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ABSTRACT

This paper provides a physically-based engineering model to estimate radiation hardening of 9%Cr-steels
under both displacement damage (dpa) and helium. The model is essentially based on the dispersed bar-
rier hardening theory and the dynamic re-solution of helium under displacement cascades but incorpo-
rating a number of assumptions and simplifications [Trinkaus, J. Nucl. Mater. 318 (2003) 234-340]. As a
result, the kinetics of the damage accumulation kept fixed, its amplitude is fitted on one experimental
condition. The model was rationalized on an experimental database that mainly consists of ~9%Cr-steels
irradiated in the range of 50-600 °C up to 50 dpa and with a He-content up to 5000 appm. The test tem-
perature 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. Despite the large exper-
imental scatter, inherent to the variety of the material and irradiation as well as testing conditions, the

obtained results are very promising.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The successful implementation of fusion reactors as an efficient
source of electrical power generation requires the solving of a
number of critical issues posed by the structural materials. These
components are not only submitted to classical loading such as
thermo-mechanical stresses but also to neutron irradiation that
drastically modifies the mechanical properties. The materials that
constitute these components should be therefore qualified to en-
sure their optimum performance and safe operation. Hence, the
interaction of high energy neutrons with metallic structural mate-
rials leads to a number of radiation damage phenomena, including
hardening, embrittlement, irradiation creep, void swelling, and
hydrogen - and helium - embrittlement.

The importance of modeling finds essentially its origin in the
possibility to rationalize experimental observations based on phys-
ical understanding. By modeling, it is not meant very accurate
physical modeling as this is neither feasible nor possible nowa-
days. Rather, the modeling that is considered here is of engineering
nature, with the ultimate goal to incorporate as much as reason-
ably possible the main parameters needed to describe the phenom-
enon. In other words, the model should be simplified to its most
simple formulation taking into account the major influencing ele-
ments and including any physical background whenever available.
This means that empirical description or empirical constants are
accepted only when no alternative way is available. Such engineer-
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ing approach of modeling was successfully demonstrated on a
number of materials, for example [1,2]. Finally, another important
element should be added on the importance of modeling, namely
the possibility to act as a quality assurance monitor of the experi-
mental data.

In the following, only the most important ingredients of the
model will be given, details can be found elsewhere [3]. Because
the model is partially driven by the experimental data, it is impor-
tant to collect a database on which the model can be calibrated and
validated. Therefore, the selection of the experimental databank
will be discussed before developing the model and its application
to the available data.

2. Experimental database and analysis

In this paper, focus is put on neutron radiation hardening of
9%Cr-ferritic/martensitic steels. The model was developed to allow
radiation hardening and embrittlement assessment of these steels.
The monitoring of radiation hardening is usually done by examining
the yield strength change while radiation embrittlement is moni-
tored by the ductile-to-brittle transition temperature (DBTT). 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, irradia-
tion 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, a material softening
can also occur. It is essential to verify that this softening cannot in-
duce dimensional instabilities that might affect the operation of the
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component. The DBTT is a reference temperature that is used in
structural calculations to provide a lower operating temperature
limit of the components. 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. Below the DBTT, unstable brittle
fracture is possible jeopardizing the safe operation of the compo-
nent. In general, the structural materials are chosen such as their
operating temperatures are well above the DBTT. 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 tempera-
ture window. However, the DBTT is not an intrinsic material prop-
erty. It can also be biased in presence of plastic flow localization
[4,5]. Another very important material property that is very useful
to monitor irradiation effects is the fracture toughness. Irradiation
shifts the fracture toughness transition curve to higher tempera-
tures and the ductile crack initiation toughness and the tearing
resistance decrease. Unfortunately, the available experimental data
are too scarce to be utilized in a modeling perspective. Typically,
two materials properties are often reported in literature to monitor
irradiation effects, yield strength and DBTT. The yield strength was
selected for the irradiation hardening modeling and the resulting
irradiation embrittlement is obtained using the load diagram proce-
dure reported elsewhere [3].

Examination of literature data shows that the reported tensile
tests are not performed at a single test temperature. Very often,
the tensile tests are performed either at room temperature or at
the irradiation temperature. There are only few cases where tests
were performed in a large temperature range. So, to be consistent
when comparing irradiation hardening values obtained at different
temperatures, it is necessary to normalize the data to a single ref-
erence test temperature, say room temperature. It is known that
deformation is a thermally activated process and that the yield
strength evolution with test temperature is partially affected
through the effect of temperature on the Young’s modulus. Within
the temperature range that is usually considered, namely, —200 to
+600 °C, the slope of the temperature dependence of the Young's
modulus is o~ 2.67-10"*K~'. However, such a normalization
based only on the slope of the Young’s modulus is not enough, in
particular in the high temperature range. Indeed, it was experi-
mentally found that the Young’s modulus variation with test tem-
perature measured with an ultrasonic method exhibits a lower
slope than when measured with tensile tests [6], the disagreement
increasing with test temperature (see Fig. 1). This can be attributed
to the anelastic - time dependent - deformation that introduces a
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Fig. 1. Young's modulus - test temperature dependence with tensile and ultrasonic
method of a 9%Cr-steel, T91 (data from [6]).

bias when the Young’s modulus is determined with a tensile test
[7]. So an increase of the temperature dependence slope is required
at higher temperatures. If we consider the Hooke relation between
stress, strain and Young’s modulus, we can write:

0y(T) = E(T) x &(T) = (1 — oT) x Eo x (1 - BT) x &0, (1)

where oy is the stress, ¢ is the strain, E is the Young’s modulus and
T is the test temperature. The subscript “0” is used as the tempera-
ture independent parameters for E, oy, and &,. The constant o ac-
counts for the linear variation of the Young modulus with
temperature and B accounts for the anelastic strain contribution
occurring in the high temperature range. Eq. (1) can be approxi-
mated by:

0y(T) ~ [1 — o«'T] x Eg x &0. 2)

The available experimental data support a value of
o =0+ f~55-10"4K ! above room temperature [3]. It is impor-
tant to notice that this is an engineering approximation that was
found to agree reasonably well not only with the data shown in
Fig. 1 but also with some other independent data [3].

As a result, the normalized room temperature yield strength in-
crease can be written as:

1=oTer g 3)

RT
Aay T aT v

where : o =2.67-1074 K™’
o =55-10* K

if T <RT,
if RT < T < 600 °C,

where AO’?T is the yield strength increase at room temperature
(RT=25°C) and Ag] is the yield strength increase measured at
any other temperature (T). A typical example of application is
shown on Fig. 2 where tensile tests performed in the range
—150 °C to +300°C [8] can be normalized to room temperature
resulting in a trend curve with a normal experimental uncertainty
range of 25 MPa. All data of the database taken from literature
on a variety of 9%Cr-steels were normalized according to the pre-
ceding procedure; all details and references of the experimental
data are given in [3].

3. Description of the model

The model is based on two components, the first one related to
radiation damage (dpa-damage) while the second is related to he-
lium damage [9,10], both associated to the dispersed barrier hard-
ening theory. The parameter that governs the radiation hardening
is the number density of the defects, Ny. Therefore, the yield
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Fig. 2. Effect of the test temperature correction on the yield strength increase of
Eurofer-97 irradiated at 300 °C (data from [8]).
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strength increase, Ag{ resulting from the interaction of irradiation

defects with a moving dislocation can be approximated by:

Ao ~ C1\/Ng ~ CoV® ~ Cy[1 —exp <—§;>, (4)

where the Cy, (5, and C are constants which depend on the material
and the irradiation conditions (irradiation temperature), @ is the
neutron fluence and @, is a constant which was introduced by
Whapham and Makin [11] to take defect saturation into account.

To define the kinetics of the temperature dependence of the
radiation damage (dpa-component), the annealing (recovery)
kinetics is used [12]. Assuming that the recovery mechanism is
mainly driven by the escape of vacancies from the zones, an Arrhe-
nius law type of kinetic can be expected [13,14]. Moreover, rather
than considering various annealing mechanisms, a single one
accounting for the total annealing kinetic is chosen. This means
that an ‘effective activation energy’ rather than several activation
energies for the various mechanisms is assumed [3], as illustrated
in Fig. 3 where the total annealing curve is obtained from an effec-
tive activation energy that accounts for the four mechanisms. Fi-
nally, assuming first-order kinetics, the yield strength increase
due to displacement damage can be written as:

r
dpa . - T kT
Agy S Cdpa X exp l: vexp < I(Tirrad>} *

()

where I is the effective activation energy, v is a frequency factor,
and k is the Boltzmann constant. The constant Cyp, can be fixed
on one single experimental condition and should remain constant
for all other situations. The model constants I" and v were experi-
mentally determined using the three following data:

1. specimens irradiated at low temperature (~60 °C) and tested at
increasingly higher temperatures (the annealing time corre-
sponds to the holding time at constant temperature before test-
ing) [15-17];

2. specimens implanted with He (constant dpa and He-content)
where only the implantation temperature is varied [18,19];

3. specimens irradiated and further annealed [20,21].

It should be noticed that these parameters, I" and v, are only
effective values, including the various annealing mechanisms. In-
deed, there are no data where systematic annealing experiments
were done to reliably assess each of the mechanisms involved in
the recovery process.
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Fig. 3. lllustration of the single effective activation energy obtained from the
contribution of four different activations mechanisms [12].
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Fig. 4. Irradiation temperature dependence (T1-dependence curve) obtained from
experimental data [15-21]. The dashed curve (T2-dependence) is more consistent
with the experimental database.

The data are shown on Fig. 4 where the relative temperature
sensitivity factor, Fr, is calculated by normalizing the observed
relative irradiation hardening with respect either to its initial
as-irradiated condition or to the maximum hardening at low tem-
perature. As it can be seen, despite the large scatter, the data can be
reasonably well fitted with the adopted model. However, as will be
seen later, this fit is not consistent with the database which sug-
gests a dependence according to the dashed curve shown in
Fig. 4. This proposed T2-dependence assumes that hardening does
not change below 300 °C, in agreement with the experimental data
of our database.

To model the hardening induced by He-bubbles, we considered
the work of Trinkaus [10] on the kinetics of bubble formation at
intermediate temperatures (0.2 < T/Ty, < 0.5 corresponding roughly
to 50-600 °C, T, being the melting point). Trinkaus gave an analyt-
ical description of both the nucleation of bubbles under internal
He-generation (primary He-bubbles) and the gas re-solution from
existing bubbles (secondary bubbles).

Application of the dispersed barrier hardening model to the He-
bubbles leads to the following He-induced yield strength increase
component:

AGYe ~ Cue x {B( x (He/dpa))™?/§*D2}'" /@ — o=t (6)

where ¢ is the dpa-rate, (He/dpa) is the He-to-dpa-rate, @{ireshold jg

the threshold dose below which no He-effect is observed, D is the
diffusion coefficient (D = Dy exp (f kTL_’a d), U,=0.93eV is the He-

migration energy, Dy~ 107> m?s~! is a temperature independent

constant) and g and m are constants. As for the dpa-component,
the amplitude, characterized by the constant Cye is experimentally
fitted on one single condition and kept constant for all other
experimental conditions. Finally, the total contribution of both
dpa and He to hardening can be obtained by a linear or a quadratic
addition of the two components. The choice of the appropriate
superposition law will be based on the best agreement to the
experimental data. Of course, different combinations of the
amplitude of the two components are required to make such an
assessment.

Eqgs. (5) and (6) allow determining the total yield strength in-
crease 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, ®q, Do, U,,
m, Capa, Chier B, ®iresh!dy are constants, and will be given later for
the appropriate superposition law and temperature dependence
that will be selected. Application of this model is presented in
the next section.
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4. Results and discussion

First, it is important to mention that are the yield strength data
considered in the database were evaluated according to Eq. (3) to
remove the test temperature dependence. The yield strength in-
crease as a function of the displacement damage (Ao,-dpa) taken
from the database where He-content is below 1000 appm (0.1%)
indicate that despite the large scatter, there is no significant effect
of temperature in the range 50-325 °C. Note that the experimental
data used in the database [4,15,22-52] are different from those
used for deriving Fig. 4 [15-21]. A significant hardening decrease
is noticed at 365 °C and higher. Above about 430 °C, no hardening
occurs and even some softening occurs. The effect of irradiation
temperature is clearly not consistent with the data shown in
Fig. 4. The reasons of this disagreement are at this stage unknown.
Details on the testing conditions are necessary to identify the pos-
sible reasons. Nevertheless, if the negligible effect of irradiation
temperature in the range 50-325 °C is taken into account, the tem-
perature sensitivity factor should be modified according to the
dashed curve shown on Fig. 4. It should also be noticed that the
experimental data where the yield strength after irradiation has
decreased rather than increased cannot be correctly modeled. Irra-
diation softening, which occurs in the high temperature range
(450-600 °C), was indeed not incorporated in the model. So the
temperature sensitivity remains an open issue and it will be neces-
sary to correctly take this key parameter into account before being
able to model irradiation effects.
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Fig. 5. Comparison between experimental data [4,15,22-52] and model prediction
considering the irradiation temperature sensitivity dependence of the full curve
(T1-dependence) shown in Fig. 4.
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Fig. 6. Comparison between experimental data [4,15,22-52] and model prediction
considering the irradiation temperature sensitivity dependence of the dashed curve
(T2-dependence) shown in Fig. 4.

Examination of the database shows that the effect of helium is
not obvious below about 500 appm He. Therefore, the threshold
value of 500 appm He below which the He-contribution to harden-
ing is neglected was fixed [3].

Assuming a quadratic superposition law, application of the
model to the database is shown in Figs. 5 and 6, for the two tem-
perature (T1- and T2-dependence) sensitivity trends shown in
Fig. 4. These two Figures compare the experimentally measured
yield strength increase to the predicted one using Eqs. (5) and (6)
assuming a quadratic superposition. At high dpa and high He-con-
tent, the predicted hardening is significantly overestimating the
experimental one. 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 sig-
nificantly change; the scatter is too high to clearly distinguish pos-
sible changes.

Most of the data shown in Figs. 5 and 6 are neutron-irradiated
data and therefore with little He-generation. It is interesting to
examine the validity of the model for specimens with significant
He-content, or He/dpa-rate. Figs. 7 and 8 show two examples
where the He/dpa-ratio is around 6400 appm He/dpa implanted
at 325 and 550 °C, respectively. Unfortunately, for all these data,
the dpa-level does not exceed ~1 dpa. Nevertheless, the agreement
between experimental data and model prediction is reasonable
in the investigated temperature range (150-550°C). Note that
because of the high dpa-rates used during He-implantation
(<100 h), softening is not expected to occur and this is supported
by the data shown on Fig. 8.
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Fig. 7. Comparison between experimental data and model prediction of high He-
content specimens implanted at 325 °C.
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content specimens implanted at 550 °C.
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Fig. 9. Application of the model and comparison to the experimental data at
~300 °C.

If a quadratic superposition law is selected together with the T2-
temperature dependence, the following parameters of the model
should be used: C4pa =500 MPa, I'=09 eV, v=10’, @8""‘ =3dpa, Gy =
330MPa, Do=10""m?s7!, U,=0.93¢eV, f~ 1073 m*, iireshold
D500 appm He (dose corresponding to 500 appm He), and m =7 [3].
This set of constants is kept identical for all conditions, the variables
are only the irradiation temperature (Tirraq), the dpa-rate (¢) and the
He/dpa-ratio (He/dpa). An illustration of the application of the mod-
el is given in Fig. 9 for neutron and proton irradiation as well as He-
implantation at around 300 °C.

Globally, the agreement between experimental and predicted
hardening is reasonable if all uncertainties and adopted assump-
tions 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.

5. Conclusions

This work has shown the possibility of providing an engineering
tool to evaluate irradiation effects including both dpa and helium
damage of 9%Cr-ferritic/martensitic steels. It is clear that the per-
formance of such an engineering modeling will depend much on
the input data, namely the experimental data on which a number
of parameters were based. Of course, all underlying mechanisms
are not taken into account 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 reli-
ability of the experimental data. This was illustrated by the major
conflict observed on the effect of irradiation temperature. Other dif-
ficulties are related to the large number of variables considered in
the database. Actually there are no or negligibly few experiments
with a single - isolated variable. Materials are not all similar from
both chemical composition and heat treatments, 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 data-
base becomes obvious to improve modeling performances. Such
experimental data combined with modeling efforts will lead to a
reliable assessment of irradiation effects on 9%Cr-steels.
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