; Good recovery of the transition curve with a small
[327] Burofer-97 330 13 B DBTT 350 3 residual embrittlement.
annealing ; Only partial (20 — 50%) recovery of the yield
Jung [165] Eurofer—97 250 0.38 2500 tensile tests at 550 ; 750 10 strength. On the other hand, superior ductility's
RT & 250°C were found after implantation and annealing.
anncaling; 300 — 1— | Strength retention but remarkable ductilit
Chen [336] DIN-1.4926 250 5.8 1300 tensile tests at 700 10 recovi y
25 & 250°C v
08: 125 Below 350°C, only partial recovery of strength
. 1. Y tensile tests at 160; 250; and ductility. At 400°C, partial recovery of the
Dai [144] F82H 60 1'77’ ~122526 higher temp. 350; 400 - strength and better recovery of ductility. Residual
hardening increases with dose.
FZKA-5848 | F82Hmod | tensile tests at _ Monotonous decrease of irradiation hardening
[309] 50— 550 0.30 500 . Ties=Timaa - L ORI
. MANET-I irrad temp with increasing irradiation temperature.
Lindau [164]
OPTIFER-Ia
OPTIFER-II
OPTIFER-IV
Rieth [283]; OPTIFER-V Monotonous decrease of irradiation hardening
FZKA-6976 | OPTIFER-VI | 250; 300; 02:08 Charpy impact with increasing irradiation temperature. Between
[172]; OPTIFER-VII | 350; 400; & ’2 4 - test?(yDB'FT) - - 250 and 300°C, the difference is not so evident. At
FZKA-6605 MANET-I 450 : 450°C, an small Increase of embrittlement is
[173] MANET-II noticed.
F82H
ORNL
JLF-1
s 25; 250, 0.15- tensile tests at Monotonous decrease of irradiation hardening
Sptig [328] F82H 350; 400 2 B RT B B with increasing irradiation temperature.
. | JIM0 | 373? 3903 tensile tests at Annealing recovery below ~430°C and softening
Kimura [31] 430; 520, 15-44 - - -
JLM-1 RT above.
600
Kimura [31] JLM-0 i;g’ Zgg’ 1544 B tensile tests at T.—T _ Annealing recovery below ~430°C and softening
TLM-1 600 irrad temp test™ Himad above.
JLM-0 annealing; B . 4300 .
Kimura [31] 373 10 _ tensile tests at 500 5 Abrmealmg recovery below ~430°C and softening
JLM-1 RT 600 above.
Aool175, [N Jeosa | ameig 300 H00-C and ot rcover
281] 9Cr-3WVTa 0.45 hardness tests 600 & po y
above ~430°C.
-1WVT. . . - 5 ibi
Abe [178, | OCr-IWVTa | 0.03 & tensile testing at 265 - ECrd lWVTa a]r(ld oCr jWV;Fa gxmbltefd 4
281] 9Cr-3WVTa 265 0.45 - higher T 600 - ardening peak around 300°C but not for 9Cr-
9Cr-1MoVNb ) IMoVNb. Full recovery around 600°C.
Kimura annealing; 400, 500, Small recovery at 400°C and full recovery at 500
[289] Mod JLF-1 370 10 B tensile tests 600 ! and 600°C.
Kimura Recovery kinetics different between neutron
[334]; 9Cr-2W 150 - 220 0.05 - 0-580 annealing; 150 — 1 irradiated and implanted _stee]_s. At 400°C, fg]l
0.22 hardness tests 600 recovery for the neutron irradiated steel while
Kasada [231] S .
onset of annealing for the implanted steel.
Zvezdin 9Cr-2MoVNb annealing; e
[335] MTOCr-IMoVNb| 350 25 - DBTT 550 4 Significant recovery.
Rensman Eurofer-97 60 25 n 1595115 tests at 160; 250; - Increasingly significant reco:/ery‘wnh test
[139,279] higher temp. 350; 400 temperature up to about 500°C (full recovery).
tensile tests at 160; 250; Increasingly significant recovery with test
Maloy [337] | Mod 9Cr-IMo 35-50 3 n.a higher temp. 350; 400 B temperature up to 400°C (full recovery).
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7.3. Effect of bombarding particles (neutron, proton, ion)

To the authors' knowledge, there were no systematic studies devoted to investigate the
effect of the nature of bombarding particles, namely neutron versus protons versus ions.
Schéublin and Victoria [248] compared the microstructure of F82H after neutron and
proton irradiation and their main conclusions suggest that upon neutron irradiation, the
carbides remain crystalline while they are amorphized after proton irradiation (1.7 dpa).
Farrell and Byun [112] compared irradiation hardening of few 9Cr—steels irradiated with
neutrons in HFIR (high flux isotope reactor) at 60—100 °C to irradiation with 800 MeV
proton and spallation neutron irradiation in the LANSCE facility at 60—164 °C. No
significant difference was observed between the two irradiations. According to Henry et
al. [113], the uniform elongation is significantly reduced under proton irradiation in
comparison to neutron irradiation. But Farrell and Byun [170] found no significant
difference between proton irradiation (LANSCE) and neutron irradiation (HFIR reactor).

The overall examination of the database reported herein does not suggest a major effect
of the bombarding particle-type. Of course, the He—generation rate can be very different
but from the displacement damage point of view similar effects seem to occur,
independent of the bombarding particle.

7.3.1. Effect of helium content below 1000 appm He

It was already shown that for high He—concentrations, the helium effect on hardening
(and embrittlement) is obvious. However, below about 1000 appm He, the effect of He is
still debatable. We selected hereafter data which support the low effect of He in the low
concentration range (see Figures 68 to 70).

600 | ©9Cr-2WVTa Tirrag = 60 — 164 °C
(| ¢9Cr-IMoVNb He = 75 — 375 appm He
500 £ © 9Cr-2WVTa 100° [Buyn]
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@ E ref. Farrell & Buyn, JNM 296 (2001) 129
= 100 and Buyn et al., JNM 303 (2002) 34
(S r and Dai et al., JNM 318 (2003) 192
O e ey
0 1 2 3 4 5

dose (dpa)

Figure 68. Low temperature (60—164°C) irradiation effect on various 9%Cr—steels. No
obvious effect of steel composition and no He—content.
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Figure 69. Irradiation effect on various 9%Cr—steels irradiated at ~200°C. No obvious
effect of steel composition and no He—content.
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Figure 70. Effect of irradiation (300°C) on various 9%Cr—steels. No obvious effect of
steel composition.

As it can be seen from these three figures (Fugures 68 to 70), the presence of He does not
seem to affect hardening and therefore, for such low He—contents, the dpa (displacement
damage) component is dominating.
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7.3.2. On the 500 appm He threshold

In the model, the hardening due to Helium is neglected for He—content below 500 appm
He. Dai et al. [193] performed microstructural examination of proton irradiated 9%Cr—
steel and did not observed He—bubbles or voids although He—concentration was estimated
to be 600 appm.

In literature, hardening and embrittlement is often attributed to helium already at low He—
content (<500 appm He). For example, Klueh et al. [159] used Ni—doping to produce
helium in a 9Cr-2WVTa steel irradiated at 400°C up to 11 dpa. The observed additional
hardening and embrittlement was attributed to helium (115 appm He). However, it is
believed that it is the effect of nickel rather than of helium itself. Other data reported in
[83, 161] on a 9Cr—1MoVNDb show a significant difference between <3 appm He and 7
appm He where the measured yield increase was 93 and 274 MPa, respectively; the
specimens were irradiated in HFIR (8-11 dpa) and EBR-II (16 dpa) at 400°C. However,
these results are not supported by many other data. The limited available information
does not allow understanding this outlier behavior.

It is interesting to rise the question on whether this threshold remain temperature and
dose independent. It is clear that more experimental data are needed. At present, it seems
that a fixed threshold value of 500 appm does not disagree with most of the results except
those indicated above.

7.4. Test temperature effect

Because of the variety of the testing conditions, a procedure allowing for test temperature
normalization to ambient (25°C) was developed in section 3. However, this procedure
may introduce additional scatter. To evaluate to what extend such a procedure might bias
the results, we reproduced in Figure 71 the data of Figure 70 by keeping only tests
performed at 300°C. As it can be seen, indeed the scatter is only marginally reduced. This
clearly supports the test temperature normalization procedure as presented in section 3.
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Figure 71. Comparison with Figure 70 indicates that the effect of test temperature
correction on the scatter is very small (only slight decrease of the scatter).

7.5. On the appropriate parameter to monitor irradiation effects of 9%Cr—
steels

In this report, the parameter that was selected to monitor the radiation effects on the
9%Cr-steels is the yield strength. However, other parameters could be used as well but it
was indicated that the yield strength seems to be the best parameter mainly for two
reasons, it has a better link to the underlying physical mechanisms and the database is the
largest. One important advantage of the tensile test is also the amount of material that is
needed. The determination of the DBTT requires much more material and drastic size
effects can be expected while tensile data are relatively size/geometry independent except
in extreme cases of miniaturized specimens (see later).

In literature, it is sometimes suggested to use, for example, the ductility [338]. Based on a
number of experimental data on high Cr—steels, Igata and Kayano [339] suggested also a
relationship between ductility and radiation hardening. However, ductility is not an
adequate parameter because it has a poor correlation to other properties. Moreover, the
total ductility depends on the specimen size and configuration and as a result should be
discarded for quantitative assessment.

7.6. Effect of specimen size and configuration
Because of the limited space and the inherent high costs of irradiation, miniaturized

specimens are usually used in the fusion community. The size and the shape of these
small samples vary in large proportions. In particular, for helium-implanted samples, the
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thickness is relatively small, of the order of ~100 pm. The miniaturized tensile geometry
is nowadays well accepted in particular to investigate irradiation effects although some
size effects were observed when the specimen thickness is below about 0.1-0.2 mm
[340]. Hence, despite many investigations dedicated to miniaturized tensile testing, the
available data do not allow to provide a satisfactory answer whether size effects are
significant or negligible [341-344]. However, for 9%Cr—steels, a typical example is given
in Figure 72 for the Eurofer—97. Significant differences can be seen on the same material,
the 100 um thick samples were taken from [167] while other data were taken from [279,
330]. The difference due to specimen size is as high as 100 MPa.

Another important aspect is not treated in literature, namely the statistics or the scatter
associated with the material variability and testing procedure. Indeed, most of the
reported data are based on a single specimen. There are unfortunately no data to
effectively estimate the scatter band around these single values. By contrast, some data
taken on an unirradiated A508-type weld show that while the average value is little
affected by the specimen size, the scatter significantly increases. This can be seen from
Figure 73 which clearly shows the increase of scatter with the reduction of the specimen
size. By extrapolating to a cross section of 1 mm?, the scatter band can reach + 50 MPa.
This example emphasizes the difficulties of analyzing experimental databanks when
based on single specimen values.

1000 + Eurofer-97

r O O large size samples
r @ < thin size samples (~100 pm thick)
I full symbols : yield strength
I O open symbols : tensile strength

750 +

]

5 L

% L

% =

£ L

“ 500 +

250 — f f f 1
-200 0 200 400 600

temperature (°C)

Figure 72. Discrepancies in the tensile properties of Eurofer—97 with large specimen size
differences.
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Figure 73. Specimen size effect on the yield strength of an AS08 Weld.

A number of geometrical specimen size requirements were given in [345] to provide size
independent tensile properties but the statistical aspect is not taken into account.
Although not in agreement with Panayotou et al. [346] data, it is believed that the scatter
will increase with decreasing specimen size, in particular for miniaturized samples. An
example is shown on Figure 73 for a 508 weld. Nevertheless, a minimum size of an
acceptable tensile specimen was recommended by Jung et al. [345] should have a gauge
length of 5 mm with a rectangular cross section of 1 x 0.4 mm?.

As already mentioned, the DBTT parameter plays an important role in structural integrity
assessment when it can be correlated to the fracture toughness transition temperature.
However, fracture toughness rather than Charpy impact tests are required. Because of the
limited space usually available for irradiation, only small size specimens are often
accepted. However, small specimens do not provide size and specimen configuration
independent properties that can further be used in structural calculations. Indeed, small
specimen geometries and some crack configurations exhibit a significant loss of
constraint that affects fracture toughness. Therefore, a size correction procedure is
usually used. More details can be found in literature on fracture toughness
characterization in the transition regime [347-348]. Because of the reduced specimen
size, in order to get valid results according to prevailing standards [349], the small
specimens are usually tested at much lower temperatures, in other words in the lower
shelf regime. As a consequence, the size correction validated in the transition regime is
not anymore valid. So it is important to figure out the difficulty to assess such data and
therefore they should be substantiated with additional properties such as tensile data.
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7.7. Effect of cold working

Alamo et al. [310] reported some tensile data on 10%—cold worked 9%Cr—steels. These
materials were not systematically compared in their as—received (normalized+tempered)
and cold worked condition except one, the 9Cr—1Mo steel (see Figure 74). At 325°C after
3.4 dpa irradiation, the cold worked material exhibited a higher irradiation hardening in
comparison to the as—received steel (326 versus 279 MPa). This was not expected and
examination of the data indicates some inconsistency.

The higher radiation hardening for cold worked steels was confirmed by Henry et al.
[113] who tested EM10 in both tempered and 20% cold worked condition. Actually, the
data are not reliable as the temperature was increased during irradiation but for a
comparison purpose, these data can still be used. The results are shown in Figure 75 and
systematically, the cold worked samples exhibit a significantly higher hardening.
However, de Carlan et al. [338] found no major difference in terms of irradiation
hardening (9 dpa / 325°C) between tempered and cold worked ferritic/martensitic steels.

Given the limited data and their conflicting conclusions, the effect of work hardening
cannot be reliably assessed. However, it should be stated that even if cold working would
reduce the irradiation hardening, it does not mean that it will behave better than the as—
received material. Indeed, the absolute values of the strength and not only their change
upon irradiation should also be considered. This will be illustrated later, for the oxide
dispersion strengthened (ODS) steels.
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Figure 74. Effect of cold working on irradiation hardening of various 9%Cr—steels. The
inbeded table indicates the initial yiel strength of the various steels (~450 MPa in the as—
received condition and above 600 MPa for the cold—worked steels).
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Figure 75. Effect of cold working on irradiation hardening of EM10. Irradiation
hardening is systematically higher for the 20%—cold worked EM10 steel.

7.8. On the data inconsistency

We have given a number of inconsistencies that were found in the data used throughout
this report. It is important to mention some of these inconsistencies or incoherencies for
illustration only. For instance, Baluc et al. [311] reported tensile data on OPTIMAX A
steel proton irradiated in PIREX to less than 1 dpa at 25°C and 250°C. The irradiation
hardening at 25°C was significantly higher than at 250°C (almost one order of
magnitude, see Table 5). Microstructural studies did not reveal major differences except
that the carbides were amorphized when irradiated at room temperature but remain
crystalline at 250°C. Possible hydrogen effect was not mentioned. Nevertheless, these
data are not supported by other available data on similar steels.

Table 5. Data inconsistency between 25 and 250°C [311], OPTIMAX steel.

dose (dpa) Tirrac=Ttest (°C) oy (MPa) G, (MPa) Aoy (MPa) Ao, (MPa)
0 25 416 610
0.37 25 542 631 126 21
0.93 25 662 701 246 91
0 250 385 480
0.3 250 392 529 7 49
0.75 250 412 521 27 41

Henry and co-authors [79, 350] tested KLST Charpy type specimens that were
homogeneously He—implanted to a depth of ~240 um below the V—notch. The He—
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implantation, performed at 250°C resulted in about 2500 appm He and 0.4 dpa and an
increase of the yield strength measured on tensile specimens at 25°C from ~650 MPa to
~1200 MPa. The KLST specimens tested quasi—statically at 25°C indicated a brittle
fracture in the implanted region, the test records indicating a pop—in behavior that was
associated by these authors to the brittle fracture. However, examination of the test
records indicates that these data are not consistent with the values derived from the
tensile data as well as the values of the fracture stress.

Also, Tanigawa et al. [77] reported cleavage fracture stress values of three irradiated
9%Cr-steels, F82H, JLF—1 and ORNLOCr that are significantly higher than usual values.
For instance, in the case of ORNLICr, the cleavage fracture stress increased from 2090
MPa to 3380 MPa, which is not reasonable at all. The reason of these incoherent data is
that the fracture stress is calculated by multiplying the yield strength measured at the
DBTT by a factor 3, the latter accounts of the stress concentration. However, this factor is
too high and the DBTT is not well defined and this leads to inaccurate results.

These few examples, together with the other inconsistencies related to the effect of
irradiation temperature, illustrate the difficulty of accurate modeling. Of course, these
experimental results are intrinsically not wrong; it is our interpretation that is not correct.

7.9. On the advantageous use of oxide dispersion strengthened (ODS)
steels

There is a tendency in the scientific community to advocate the use of oxide dispersion
hardened (ODS) steels [109, 203, 351-361] as they are associated with a better resistance
to irradiation, in particular the creep strength properties. This statement should be a little
bit moderated. Indeed, the introduction of nano—features, the oxide dispersion, can be
assimilated as irradiation defects (introduced in a controlled manner). Therefore, these
oxide dispersion features also impede dislocation motion increasing thereby the yield
strength. As a result, fracture toughness is also degraded. So, it is important to keep in
mind that ODS—steels are already in the unirradiated condition less crack resistant than
the non—ODS type of steels. For illustration, an example is given in Figures 76 and 77
taken from [141]. In Figure 76 the increase of yield strength plotted as a function of
neutron exposure shows clearly that the ODS—steel irradiation hardening rate is
significantly lower than for standard 9%Cr—steels. However, the ODS—steel can be
assimilated to an irradiated material in which the defects (oxide dispersion nano—features)
were voluntarily introduced. As a result, the initial (unirradiated) yield strength is
significantly higher, something like 450 MPa higher that in non—ODS steels. By plotting
the absolute value of the yield strength rather than its change, Figure 77 shows that the
ODS-steel exhibits much higher yield strength than the non—ODS steels which will affect
the fracture toughness as well. By shifting the ODS—steel trend curve as indicated on
Figure 77 the difference in hardening rate between ODS and non—ODS steels shows that
no benefit is obtained by the ODS—mechanism.
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Figure 76. Irradiation hardening of standard 9%Cr—steels and ODS-MA957—steel. Such a
figure is suggesting that ODS hardening rate is significantly lower in comparison to
standard 9%Cr—steels.
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Figure 77. Yield strength of standard 9%Cr—steels and ODS-MA957—steel as a function
of neutron exposure. The lower radiation hardening rate is concealing that the absolute
yield strength of ODS—steel is significantly higher.

Unfortunately, most of the experimental data on fracture behavior of ODS—steels are
based on the Charpy impact test. There are only very few fracture toughness data, in
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particular in the high temperature range. If we examine the available data in literature, we
can easily see that the fracture toughness properties of ODS—steels are critically low,
before as well as after irradiation. The example shown on Figure 78 clearly shows the
drastic change of ductile initiation and tearing resistance of ODS—type steels. The oxide
dispersion particles offer an easy path requiring little energy for crack propagation.
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Data from Sokolov JNM 367-370 (2007) 213-216 and Lucon BLG-1024 & BLG-1028 (2006).

Figure 78. Fracture toughness of ODS—-MA957-steel is significantly lower than the
standard 9%Cr-steels in both the transition and ductile regions.

The main advantage of ODS—type—steels can be defendable at high temperature, above
600°C. The strength of standard 9%Cr—steels decreases to very low values above this
temperature while ODS—steels lie some 100 MPa higher. The creep properties are also
better in this range of temperature. Finally, from the helium embrittlement point of view,
the ODS—steels offer a better resistance to helium as the oxide dispersion fine particles
offer traps to helium avoiding therefore coalescence of helium and formation of large
bubbles that can be detrimental to the material resistance.

7.10. Overall performance of the model and possible improvements

The model proposed in this report was developed having in mind two main objectives:
1) it should be as simple as possible with a limited number of variables;
2) it should provide a rationale to the available experimental data.

The "as simple as possible" objective does not exclude a more sophisticated model but
the number of variables should also be taken into account. Indeed, it is logically possible
to consider multiple damage components associated to black dots, dislocation loops,
precipitates (including phases such as a'—, G—, x—, Laves phases) and He—bubbles. Also,
for the He—bubble kinetics, rather than assuming a constant He—bubble size and a linear
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dependence of the bubble density with exposure, other formalisms could be considered.
However, this is not an easy task because each additional component brings new
parameters that should be identified and determined. Moreover, the situation is
complicated by the appropriate superposition law to consider. And unfortunately, our
database does not allow performing such an assessment and this is the reason why we
voluntarily kept the model quite simple.

For the second point related to the database, it is important that the model captures the
observations that are made on the available data. Having faced a number of experimental
incoherencies, it was unfortunately not possible to propose a more sophisticated model
taking into account other mechanisms, such as softening and He—saturation, for example,
without speculation.

7.11. Closure

We considered in this section a number of questions but it is clear that many other
questions can still be raised. Unfortunately, with the available information, additional
questions and tentative explanations would be speculative. Definitely, additional more
controlled and reliable experimental data are needed before any improvement could be
expected.
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VIIl. SUMMARY AND CONCLUSIONS

Design of nuclear components requires knowing how the environmental conditions such
as neutron exposure and temperature would affect the long term behavior of the
materials. This is important not only for the operation aspect but also from the safety
point of view. An important effort was worldwide devoted to 9%Cr—ferritic/martensitic
steels for many nuclear applications including thermonuclear fusion systems, generation—
1V fission reactors and accelerator driven systems. Many engineers and researchers are
now working on designing such advanced nuclear systems. The material selection is a
critical issue to guarantee the safe operation of such machines in normal, abnormal and
accidental conditions. For the material selection and the estimation of critical
components, , one should rely therefore on trend curves describing the evolution of the
material properties with environmental conditions (time, dose, helium,...) . For all these
applications, the expected dpa levels but also the neutron induced He—generation levels
will be much higher than nowadays components. Experimental data covering such
conditions became necessary for safety assessment. Unfortunately, while high dpa levels
can be reached in several material research reactors, the generation of helium remains
problematic and is still an open debate. Indeed, the available neutron spectra do not allow
simulation of the helium generation. In addition, the He/dpa ratio is also often not
representative. So, a number of simulation methods were developed to generate helium
together with displacement damage. These methods include Ni—and B—doping, proton
irradiation and helium implantation. Examination of literature data published during the
last three decades allowed to build a database which can be used to develop a model able
to rationalize these data. The objective of the HELENA project is to gather all these
experimental data in a unique framework where the known or accepted physical
mechanisms are taken into account to provide analytical tools to design engineers for
estimating the resistance of these steels to irradiation.

The approach is basically simple and relies essentially on the dispersed barrier hardening
model. The main damage features that are induced under irradiation were separated into
displacement damage (dpa) and He—bubbles. The displacement damage mainly consists
of point defect clusters that include the so—called black dots and small dislocation
(mainly interstitial-type) loops. These types of defects are very sensitive to the irradiation
temperature. The higher the temperature, the lower the number of surviving defects. To
establish the irradiation temperature dependence of hardening, we used the radiation
annealing kinetics. It is known that several mechanisms coexist during annealing, each of
them having its activation energy. However, in absence of well dedicated annealing
experiments, it is not possible to assess all these energies. Therefore, a first—order
annealing kinetics with an effective activation energy was assumed and fitted on the
available data where irradiation temperature was changed. Other data taken from
specimens irradiated at a low temperature and tested at increasingly higher temperatures
were also used. The law of variation of the temperature dependence was then derived
from annealing data. This function follows an Arrhenius—type law and the parameters can
be fitted to the available data. The amplitude of radiation hardening is fitted on a single
experimental condition. Furthermore, the saturation level above which no additional
hardening is observed was also experimentally defined.
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For the helium bubbles, the He—component is based on the Trinkaus [J. Nucl. Mater. 318
(2003) 234-240] description of dynamic re—solution of helium bubbles under
displacement cascades in the temperature range of interest (50 — 600°C). However,
because of lack of data, the He—saturation level could not be reliably determined and
therefore a square root dependence with exposition was assumed.

Both linear and quadratic superposition laws were considered to combine the dpa— and
He- components but all results were presented assuming a quadratic superposition law.
At this stage, it is difficult to prefer one or the other law.

This work has shown the possibility of providing engineering tools to evaluate irradiation
effects on hardening and embrittlement including both dpa and helium damage of 9%Cr-
ferritic/martensitic steels. It is clear that the performance of such an engineering
modeling depends very much on the input data, namely the experimental data on which a
number of parameters are based. Of course, all underlying mechanisms are not taken into
account, at this stage, in order to limit the number of variables. Instead, only two major
components were considered, dpa—damage on one hand and He—damage on the other
hand.

One of the main difficulties encountered in this work is the lack of detailed information
on the experimental conditions. Indeed, we did not have access to the raw data but only to
"manipulated" or "treated" results. The data analysis and interpretation would have been
significantly improved if raw data were available, such as the whole tensile test records,
the Charpy impact test records including all detailed information on the irradiation and
testing conditions.

This difficulty was illustrated by the major conflict observed on the effect of irradiation
temperature. Other difficulties are related to the large number of variables considered in
the database. Actually there are no or negligibly few experiments with single—isolated
variable. Materials are not all similar, from both chemical composition and heat
treatment, the irradiation conditions (reactor type, neutron spectrum) are not the same and
testing conditions are not similar as well. So, it is not surprising that some inconsistencies
can be observed and therefore the model capabilities should be taken with large
uncertainties. A number of data are also missing, for instance both high dpa high He—
content data are desirable. It is clear that an urgent call for a reliable database with well
defined variables becomes obvious to improve modeling performances.

Given the restrictions that are given above, one can refer to G.E.P. Box quotation: "A4//
models are wrong but some are useful".
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IX. RECOMMENDATIONS

The recommendations given herein are believed to be very helpful in improving the
modeling performances of irradiation effects on 9%Cr—steels in presence of both dpa and
helium. These are not classified in their order of importance but rather arbitrary.

Monitor material

Given the multiplicity of irradiation programs carried out all over the world, it becomes
desirable to incorporate a monitor steel that should be used in each irradiation campaign.
Such monitor material is usually used in surveillance programs offers an additional
quality assurance to the experimental results. Small amount of material, necessary for few
tensile tests on sub—sized specimens, should become a requirement.

Irradiation effects monitoring

There is variety of mechanical properties that are measured on 9%Cr—steels including
tensile properties, hardness, DBTT, .... However, from a modeling point of view, the
tensile test is the most appropriate parameter that can be used for modeling. Therefore, it
is essential to systematically perform tensile tests, preferably at room temperature and to
test two to three samples per condition. For specific conditions, other properties can be
also evaluated. Moreover, modeling tools can be used to correlate the various properties.

Re—consider the DBTT definition

For historical reasons, the DBTT based on Charpy impact tests was used to monitor
irradiation effects of reactor pressure vessel materials and was extended to other materials
and components without any further verification and validation. Thus, many investigator
use the DBTT measured at 50% of the energy absorbed at upper shelf. This DBTT
definition is quiet approximate and it can lead to unconservative results. Therefore, it is
important to use the whole information that is available including the instrumented test
records. Tensile tests at static loading are also required. In any case one should rely only
on this parameter.

Fracture toughness tests

Nowadays, fracture toughness testing has reached a very good degree of confidence and
standardization. It is time to move directly towards measured fracture toughness rather
than deriving it through approximate correlations with Charpy impact data. It is also
essential to perform fracture toughness tests at the operation temperatures.

Use of sub—sized or miniaturized specimens

The space that is usually available for irradiation is often limited and the worldwide
tendency is reduce the size of the specimens. Some miniaturized specimen testing has
reached a good degree of confidence and acceptance in the scientific community.
However, this should be done carefully because, while size effects can be well taken into
account for some properties, they may reduce the accuracy of the measured property and
needlessly increase the scatter. Moreover, one should clearly look how we can get one
good property rather than obtaining three approximate properties.
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A typical example is given by fracture toughness tests in the transition regime using sub—
sized specimens. Because of their inherent substantial loss of constraint, tests are usually
performed at lower temperatures than usually. As a result, the transition temperature,

T 100Mpavm, 1S determined in the lower rather than transition regime. As a consequence,
size correction could become inappropriate. So, it is important to clarify the way the
transition behavior could be characterized with specimens tested in the lower shelf
regime.

Effect of irradiation temperature

Irradiation temperature plays an important role on the survival of point defects and their
evolution, and on the precipitation and helium kinetics. The data examined here show
inconsistent data and therefore a more reliable assessment of the effect of temperature
should be undertaken considering not only the effect of irradiation temperature on
hardening and embrittlement but also on post-annealing behavior.

Effect of radiation—induced plastic flow localization

Under increasingly higher dose levels, radiation—induced plastic flow localization tends
to occur reducing significantly the material resistance to fracture. It is important to
investigate this topic very carefully and should be taken into account for safety analysis
of nuclear components.

Irradiation of He—implanted samples

Examination of the available data including neutron irradiation, proton irradiation and
He—implantation show that they do not cover a large range of desirable conditions. For
example, for high He—content, the dpa dose is usually lower than 1 dpa. In general, the
available data cover mainly two ranges, a range where the He—to—dpa ratio is between ~0
and 200 appm He/dpa (neutron and proton irradiations) and range where the He—to—dpa
ratio is around 6000 appm He/dpa (implantation). Therefore, gaps in the database should
be filled by performing for example He—implantation followed by irradiation.

Dose rate effects

One of the major difficulties in simulating operation conditions is related to time—
dependent phenomena. Thus, long time aging would play a crucial role. At this stage, the
time scale that is considered for most of the irradiation studies are those of material test
reactors, namely few cycles of operation generally not exceeding one year of operation.
In a real component, few decades of time scale are expected. The model, in particular the
dpa—component at this stage does not take the dose rate effect into account. Again,
experimental data are needed to develop a model where all these effects are accurately
taken into account.

He—saturation

In the proposed model, the dpa—component was assumed to saturate with neutron
exposure but not the He—component. Saturation of the He—component is also expected as
hardening cannot increase indefinitely with He—content. However, the data that were
available here do not allow a reliable evaluation of this saturation and additional data are
obviously required.
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Microstructural examination

One of major missing that is found in literature is the examination of single variable
experiments to trace the single parameter effect. Damage accumulation under overall
similar condition is also not available. In most cases, multi variable experiments are
reported and the microstructural information is therefore very often of limited impact in
terms of quantitative analysis. Therefore, it is recommended to perform more systematic
microstructural analyses to be able to support modeling.

As it can be see, there is enough room for improving the performances of modeling but
this clearly requires not only analytical work but also reliable experimental work.
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Low He—production rate (<1 appm He/dpa / neutron irradiation)
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Medium He—production rate (~100 appm He/dpa / proton irradiation)
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High He—production rate (~6400 appm He/dpa / He—implantation)
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