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EXECUTIVE SUMMARY

In this ENTENTE deliverable, the results of two separated but related studies are reported. The first one
describes hardening models and their application to predict the bulk-equivalent hardness of ion-irradiated
layers of RPV steels from measured dependencies of the nanoindentation hardness on the contact depth. The
models are based on the well-known Nix-Gao approach. The depth-dependent local hardness can be described
as a deconvolution of the measured hardness integrating over the indentation plastic zone. Layer-substrate
models and a layer-only model are considered and validated using nanoindentation data obtained for two RPV
steels irradiated with Fe?* ions of 5 MeV energy. We have found that layer-substrate models are capable of
resolving the bulk-equivalent hardness of the ion-irradiated layer, but suffer from limited transferability to the
case of neutron-irradiated bulk materials. The reason are the implanted ions, which exhibit a peak between
the depth of maximum displacement damage and the substrate. To overcome this issue, we propose a layer-
only model exploiting experimental input that arises solely from a safe zone, where the implanted ions do not
play a significant role. After conversion between bulk-equivalent hardness and Vickers (macro-) hardness, the
results obtained for ion-irradiated layers and neutron-irradiated bulk samples give a consistent picture. In
conclusion, a new quick methodology to predict irradiation hardening as function of exposure from
nanoindentation tests on ion-irradiated samples has been introduced. Future studies are needed to consider
the role of pile-up effects and tip-rounding effects on the accuracy of nanoindentation measurements at
depths below 100 nm. The second study deals with a data compilation for neutron-irradiated RPV steels in the
format of an Excel workbook called SANS-RPV. The data cover types and composition of RPV materials, initial
microstructures and properties, irradiation conditions, and irradiation-induced changes of the microstructure
and properties. The set of materials cover VVER-type RPV steels and welds, RPV reference and model steels
distributed within an IAEA CRP, and PWR surveillance material from different sources. The data compilation
also comprises metadata including references to published literature and reports. The original Excel workbook
containing the data compilation can be found in an open access repository (Digital Object Identifier
10.14278/rodare.2441). In order to illustrate the use of the data compilation, several applications are
considered in the deliverable. Examples are the comparison of cluster volume fractions derived from SANS
and APT experiments, correlations of volume fraction and irradiation-induced property changes, and a
comparison of the EONY embrittlement trend curve model with experimental data in terms of yield stress
increase.

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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1 INTRODUCTION

The demonstration of the safety of nuclear installations, in particular the safety of reactor pressure vessels
against brittle failure, relies to a large extent on the testing of surveillance samples. Irradiations in high-flux
material test reactors also play an important role. However, the present period of nuclear fission energy
production and research is characterized by a number of circumstances including:

e surveillance samples/material of existing nuclear installations being largely or fully consumed,

e shortage of available irradiation facilities and capacity,

e increasing number of nuclear installations having reached or being close to reach the design lifetime
and the resulting request for lifetime extension to beyond 40 or 60 years,

e the development of new reactor concepts (e.g. Small modular reactors (SMRs) or Generation-IV
reactors) posing new material challenges,

e increasing research needs related to the emergence of new promising material classes (e.g. Fe-Cr-Al
alloys, high entropy alloys) and technologies (e.g. additive manufacturing).

Different research lines have been developed in response to these factors. These include:

e the optimized use of existing capacities for neutron irradiation,

e the optimized re-use of tested surveillance samples or samples irradiated in test reactors by way of
small specimen test techniques (e.g. sub-sized fracture mechanics specimens, small punch testing),

e multiscale modelling linked with ongoing microstructure analyses on the um- and nm-length scales,

e the use of ion irradiations to emulate neutron damage,

e the optimized re-analysis of the increasing amount of existing data.

The latter two research lines are addressed in the present deliverable.

The first part of the deliverable (Section 2) is dedicated to the combination of ion irradiation and nano-
indentation (NI) in order to reveal characteristic features of the irradiation-induced hardening of materials.
Major challenges are related to the small width of the ion-irradiated layers (of the order of 1 um), the damage
gradient within the irradiated layers and the effect of the implanted ions. The final objective of the underlying
work is to derive a bulk-equivalent hardness of the layer with best-possible transferability to the case of
neutron-irradiated bulk samples. Even if this goal was not fully achieved, the nanoindentation hardness of ion-
irradiated layers would still be an indicator of a material’s irradiation resistance, which is of considerable
importance in the stage of selection of a few candidate materials/conditions for nuclear applications from a
rich base of available materials/conditions, i.e. so-called material screening. NI testing of ion-irradiated layers
can be considered as a hot topic based on the frequency of publication. Therefore, the present study starts
from a brief review of the state of the art. While results obtained for ion-irradiated pure Fe are shown to
underpin the methodology of data analysis, two RPV steels, ANP-6 (RPV weld) and ANP-10 (RPV base metal
forging), are in the centre of interest. The basic characterization of these materials, the experimental
parameters and the test results adopted from WP-3 of ENTENTE are briefly summarized in order to facilitate
readability of the deliverable. For the analysis of the NI data, two kinds of models are considered, namely two
versions of a layer-substrate model and a layer-only model. The first version of the layer-substrate model
combines a graded layer with the original Nix-Gao law, while the second version combines an effective
homogeneous layer with a generalized Nix-Gao model. Both models suffer from the inherent impossibility to
avoid the effect of the implanted ions, which do not appear in neutron-irradiated samples, in other words,
they suffer from limited transferability to the case of neutron irradiation. However, they are still useful for the
case that the characterization of the ion-irradiated layer is the ultimate objective of a study. The considered
layer-only model potentially allows the effect of implanted ions to be avoided, though at the expense of other
challenges. It is important to note that, once the irradiation-induced hardness increase of neutron-irradiated

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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RPV steels is reasonably well predicted, there are strong correlations with neutron embrittlement (except for
possible cases of non-hardening embrittlement).

The second part of the deliverable is dedicated to the implementation and application of a data compilation
in the format of an Excel workbook called SANS-RPV. The overarching feature of SANS-RPV is the availability
of results obtained by small-angle neutron scattering (SANS) for each of the covered neutron-irradiated RPV
steels and irradiation conditions. Other quantities included are steel composition, initial microstructure, initial
properties, irradiation conditions, characteristics of irradiation-induced nanofeatures and irradiation-induced
property changes. A handful of selected applications of the data compilation is considered explicitly, namely
a comparison of SANS results with reported APT results, SANS-informed prediction of irradiation hardening,
the correlation of volume fraction and transition temperature shift, reported prediction versus experimental
volume fraction and the comparison of embrittlement trend curves with experimental data. These applications
are rather illustrations on how the data compilation can be used instead of exhaustive case studies.

2 HYBRID HARDENING MODELS FROM NANOINDENTATION
EXPERIMENTS

2.1 State of the Art of the Analysis of Nanoindentation Data for lon-Irradiated Layers

Instrumented nanoindentation is a standardized method applied to characterize the hardness of a material
(Oliver and Pharr 1992; 2004; Ruiz-Moreno et al. 2020; Standard DIN EN I1SO 14577-1 2015). A pointed indenter
(e.g. a three-sided pyramid Berkovich indenter) is pressed into the flat surface of an unirradiated or ion-
irradiated sample. During the indentation process, load, displacement and stiffness are (quasi-) continuously
recorded to calculate the contact depth h. (of the indenter into the sample), the indentation hardness Hir (load
divided by projected contact area), and the indentation modulus Eir. The numerous details involved in both
the test method and the raw data analysis are addressed in the standard and the literature cited above. Here
we assume that the dependence of the indentation hardness on the contact depth, Hir = f(h¢), is available as
the result of a nanoindentation experiment performed for unirradiated and ion-irradiated samples of a
material of interest. An example is shown in Figure 1 for illustration.
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Figure 1: Indentation hardness versus contact depth for unirradiated and ion-irradiated Fe.

Figure 1 indicates a number of typical features:

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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- The hardness of a homogeneous unirradiated sample increases at decreasing contact depth (“smaller
is stronger”). This behaviour is called indentation size effect (ISE).

- lonirradiation gives rise to an increase of hardness throughout the range of measurement.

- The irradiation-induced hardness increase as function of contact depth exhibits a peak.

- The hardness of the ion-irradiated sample asymptotically approaches the unirradiated hardness at
large contact depths.

- The experimental error of the indentation hardness increases at decreasing contact depth.

It is important to emphasize that the hardness difference at a certain reference depth is an inadequate
measure of the irradiation effect. This is because of a non-trivial coupling of the ISE with the irradiation effect.
A careful consideration of the ISE is vital for meaningful conclusions to be drawn. Nix and Gao (1998)
introduced a quantitative rationalization of the ISE based on the concept of geometrically necessary
dislocations (GNDs). In brief, GNDs are formed in the material under the indenter tip in order to accommodate
the shape changes enforced by the indentation process in an initially homogeneous sample. The density of
GNDs, pg, increases at decreasing indentation depth h, which gives rise to the mentioned increase of the
hardness H. The Nix-Gao law assumes the following form:

H 2 PG h*
—) =1+==1+— 1
ps is the density of statistically stored dislocations (SSDs). Ho is the bulk-equivalent hardness, which the
material would exhibit if only SSDs were present. For h = oo, it follows that H — H,,, which justifies the term
“bulk-equivalent” hardness. The following expression was derived for the characteristic length h* (Nix and Gao
1998):

« _ 81 2 2 G 2
h*=2ba’tan e(H—) 2)

0

b and a are the Burgers vector and the barrier strength of dislocations, G is the shear modulus of the material.
The angle @ is related to the indenter geometry with tanf = 0.358 for a Berkovich indenter.

If H? is plotted as function of 1/h, Eq. (1) represents a straight line, the intercept and slope of which allow the
bulk-equivalent hardness and the characteristic length to be determined as illustrated in Figure 2.
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Figure 2: Nix-Gao plot for unirradiated Fe to illustrate the determination of the bulk-equivalent hardness
and the characteristic length according to Eq. (1).
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While the straight line in Figure 2 provides a good fit of the experimental data in the range of 1/h from 0.7 to
2.2 um, that is the range of h from 0.5 to 1.4 um, there are systematic deviations at higher values of (1/h),
that means, smaller values of h. However, these smaller depths, h < 0.5 um, are required to derive the ion-
irradiation effect, as we will see more clearly later. It is therefore necessary to work out a more general
description of the indentation hardness as function of contact depth.

Three factors were suggested to be potentially responsible for the deviations from the original Nix-Gao law:

(1) Indentation is often accompanied by a pile-up or sink-in behavior of the material adjacent to the edges
of the impression as demonstrated experimentally by way of atom force microscopy (Hardie, Roberts,
and Bushby 2015; Zhu et al. 2022). Pile-up (or sink-in) results in corrections of both the projected
contact area (and therefore per definition the hardness) and the contact depth. However, Zhu et al.
(Zhu et al. 2022) reported that the pile-up corrections did not eliminate the curvature.

(2) Tip rounding is also capable of producing a curvature (Zhu et al. 2022). This effect can be, at least
partly, eliminated by way of properly calibrating the indenter area function.

(3) Inthe original Nix-Gao model of the ISE, the density of GNDs diverges at decreasing indentation depth.
This is unphysical because of the repulsive forces between individual dislocations. Several authors
suggested generalizations of the Nix-Gao model by introducing a maximum allowable density of GNDs
(Huang et al. 2006; Ruiz-Moreno and Hahner 2018; Hausild 2021).

While the first and second of these factors are mainly technical, the third one is fundamental and will be
considered below.

Hahner suggested a generalization of Eq. (1) by introducing an exponential term (Frank Bergner et al. 2022):

H\? h* n
() =1+5ew(=3) 3)
The additional length parameter hin Eqg. (3) is compatible with a maximum allowable density of GNDs. It is

also important to note that the right-hand side of Eq. (3) passes a maximum ath = h.The unphysical decrease
following at larger values of 1/h (smaller values of h) is to be replaced by a constant corresponding to the peak
value, as in Eq. (4):

(i)z ) 1+ %*exp (— %) (h=h) “
R P (h<h)

For h > h, Eq. (4) assymptotically approached the original Nix-Gao law, Eq. (1). Therefore, we will refer to Eq.

(4) as the generalized Nix-Gao law (or equation, or model). A three-parameter fit (parameters H,, h*,h ) to
experimental data is illustrated in Figure 3. Most notably, Eq. (4) fits the experimental data in a much wider
range than Eq. (1). In terms of the contact depth h, the range of good fit is extended from a lower limit of 0.5
um for Eq. (1) to a much smaller lower limit of 0.12 um for Eq. (4). This will turn out to be important for the
analysis of ion-irradiated layers. It is also important to note that the best-fit values of Ho and h* significantly
differ from the respective values obtained before by applying the original Nix-Gao law, Eq. (1). As a
consequence of the curvature, the bulk-equivalent hardness obtained from Eq. (4) is approximately 5% smaller
than the corresponding value obtained from Eq. (1).

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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Figure 3: Nix-Gao plot for unirradiated Fe to illustrate the fit of the generalized law according to Eq. (4).

As a remarkable progress over classical hardness testing, instrumented nanoindentation paved the way to
efficiently compare hardness values obtained for the same reference depth. Thus, by properly selecting the
reference depth, a hardness difference between an ion-irradiated sample and an unirradiated reference
sample became available (Robertson, Poissonnet, and Boulanger 1998) as an indicative measure of the ion-
irradiation effect. Based on TEM, the same study also indicated interactions between irradiation-induced and
indentation-induced microstructures. This kind of insight demonstrated the need to consider both the ISE and
the concept of a bulk-equivalent hardness in order to derive a meaningful measure of the effect of ion
irradiation on hardness.

Several attempts to derive the bulk-equivalent hardness of an ion-irradiated layer from nanoindentation tests
have been (Kasada et al. 2011; Hosemann et al. 2012; Liu et al. 2014; Heintze et al. 2016; Kareer et al. 2018;
Roder et al. 2018; Bonny et al. 2021). An early attempt that attracted attention relies on a change of slope in
a bilinear fit of the squared indentation hardness as function of the inverse contact depth (Kasada et al. 2011;
Liu et al. 2014; Heintze et al. 2016]. Unfortunately, the bilinearity is disturbed by two effects. First, there is a
broad transition between the (pseudo-) linear ranges due to the indentation plastic zone simultaneously
containing parts of both the irradiated layer and the substrate. Second, the layer is typically in the depth range,
where the systematic deviations from linearity mentioned above are important. It is therefore doubtful to
infer the inflection point and the required straight-line parameters.

The first issue has been tackled by considering a layer-substrate system, assuming a hemispherical plastic zone
(Johnson 1970), and applying a volume fraction model (Sargent 1979), the latter reflecting the fractions of the
plastic zone belonging to the layer and the substrate. The parameterized model expression is then fitted to
the experimental results allowing the bulk-equivalent hardness of the layer to be derived (Hosemann et al.
2012; Bonny et al. 2021). This approach was modified to take into account deviations from the hemispherical
shape of the indentation plastic zone (Saleh et al. 2016), a graded damage profile of the layer (Xiao et al. 2017,
Kareer et al. 2018; Roder et al. 2018; Das et al. 2022), a graded profile of implanted ions (Das et al. 2022), and
deviations from the original Nix-Gao law (Frank Bergner et al. 2022) resulting from the maximum allowable
density of GNDs.

All the models and approaches mentioned above have in common that they allow, within a certain degree of
accuracy, the effect of ion-irradiation on the hardness to be extracted from nanoindentation measurements
including indentation depths for which the indentation plastic zone reaches into the substrate. If the plastic
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zone reaches into the substrate, it necessarily also reaches into (or fully covers) the stopping range of the
implanted ions. While the substrate effect is well considered within the layer-substrate models, the effect of
the implanted ions are not properly accounted for. This raises serious questions about the transferability of
the derived ion-irradiation-induced increase of the bulk-equivalent hardness (or any other parameter) to the
case of neutron irradiation. Indeed, the injected interstitials were demonstrated to give rise to microstructures
(e.g. so-called bands of loops) which do not form under neutron irradiation and, in this sense, represent
artefacts.

2.2 Nanoindentation Data for lon-Irradiated RPV Steels

The investigated materials are western-type generation-lI/11l RPV steels as introduced in ENTENTE Deliverable
D3.1. ANP-6 is a weld exhibiting acicular ferrite structure and ANP-10 is a base metal (forging) with bainitic
microstructure. SEM images of the typical microstructure in both materials are given in Figure 4.

. ! ‘

s e >
10 pm Apertire=5000pm Mag= 500KX EHT=1500KV HZDR 10 pm Apecture=5000um Mag= S00KX EHT=15.00kV =zidR
f——  2s4un2021 |Probe= S00pA  WO= 7.0mm Signal A = NTS BSD P 12mey2021 IProbe= 300pA WD=T7.0mm Signal A = NTS BSD

Figure 4: Irradiated microstructure of ANP-6 and ANP-10

Larger blocks of the materials in unirradiated state were provided by Framatome-Germany and small
rectangular samples were cut from these blocks by electrical discharge machining. Mechanical sample
preparation was done before irradiation treatment with the following steps:

- Grinding with SiC-paper down to 2500 grid,

- Mechanical polishing with 3um and 1um diamond paste,

- Fine-polishing with 60nm silica suspension (Mastermet, Buehler)
Initial trials included electro-polishing as a final preparation step, but undesirable surface damage was
observed in the resulting sample surface. Comparison between electro-polished and mechanically fine-
polished samples indicated no significant difference in the measured nanohardness (Figure 4). It was therefore
decided to omit the electro-polishing step after mechanical fine-polish for all subsequently prepared samples.
Self-ion irradiation treatment was conducted at the lon Beam Center (IBC) at HZDR with the aim to achieve a
radiation damages of 0.1 dpa and 1 dpa at 500 nm depth while keeping a zone directly below the surface free
from injected interstitial atoms as much as possible. Based on the results of simulations using the software
package “The Stopping and Range of lons in Matter (SRIM)” by J.F. Ziegler the following irradiation parameters
were chosen:

- Fe?-ions accelerated to 5 MeV,

- lrradiation temperature 300 °C,

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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- Beam current density 40 nA/cm?,

Exposure time 0.6 h (0.1dpa at 500 nm) / 6 h (1 dpa at 500 nm),

The depth profiles of radiation damage and injected interstitial atoms for these conditions, as expected from
the SRIM-calculations, are given in Figure 5.
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Figure 5: Depth profiles of displacement damage (left) and implanted ions (right) from SRIM calculations.

The indentation hardness of the irradiated and unirradiated samples was measured with an ASMEC UNAT
nanoindenter (Figure 6) using the QCSM method (quasi-continuous stiffness measurement) to obtain depth-
dependent information. All hardness measurements were done with the same Berkovich-geometry indenter
tip. The contact area function of the tip and the device compliance were calibrated at the same time, using an
automated method included in the UNATs device software. The method is based on measuring the elastic

modulus of two different standard samples (here fused quartz and sapphire) and varying the calibration
functions for contact area and device compliance until the correct elastic modulus for both materials is
obtained.

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018
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Figure 6: Nanoindenter ASMEC UNAT and samples mounted for hardness testing.

Figure 7 shows the applied loading scheme. After finding the sample surface, the load is increased
guadratically to 50 mN over 250 s and kept constant for 20 s to monitor potential creep. Afterwards the sample
is partially unloaded to 5mN and the load is kept constant again for drift correction before final unloading.
During all segments, the nanoindenter is operated in load-controlled mode. Multiple hardness measurements
were conducted for each sample and in a single run. Typically, 39 indentations + 3 approach points were done
ina 6 x 7 array with 40 um spacing as shown in Figure 8.

50

Force (mN)

-e- Normal force unit

0 50 100 150 200 250 300
Time (s)

Figure 7: Loading scheme for nanoindentation. Hardness measurement by QCSM at each point marked by

green bars.
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Figure 8: Typical indentation array.

The zero-point of contact between tip and sample surface during each indentation was determined by
assuming Hertzian contact (i.e. loading exponent 3/2) for the first ~10 — 20 nm and fitting the beginning of the
load displacement curves accordingly. Possible outliers were excluded manually. Drift correction was done
based on the partially unloaded segment at the end of each indentation with the assumption that the average
thermal drift rate during the whole indentation process is approximately constant. Typical load-displacement
curves after these corrections are shown in Figure 9 (ANP-6) and Figure 10 (ANP-10). In general, the results
showed good reproducibility with small deviation between individual curves.

50 50

45 45
40 40
354
30 30

254 25

Force (mN)
Force (mN}

20 20

154 15

104 10

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Displacement (um) Displacement (um)
unirradiated 1dpa@500nm

Figure 9: Typical load — displacement curves for ANP-6.
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Figure 10: Typical load - displacement curves for ANP-10.

At each of the points marked by green bars in Figure 7, also the dynamic unloading stiffness S was measured
according to the QCSM method by superposition of a small oscillation (8.5 Hz, 0.1 V amplitude for piezo
oscillation at maximum load) to the indenter frame and monitoring of the resulting amplitudes in load and
displacement. Indentation hardness Hir and reduced elastic modulus E* at each load F and corresponding
indentation depth h can then be calculated as (Oliver and Pharr 1992; 2004; Ruiz-Moreno et al. 2020; Standard
DIN EN ISO 14577-1 2015):

F

Hyr = Ao (5)
L _Es
Eyr == e (6)

A(h.) is the calibrated area function (projected area) and h. the contact depth, i.e. the actual penetration depth
of the indenter into the sample which differs from the measured indentation depth due to elastic deformation
of the sample surface. Based on the unloading stiffness S, h. can be approximated as:

he=h—e% (7)

with the geometry factor € = 0.75 for a Berkovich indenter.

The measured indentation hardness as function of contact depth is plotted in Figure 11 and Figure 12 for the
unirradiated and ion-irradiated conditions (0.1 dpa and 1 dpa) of ANP-6 and ANP-10, respectively. Post-
irradiation annealed conditions also included in these plots will not be considered in the modelling part of the
present deliverable. The data including statistical errors (including error propagation according to Egs. (5) to
(7) are recorded and saved by the instrument firmware and transferred to suitable data analysis and graphics
software suites.
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Figure 11: Measured indentation hardness versus contact depth for ANP-6.
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Figure 12: Measured indentation hardness versus contact depth for ANP-10.
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2.3 Application of Layer-Substrate Models of Irradiation Hardening
2.3.1 Graded damage profile combined with original Nix-Gao law

The first version of a layer-substrate model applied in this deliverable is the model suggested by Réder et al.
(Roder et al. 2018). The geometry of the problem is illustrated in Figure 13.

This project has received funding from the Euratom research and training programme 2019/2020 under
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Figure 13: Unirradiated ANP-6 sample to be supplied to CNRS for APT

Starting point of the Roder model is the Nix-Gao law Eq. (1) applied to a homogeneous reference sample. To
consider the inhomogeneous hardness distribution for an ion-irradiated sample, the following empirical model
was developed: The profile of the local hardness Ho(z) is described as a function of the inhomogeneous dpa-
profile ®(z):

Hy(z) = Hs + a[®(2)]" (8)

A linear superposition of the hardness of the unirradiated substrate Hs with the irradiation induced hardness
increase is assumed. To derive a relation between the depth-dependent actual hardness and the measured
hardness for a given contact depth, we first have to average the actual hardness over the plastic zone. This
kind of averaging is based on the volume law of mixture. The actual hardness profile Ho(z) averaged over a
hemispheric plastic zone with radius R is considered as in Eq. (9). We assume this radius to be proportional to
the contact depth R(hc) = c-h,, with ¢ as scale factor to be fitted to the experimental data. This factor
determines the growth rate of the plastic zone during the indentation experiment. The hardness, which is
averaged over the plastic zone given for a certain contact depth h, is taken as the mean hardness <Hop>:

he 2
(Ho)(he) = 5o o " {1 = i} Ho () dlz (9)

To further consider the indentation size effect, the Nix-Gao relation is modified by replacing the constant
hardness, Ho, by the mean hardness profile <Ho>(h.) as determined by Eq. (9). A constant characteristic length

h* is assumed, i.e. the dependence of h* on the mean hardness is neglected, which is reasonable for small
hardness changes. The indentation hardness is then described by:

Hir(he) = (Ho)(ho) |1+ (10)

Finally, the analytic model defined by Egs. (8) to (10) is fitted to the experiment by way of variation of the
parameters h*, s, Hs, a, and n using a non-linear least-squares fitting routine implemented in Octave.

Plots of the experimental data obtained for the ENTENTE materials ANP-6 (left-hand side) and ANP-10 (right-
hand side) are shown in Figure 14 along with the best-fit results according to the R6der model. The upper part
of Figure 14 represents the measured Hr versus h. data and the corresponding best-fit curves, the middle part

* o
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shows the Nix-Gao plots of the same data, and the lower part indicates the dependence of the bulk-equivalent
hardness of the ion-irradiated layer according to Eq. (8) as function of the distance z from the irradiated sample
surface. We have found that the fit curves represent the experimental data well except for the smallest
indentation depths. The best-fit parameters are listed in Table 1. This table also includes data reported in

Roder et al. (2018) for the RPV steel ANP-4 (SOTERIA) for comparison.
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Figure 14: Réder model applied to materials ANP-6 (left) and ANP-10 (right). Upper row — direct plots,
middle row — Nix-Gao plots, lower row — depth profiles of bulk-equivalent hardness.
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Table 1: Best-fit parameters of the Réder model applied to the ENTENTE materials ANP-6 and ANP-10 and
the SOTERIA material ANP-4.

Material Displacement h* Ho Factorc Factora  Exponentn
damage (nm)  (GPa)
(dpa)
ANP-6 0 43 2.49 - - -
(ENTENTE) 0.1 34 2.85 6.7 0.39 0.02
1 10 3.96 7.0 1.18 0.03
ANP-10 0 33 2.36 - - -
(ENTENTE) 0.1 24 2.53 8.2 0.29 0.01
1 15 3.55 6.8 1.23 0.06
ANP-4 0 55 2.50 - - -
(SOTERIA) 0.1 29 3.25 6.9 0.93 0.04
0.3 32 3.91 7.5 1.66 0.07
1 29 4.43 8.1 2.08 0.09

The results summarized in Table 1 indicate that:
- The bulk-equivalent hardness Ho of the unirradiated RPV steels is similar.
- The bulk-equivalent hardness increases as function of displacement damage for each material.
- The characteristic length h* tends to decrease as function of displacement damage.
- The factor c is approximately 7 to 8, that means, the radius of the indentation plastic zone is 7 to 8
times larger than the contact depth.
- The exponents n are small, which suggests a weak dependence of Ho on z, that means, an
approximately rectangular damage profile.
All these findings are reasonable and render a tentative assessment of the ion-irradiation response possible.

However, both the quantitative accuracy of the results and the transferability of the results to the case of
neutron irradiation are limited because of the following approximations involved in the model:

- The maximum allowable density of GNDs was not taken into account.

- The characteristic length h* of the substrate and the whole layer are represented by a single value.

- A hemispherical shape of the indentation plastic zone is assumed as an approximation.

- The implanted ions are not considered.
Hence, an extension of the model is required in order to improve the accuracy. However, a direct extension of
the Roder model, while conceptually possible, would increase the number of fit parameters to an
unmanageable amount. It is therefore necessary to make a compromise. Taking into account the findings
obtained for the application of the Roder model, the assumption of the generalized Nix-Gao law at the expense
of an approximately rectangular damage profile would be a reasonable compromise.

This project has received funding from the Euratom research and training programme 2019/2020 under
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2.3.2 Rectangular damage profile combined with generalized Nix-Gao law

The second version of a layer-substrate model applied in this deliverable is the model reported by Bergner et
al. (Frank Bergner et al. 2022). The dpa profile is approximated as an effective rectangular profile. The effect
of the implanted ions is again neglected (or thought to be included in the effective rectangular profile). The
model hardness Hcan then be expressed according to Egs. (11) to (13):

H = fiH; + (1= f)H, (11)

1 for x > 1

fi= (12)

3 1
Ex—zx?’ for x < 1

a1

T (13)

In Eq. (11), H, and H; are the h-dependent hardness values according to Eq. (4) of the unirradiated substrate
and the ion-irradiated layer, respectively. The weight factor f; according to Eq. (12) is the volume fraction of
the plastic zone occupied by the irradiated layer with x being the normalized inverse contact depth and d; =
1.65 um (for Fe ions of 5 MeV energy) being the effective thickness of the irradiated layer. The radius R of the
hemispherical plastic zone is again taken as a multiple c of the contact depth h.

A two-step fit procedure is applied to calculate the parameters of interest. First, the expression according to
Eq. (4) is fitted to the Hir — hc curve measured for the unirradiated reference sample. The resulting best-fit

parameters are Hy ,, h; and Eu. These parameters are treated as fixed in the fit of Egs. (11) to (13) for the ion-

irradiated sample. Moreover, we assume Ei = Eu, which is justified because of the relation with the maximum
allowable density of GNDs. Therefore, the remaining free fit parameters are Hy ;, h{ and c. We have fixedc =7,
which was found to give a smaller sum of square deviations than both ¢ = 6 and ¢ = 8. To illustrate the result
of the fit procedure, the same data set presented in Figure 1 to 3 for pure Fe is plotted in Figure 15. There is
agreement between the experiment and the layer-substrate model prediction within the range of
experimental errors. The parameters representative of the effective irradiated layer are given in green colour.
The effective dpa value of the layer was calculated to be 1.36 dpa for the corresponding ion irradiation. The
resulting irradiation-induced increase of the bulk-equivalent hardness, AHo, is 0.68 GPa.

This project has received funding from the Euratom research and training programme 2019/2020 under
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Figure 15: Layer-substrate model applied to ion-irradiated pure Fe along with best-fit parameters.

The least-squares fits to the measured Hir — h. data of ANP-6 and ANP-10 are summarized in Figure 16. The
best-fit parameters are listed in Table 2.
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Figure 16: Generalized Nix-Gao layer-substrate model applied to materials ANP-6 (left) and ANP-10 (right).
Upper row - direct plots, lower row — Nix-Gao plots.
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Table 2: Best-fit parameters for the layer-substrate model with rectangular damage profile using the
generalized Nix-Gao law.

Material Displacement h* h Ho Factor ¢
damage (nm) (nm) (GPa)
(dpa)

ANP-6 0 106 121 241 -
(ENTENTE) 0.1 179 121 2.48 3.2

1 419 121 2.88 3.1
ANP-10 0 108 147 2.27 -
(ENTENTE) 0.1 113 147 2.47 7.7

1 78 147 3.68 5.8

The results obtained for ANP-6 are reasonable with respect to the trend of h* to decrease and of Hp to increase
atincreasing neutron exposure. The factor cis in the expected range between 6 and 8. For ANP-6, the observed
trends are questionable and ¢ appears to be unreasonably small. This may be related to the systematic
deviations between measurements and predictions at small indentation depths, see Figure 16.

Comparing the results listed in Table 1 (R6der model) and Table 2 (generalized Nix-Gao), that means two
different models applied to the same data sets, the agreement is also reasonably good for ANP-10, but there
are significant deviations for ANP-6. The most striking difference is the factor ¢, which is in the expected range
for the Roder model. The questions raised above may be related to experimental factors which are not well
understood so far and, therefore, not covered in the framework of the models.

2.4 New Layer-Only Model of Irradiation Hardening

As already concluded in Section 2.1 (State of the art), the layer-substrate models considered in the previous
section have in common that the indentation plastic zone reaches into the substrate, and, therefore,
necessarily also into the stopping range of ions, where irradiation-induced microstructures may fundamentally
differ from any neutron-irradiated microstructure. Therefore, the results of the application of layer-substrate
models may be representative of the ion-irradiated material itself, but suffer from questionable transferability
to the case of neutron irradiation. Fortunately, there is a region between the sample surface and the stopping
range of ions, where the concentration of implanted ions is negligibly small. This region is also called “safe
zone” (Zinkle and Snead 2018).

We have identified two options to improve the transferability:

- Athree-layer model, the first layer representing the safe zone, the second layer representing a region,
where both the displacement damage and the concentration of implanted ions are significant, and the
third layer representing the substrate. The model parameters determined for the first layer would
then be free of implanted-ions artefacts.

- Asingle-layer model under the condition of a strongly limited range of contact depths for fitting such
that the indentation plastic zone is fully contained in the safe zone. The challenge here is the need to
extrapolate data obtained for a shallow near-surface range of contact depths to much larger (bulk)
depths.

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018




Page 21/38

I: N I EN I :I DA4.5 Hybrid hardening models from SANS and NI Rev 1
experiments

Date 30/08/2023

As we do not currently feel prepared to handle the fit of a three-layer model, the present study is focussed on
the second option, namely a single-layer (or layer-only) model.
The outline of the procedure is as follows:

- Fit Eq. (4) to the experimental data of the unirradiated reference, calculate Hy , h; and hy,,

- Use these data to derive approximate expressions for h{ and Ei, which reduces the number of free
parameters for the irradiated layer to only 1, namely Hy;,

- Solve Eq. (3) for Hy ;.

- Directly calculate Hy; only taking into account the range of contact depths, for which the indentation
plastic zone is fully contained in the safe zone.

As on the approximate expressions for h{" and Ei, we use h{ = h}, as already applied above and take into

account the inverse correlation between h* and HZ implied by Eq. (2). This gives: h} = h;, (Ho_u/HO’i)Z.
Substituting these expressions in Eq. (3) and solving for Hy; finally yields:

Hoa(h) = JH2(0 — (hi3,) Eexp (~ ) (14)

Eqg. (14) allows Hy; to be directly calculated from the dependence of Hir on hc measured for the ion-irradiated

material along with the parameters Hy , h; and Eu calculated beforehand for the unirradiated reference. It is
important to note that only a certain hc-range is available for meaningful results to be obtained. The lower
limit of this range is set to 0.1 um. On the one hand, this is because of the diverging errors of hardness
measurement below 0.1 um indentation depth, which in turn are due to surface preparation issues, indenter
tip rounding and similar experimental factors. On the other hand, the nearest-surface microstructure is
affected by the operation of the free surface as sink for irradiation-induced point defects, which may give rise
to another kind of transferability issue. The indentation plastic zone should at least reach deeply beyond this
surface affected zone. The upper limit of the available h.-range can be derived from the concentration profile
of the implanted ions according to Figure 5. If we allow a maximum distance from the surface of 1 um (for 5
MeV ion energy) to largely avoid effects of the implanted ions and take into account a plastic zone extension
factor c = 7 (see above), an upper limit of the available h.-range of 1/7 = 0.14 um is obtained. In summary, Eq.
(14) is only applicable for the h.-range from 0.10 to 0.14 pm.

To illustrate the results for the pure Fe irradiated with 5 MeV Fe ions, we use the data plotted in Figure 1 and
the parameters of the unirradiated reference given in Figure 3 to calculate the bulk-equivalent hardness of the
ion-irradiated layer Ho; according to Eq. (14). The resulting average value is 1.98 GPa. It is interesting to note
that this value is higher than the corresponding result obtained from the generalized Nix-Gao layer-substrate
model (1.56 GPa, see Figure 15). In order to better understand the reasons for this deviation, we reconsidered
the generalized Nix-Gao layer-substrate model using the parameters derived from the application of the layer-
only model. The results are shown in Figure 17.

Figure 17 is to be compared with Figure 15. It is found that, although the sum of square deviations for the data
in green is higher in Figure 17 than in Figure 15, Figure 17 still shows a reasonably good fit except for the range
of 1/h. close to 3 to 4 um™ (hc-range from 0.25 to 0.33 um). This corresponds to extensions of the plastic zone
up to depths z of 1.7 to 2.3 um, where the effect of the implanted ions is expected to be most pronounced.
Hence, the excess hardness according to Figure 17 measured in this range may be attributed to the implanted
ions. This insight may be considered as a point in favour of the layer-only model. Moreover, it indicates some
lack of robustness of the layer-substrate model at least for the case of imperfect data. In any case, the result
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Figure 17: Layer-substrate model applied to ion-irradiated pure Fe using the parameters derived from the
layer-only model.

obtained using the layer-only model cannot be significantly affected by the implanted ions. This is in contrast
to any layer-substrate model and, therefore, lays the foundation for a better comparability with results
obtained for neutron-irradiated material.

The experimental results obtained for ion-irradiated RPV steels indicate a behaviour at small indentation
depths which is not well understood, but which is vital for meaningful modelling work. As a consequence, the
results obtained using the layer-only model are to be considered as tentative. They are summarized in Table
3.

Table 3: Bulk-equivalent hardness obtained for the layer-only model applied to ANP-6 and ANP-10,
conversion into Vickers hardness increase and comparison with Vickers hardness increase measured for
neutron-irradiated samples of ANP-6 and ANP-10.

Particle type | Material | Dose (dpa) | Bulk-equivalent Hardness increase, | Vickers hardness
hardness, Ho (GPa) | AHo (GPa) increase, AHV10
lons ANP-6 0 2.43 - -
0.1 2.78 0.35 32%
1 3.75 1.32 122 *
ANP-10 0 2.29 - -
0.1 2.46 0.17 16 *
1 3.44 1.15 106 *
Neutrons ANP-6 0.08 - - 98 **
ANP-10 0.051 - - 24 **

* Conversion factor 92.4, ** as measured.
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The results in Table 3 show that the hardness increases as a function of dose for both materials. The hardness
increase is smaller for ANP-10 as compared to ANP-6. The results obtained for the ion-irradiated materials will
be compared with the measured neutron-induced increase of the Vickers hardness in the next section.

2.5 Tentative Comparison of Results for RPV Steels Irradiated with lons or Neutrons

As a starting point, it is important to note that a number of ion-neutron transferability issues have been more
or less exhaustively solved in the international context in recent years. These include:

- Technical ion-irradiation issues such as carbon contamination (countermeasures to minimize carbon
contamination) (Was et al. 2017; Gigax et al. 2017; Malerba et al. 2021),

- Dose rate effect between ions and neutrons (temperature shift model) (Mansur 1978; Meslin,
Radiguet, and Loyer-Prost 2013),

- Selection of test methods (nanoindentation, nanomechanical testing) (Hosemann et al. 2012),

- Consideration of the indentation size effect (Nix-Gao model, generalized Nix-Gao model).

The present study is focussed on an additional transferability issue, namely the effect of implanted ions. We
have found that, at difference from other reported models, the layer-only model is a promising tool to avoid
effects of implanted ions in ion-irradiated materials. However, this is still not the end of the story. For instance,
it is well accepted that the use of the temperature shift model is not capable of correcting dose-rate effects
on the simultaneous formation of different kinds of irradiation-induced nanofeatures such as loops or solute-
atom clusters. Any comparison of the irradiation-induced hardness increase derived for ion- and neutron-
irradiated materials must therefore be treated as tentative.

Such a tentative comparison is provided in Table 3. For the ion-irradiated RPV steels, the measured bulk-
equivalent hardness was converted into equivalent values of the Vickers hardness HV10 using an empirical
conversion factor of 92.4. The irradiation-induced increase can then be compared with the as-measured
increase of the Vickers hardness of the same steels irradiated with neutrons. We have found that ions and
neutrons give rise to similar trends as function of fluence and material (ANP-6 versus ANP-10). However,
reasonable quantitative agreement is not yet reached. This may be partly due to

- Experimental errors of the hardness for both ion- and neutron-irradiated steels,

- Approximations related to the concept of bulk-equivalent hardness applied to ion-irradiated steels,

- Different definitions of displacement damage for ion irradiations (e.g. from SRIM) and neutron
irradiations (e.g. from NRT model),

- Remaining transferability issues, such as dose rate effects, not treated so far.

In conclusion, data for more materials/irradiation conditions are required in future to improve the statistics.
At the same time, the mentioned remaining transferability issues have to be considered.

Finally, the irradiation-induced hardness increase is not the end of the story. The more relevant property from
the viewpoint of reactor safety against brittle failure is irradiation embrittlement in terms of the brittle-ductile
transition temperature shift. However, except for non-hardening embrittlement, hardening is the main reason
of embrittlement. Therefore, correlations among the volume fraction of irradiation-induced precipitates, the
increase of bulk-equivalent hardness (from nanoindentation), increase of Vickers hardness, yield stress
increase and brittle-ductile transition temperature shift (or master curve Ty shift) are of particular interest
(Nanstad et al. 2018). A tool to check the strength of such correlations based on a consistent data set will be
introduced in the next section.
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3 HYBRID HARDENING MODELS FROM SANS EXPERIMENTS
3.1 Introduction to the Excel Workbook

The Excel workbook and data compilation in question, referred to as “SANS-RPV” below, is dedicated to the
effect of neutron irradiation on the microstructure and mechanical properties of RPV steels. SANS-RPV differs
from other data compilations or databases in form and content. The major difference, due to the original
motivation of the data collection, consists in the fact that each individual data set was presupposed to include
the results of small-angle neutron scattering (SANS) experiments aimed at deriving the volume fraction,
number density, size distribution, and mean size of irradiation-induced clusters in neutron-irradiated RPV
steels. All these microstructural data were obtained in a consistent way of carrying out SANS experiments and
analyzing the results over a period of more than 30 years. The SANS samples of typical dimensions of 10 x 10
x 1 mm?3 were cut from broken halves of Charpy-type samples tested before. As another striking feature of
SANS-RPV, the Vickers hardness HV10 was consistently measured after completion of the SANS experiments
using the same sample and probing approximately the same macroscopic volume.

Historically, the data compilation significantly contributed to the insight that irradiation-induced hardening,
yield stress increase, brittle-ductile transition temperature shift, and master curve Ty shift are correlated with
the volume fraction f of irradiation-induced solute atom clusters of RPV steels, often most pronounced with

\/7 (Bohmert, Viehrig, and Ulbricht 2004; Ulbricht, Bohmert, and Viehrig 2005; Ulbricht 2006). Simultaneously,
the mean size of clusters was found to vary in a very narrow range (close to 1 nm in radius), which allowed to
neglect effects of this factor for many applications. This insight was found to be sufficiently important to
extend the data compilation and to establish SANS (volume fraction) as an efficient fingerprint indicator of
neutron embrittlement. Based on the availability of corresponding material and mechanical property data
mentioned above, it was consequential to develop SANS-RPV.

On the other hand, there are more comprehensive databases, such as MatDB, the Perform60 database, ASTM
PLOTTER, or the database to be developed in ENTENTE WP2 to mention a few. Part of these databases may
include results obtained from RPV embrittlement surveillance programs worldwide and/or unroll full database
functionality. SANS-RPV does not compete with such databases. It is rather an easy-to-use Excel application
containing a well manageable amount of unique (as outlined above) data with traceable reference to
published original work. Selected applications will be outlined in Section 3.2. As an additional feature, SANS-
RPV is freely accessible via the Rossendorf Data Repository (RODARE) including features such as ISBN, Open
access, and version management to facilitate possible future extensions of the data collection.

As of now, the Excel workbook consists of three data spreadsheets, complemented by three corresponding
metadata spreadsheets. The three data spreadsheets cover data for groups of RPV steels, namely VVER-type
RPV steels, western-type RPV steels originating from the IAEA CRP “Optimizing Reactor Pressure Vessel
Surveillance Programmes and their Analysis”, and western-type RPV steels reported by AREVA/FRAMATOME
and EDF. Each data spreadsheet covers groups of data related to:

- RPV steel identification and type,

- Steel composition,

- Initial (unirradiated) microstructure,

- Initial (unirradiated) mechanical properties,
- lrradiation conditions,

This project has received funding from the Euratom research and training programme 2019/2020 under
grant agreement No 900018




Page 25/38

I: N I EN I :I DA4.5 Hybrid hardening models from SANS and NI Rev 1

experiments
Date 30/08/2023

- Irradiated microstructure,
- Irradiated mechanical properties and irradiation-induced property changes.

The individual data are organized in vertical rows, the individual RPV steels and welds belonging to each group
of steels are organized in horizontal rows. Some cells contain comments to indicate peculiarities or additional
explanations related to specific data. The metadata spreadsheets cover additional information such as
material producer, material provider, contact person if applicable, and references to published work or project
reports, where more details can be found.

3.2 Selected Applications of the Excel Workbook

According to the original motivation and design of the SANS-RPV Excel Workbook, it is particularly useful for
those applications for which the volume fraction of irradiation-induced solute clusters plays an important role.
As cluster volume fraction and both hardening and embrittlement are known to exhibit pronounced
correlations, there is a wide field of such applications. An example is the correlation between cluster volume
fraction and irradiation-induced increase of Vickers hardness to be considered below. On the other hand, this
means that non-hardening embrittlement, for which the cluster volume fraction is less relevant, is not the
major domain of SANS-RPV.

Along with the results of SANS experiments, SANS-RPV also covers a multitude of other data such as
composition, irradiation conditions, microstructure data, mechanical properties and their irradiation-induced
changes. Correlations among these quantities are also of considerable interest. Below we summarize selected
examples:

- Correlations among composition and property changes,

- Correlation between initial microstructure and yield stress (in terms of hardening mechanisms and
superposition laws),

- Correlation between initial microstructure and yield stress increase (in terms of sink strength),

- Effects of neutron fluence on cluster volume fraction, hardening and embrittlement,

- Effects of other irradiation parameters such as neutron flux and temperature,

- Consistency of SANS volume fraction versus APT volume fraction,

- Correlation between hardness and yield stress,

- Correlations between hardening and embrittlement,

- Relationship between different measures of embrittlement such as AT (from Charpy impact test) and
ATy (from Master Curve testing).

This list can be easily extended. Selected examples will be considered in the subsections to follow. Here we
wish to note that, using the logical operators of EXCEL, the potential applications listed above can also be
discriminated with respect to special groups of RPV steels (e.g. weld versus base metal, low-Cu versus high-Cu
RPV steels) or irradiation conditions (e.g. low versus high flux, irradiation temperature 255 °C versus 290 °C).

3.2.1 SANS versus APT

In the first application case, the irradiation-induced solute clusters revealed by SANS and APT are compared.
The applied SANS-RPV data subset covers all data sets from SANS-RPV for which SANS and APT data are
simultaneously available. The cluster volume fractions inferred from APT experiments versus the cluster
volume fractions derived from SANS assuming non-magnetic clusters are plotted in Figure 18.
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Figure 18: APT cluster volume fraction versus SANS cluster volume fraction assuming non-magnetic
clusters.

Figure 18 shows that the volume fractions derived from SANS and APT approximately agree for most of the
RPV steels. A few data points significantly deviate from the identity line. On average, the negative and positive
deviations approximately cancel out, in other words, there is no bias of one method with respect to the other
method. Itisimportant to note that the SANS analysis was based on the assumption of non-magnetic clusters.
If the clusters exhibited a non-zero magnetic moment, the resulting “corrected” volume fraction would be
higher by a factor proportional to the square of the magnetic moment. This means that such a “correction”
would introduce a bias (instead of removing an existing bias). In conclusion, the present data set is consistent
with non-magnetic clusters on average. To further verify or qualify this conclusion, it would be important to
consider the cases of pronounced deviation in more detail and to accumulate more data. The present data set
is a valuable tool to advance in this direction.

A corresponding comparison is shown in Figure 19 in terms of cluster size. We have found a slight under-
estimation of the average cluster size derived from SANS as compared to APT. This underestimation is between
0 and 40%. It can be explained as a consequence of different method-specific ways to “see” clusters and to
define size. For instance, the cluster—matrix interface is known to be graded. Therefore, there is a degree of
arbitrariness in the position of the interface, and hence in the size estimation. Apart from this detail, the
present set of size measurements based on SANS and APT is reasonably consistent.
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Figure 19: APT cluster size versus SANS cluster size.

The comparisons made above can be interpreted as an independent confirmation of the SANS results and,
therefore, qualify the data for further meaningful statistical analyses and conclusions.

3.2.2 SANS-informed prediction of irradiation hardening

Irradiation hardening is typically treated in terms of the increases of Vickers hardness or yield stress. To
address respective applications of the data collection we start from the correlation between the square root
of the volume fraction of irradiation-induced solute clusters as extracted from SANS experiments and the
irradiation-induced increase of the Vickers hardness HV10. A corresponding plot is shown in Figure 20. All
materials and irradiation conditions covered by the data compilation are included in this plot without any
exception. It is important to repeat that the Vickers hardness tests were performed after the SANS
experiments using the same samples. Moreover, both methods, SANS and HV10, probe macroscopic volumes
of the same order of magnitude of 10 mm3. Therefore, effects related to both the size of the probed volume
(so-called size effects) and the material inhomogeneity can be excluded as major sources of deviations.

Figure 20 indicates a pronounced correlation between the square root of volume fraction f from SANS and
the Vickers hardness increase AHV10. It assumes the form:

AHV10 = 1275,/f (15)

On the one hand, this confirms earlier reported insight based on the empirical treatment of smaller, more
homogeneous groups of materials (Bohmert, Viehrig, and Ulbricht 2004; Ulbricht, Bohmert, and Viehrig 2005;
Ulbricht 2006). Taking into account the weak variation of cluster size, Eq. (15) is also consistent with the
dispersed barrier hardening (DBH) model. On the other hand, the correlation throughout different classes of
RPV steels (including base metal and welds, Russian and western type RPV steels, low and high-Cu RPV steels,
low and high-flux irradiations and so on) is a bit surprising or, in other words, the cases of larger deviations
from the straight line in Figure 20 are not surprising. In any case, Eq. (15) does represent a reasonable and
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physically meaningful indication of the capability of irradiation-induced clusters to harden (and embrittle) RPV
steels.
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Figure 20: Scatter plot of AHV10 and square root of volume fraction.

A similar but physics-based application of the data collection was reported by Monnet (Monnet 2018). This
author compared measured irradiation-induced increases of the yield stress and corresponding SANS-
informed predictions using a multiscale modelling framework. The data were taken from the spreadsheet
covering the IAEA RPV steels of a previous version of the present data collection SANS-RPV. [Note that the
data sources were incorrectly cited in (Monnet 2018), the correct references are (Ulbricht, Bohmert, and
Viehrig 2005; Ulbricht 2006; Zurbuchen, Viehrig, and Weiss 2009; Bergner, Ulbricht, and Viehrig 2009;
Chaouadi 2012; Wagner 2017), see the metadata spreadsheet of the present version of SANS-RPV].

The type of calculations reported by Monnet (Monnet 2018) were repeated within the ENTENTE project (WP4)
using essentially the same data set (there are a few minor differences in the data). Four versions of the SANS-
informed prediction of irradiation hardening were covered:

e C(lassical dispersed-barrier hardening (DBH) model combined with linear superposition of hardening
contributions,

e (Classical DBH model combined with mixed (linear and square) superposition of hardening
contributions,
e Monnet’s multiscale model combined with linear superposition of hardening contributions,

e Monnet’s multiscale model combined with mixed (linear and square) superposition of hardening
contributions.

According to the classical DBH model (Seeger 1958), the yield stress o, arising from a dispersion of barriers is

related to the number density and size of the dispersed barriers, here the irradiation-induced solute clusters
(index s):
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o5 = aMGbVNd (16)

M, G, b and « are the Taylor factor, the shear modulus, the Burgers vector of the dislocations and a factor of
proportionality (related to the obstacle strength). Here we use M = 3.06, G = 83 GPa and b = 0.248 nm, while
o is treated as a fit parameter. N and d denote number density and mean diameter of the solute clusters. This
model was extended within a multiscale modelling framework and the resulting analytical expression was
manipulated such that the analogy with Eq. (16) is emphasized (Monnet 2018):

]3/2

_ [20bs _ In(2D/b)) In(l/b)
05—[000 cop U pGhyNa (17)

For the exact meaning of the symbols, we refer to (Monnet 2018).

In a real situation, the irradiation-induced solute clusters are not the only obstacles to dislocation glide. In
particular, there are pre-existing obstacles such as grain boundaries (index g), forest dislocations (index f) and
carbides (index c). The most accepted way to superpose the contributions of forest dislocations, carbides and
irradiation-induced obstacles is square superposition, while grain boundary (Hall-Petch) hardening adds
linearly, resulting in the following expression for the irradiation-induced yield stress increase (Monnet 2018):

AGy = Oyirr — Oy unirr = Og + ’Gf2+acz+052—cg—\/af2+ac =\/Uf2+acz+asz—\/af2+acz (18)

However, linear superposition is also occasionally applied and found to give reasonable results in some cases.

Aoy = Oy irr — Oy unirr = (cg +or+ 0.+ as) — (O'g + or + crc) = 0Oy (19)

In order to apply Eq. (18), the knowledge of the the dislocation density and the size distribution of carbides or
other particles is necessary. These data are available for selected cases (e.g. ANP-6 and ANP-10 within WP3 of
ENTENTE), but, even though efforts are undertaken, typically not for the full set of RPV steels included in
extended data collections such as SANS-RPV. It is therefore currently not feasible to estimate Aoy, according
to Eq. (18) for larger sets of RPV steels. Instead, we have calculated the required quantities according to Egs.
(20) and (21), taking into account that a full set of mean grain sizes d; is available.

2

Ufz + acz = (Gy,unirr - Gg) (20)
= a.G b 21
0'g = ag d_g ( )

We have used a; = 0.2. As introduced above, all four possible combinations of Egs. (16) and (17) with Eqgs.
(18) and (19) were tested. The results are summarized in Figure 21.
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Figure 21: Predicted versus measured yield stress increase for the IAEA subset of data from SANS-RPV. (a)
Egs. (16) and (18), (b) Egs. (16) and (19), (c) Egs. (17) and (18), (d) Egs. (17) and (19).

We have found that all four model versions give rise to reasonably good agreement between predicted and
meausured yield stress increase. However, the highest coefficient of correlation and the weakest trend of the
residuals is observed for Monnet’s expression Eq. (17) combined with linear instead of mixed (linear and
square) superposition. It is important to note that a best-fit value of the shear resistance of the ostacles 2,5 =
4.25 GPa was obtained at difference from the original value of 4 GPa reported in (Monnet 2018). Monnet’s
expression combined with mixed (linear and square) superposition results here in a weaker correlation and a
trend of the residuals (underestimation at small Aoy, overestimation at large Aoy). The classical DBH model
was also found to be inferior, which confirms the advantage of Eq. (17) over Eq. (16). The reasons of this
advantage are explained in detail in (Monnet 2018). The reasons why linear superposition seems to perform
better than mixed superposition are complex. Forman and Makin (Foreman and Makin 1967) demonstrated
that the contributions of two families of weak obstacles (small obstacle strength or shear resistance) follow
square superposition, while the contributions from a family of weak and a family of strong obstacles do not.
In the latter case, the total effect depends on the relative number densities of the two families. If the number
density of strong obstacles is much smaller than the number density of weak obstacles, the relatively few
strong obstacles contribute more than expected from square superposition. Applied to RPV steels, the
irradiation-induced solute clusters are much weaker obstacles than carbides and forest dislocations, but
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appear at a high number density. While these considerations may be part of the story, more work is required
to ultimatively solve the issue.

3.2.3  Volume fraction versus transition temperature shift

Irradiation hardening as considered in the previous section is not the quantity of highest priority. Its major
importance arises from the correlation with embrittlement in terms of either brittle-ductile transition
temperature shift or master curve Ty shift. These quantities are vital in the framework of demonstration of
safety against brittle failure. It is therefore a logical step forward to consider the correlation of the volume
fraction of irradiation-induced solute clusters with the transition temperature shift. This is done here in terms
of AT41. We know from the previous section that AHV10 is correlated with the square root of volume fraction.
Furthermore, AHV10 is also reported to be correlated with AT, (Nanstad et al. 2018). It is therefore reasonable
to expect a correlation of the square root of volume fraction with AT, (B6hmert, Viehrig, and Ulbricht 2004;
Ulbricht, Bhmert, and Viehrig 2005; Ulbricht 2006; Soneada et al. 2009). This kind of relationship is plotted
in Figure 22 for VVER-type RPV steels included in SANS-RPV.

400
y=3855.35x-37.24
R*=0.82
300 r
=3
5 200
<
100
0
0.00 0.02 0.04 0.06 0.08 0.10

Squareroot(f)

Figure 22: AT4; versus square root of volume fraction of irradiation-induced solute clusters in neutron-
irradiated VVER-type RPV steels.

While the correlation is strong, the intersection of the straight line with the axis is an unreasonable detail.
Indeed, this intersection indicates that a non-zero volume fraction (say 0.01%) would not give rise to any
embrittlement although it gives rise to hardening. Here it is important to note that the correlation according
to Figure 22 does not take into account non-hardening embrittlement nor the reduction of the upper shelf
energy. To explore the situation, Figure 23 shows a similar plot of AT directly as a function of volume fraction
(instead of its square root) for the same data set. We have found that the intersection with the axis is now
positive, meaning that a zero volume fraction now can give rise to a non-zero transition temperature shift,
which can be interpreted as either non-hardening embrittlement or hardening embrittlement due to
nanofeatures that give not rise to significant SANS (e.g. pure loops). The coefficient of correlation is also a bit
higher. In conclusion, a linear relation between transition temperature shift and cluster volume fraction is a
possible alternative to the reported square-root dependence (Béhmert, Viehrig, and Ulbricht 2004; Ulbricht,
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Bohmert, and Viehrig 2005; Ulbricht 2006; Soneada et al. 2009) at least for VVER-type RPV steels. This relation
is specified in the text box of Figure 23. The confidence interval of the mean value of AT4; and the expectation
range for future estimates are graphically indicated.
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Figure 23: AT4; versus volume fraction of irradiation-induced solute clusters in neutron-irradiated VVER-
type RPV steels.

3.2.4 Predicted versus measured cluster characteristics

Castin and co-workers developed an object kinetic Monte Carlo (OKMC) model capable of predicting the size,
volume fraction and number density of irradiation-induced solute clusters in RPV steels given their
composition and irradiation conditions (Castin et al. 2020; 2022). To verify the model it was important to cross-
check the calculations against experimentally determined sizes, volume fractions and number densities as
done in the cited literature. Along with data obtained by means of atom probe tomography, part of the SANS
data included in SANS-RPV were also used for this purpose. Without going into detail, the experimental results
largely confirm the OKMC model predictions.

In a further step, Castin and co-workers linked the predicted cluster characteristics with the shift of the brittle-
ductile transition temperature using physically based hardening models and empirical correlations (Castin et
al. 2022). As shown in the previous sections of this deliverable, the SANS-RPV Excel workbook is well suited to
contribute to the development, refinement and validation of such models and correlations. It is interesting to
note that a square root dependence of the transition temperature shift on the cluster volume fraction was
used in (Castin et al. 2022) as suggested before in the literature. However, as shown in section 3.2.3, a linear
dependence on volume fraction instead of a square root dependence may be more appropriate in special
cases.

3.2.5 Embrittlement prediction and Trend Curves

The Excel workbook presented in this deliverable is not particularly designed to assess different kinds of
embrittlement trend curves (ETCs). Data bases and applications specialized on ETCs are available elsewhere.
However, the input required to apply ETCs is also covered in the present workbook. It may therefore be fruitful
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to compare subsets of data included in the data collection with ETCs. As the amounts of both the data subsets
and the reported ETC expressions and their combinations are huge, this can only be demonstrated here based
on an example. We have selected the simplified EONY model according to Egs. (7-2) to (7-5) in (Eason et al.
2006). Although it is focussed on embrittlement in terms of the transition temperature shift, the calculated
shifts can be converted to yield stress increases. The resulting expressions were applied to the set of irradiation
conditions of the RPV model steel IAEA-JPC included in SANS-RPV covering neutron irradiations in the VVER-2
prototype reactor at Rheinsberg/Germany (denoted RH) and the BR2 reactor at Mol/Belgium (Chaouadi 2012).
The major difference of these two irradiation facilities is an irradiation temperature of 255 °C for RH and 290
°C for BR2. Moreover, the neutron flux for the RH irradiations ranges from 0.1 to 3.5 x 102 cm? s (E > 1 MeV),
whereas it ranges from 14 to 65 x 102 cm? s (E > 1 MeV) for the BR2 irradiations (Chaouadi 2012). It is
interesting to note that the irradiation temperature of the BR2 irradiations is more representative of currently
operated PWR reactors, while the RH irradiations might be of relevance for certain future small modular
reactors (SMRs).

Based on the composition, product form (plate) and irradiation conditions, the yield stress increase was
calculated for the simplified EONY model and are compared with the measured values of the yield stress
increase in Figure 24,
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Figure 24: EONY-type embrittlement trend curves (converted to yield stress increase) for material IAEA-JPC
and comparison with experimental data, (a) Rheinsberg irradiation, (b) BR2 irradiation.
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The trend curves indicate that the yield stress is expected to increase as function of the neutron fluence. In
both cases, this yield stress increase per increment of fluence is smaller at higher fluences as indicated by the
curvature. The vyield stress increase “predicted” for the RH irradiations is higher than that for the BR2
irradiations, which is, within the EONY model, an effect of the lower irradiation temperature. As on the
comparison with the experimental data, the EONY trend curve represents the data for the BR2 irradiation fairly
well, it is conservative except for one data point, but not over-conservative. The experimental data might be
better described by a linear dependence (straight line), but the trend-line curvature is not far from linear. For
the RH irradiations, the “predicted” higher yield stress increase for the lower irradiation temperature is
confirmed by the data. We have found an overestimation of the trend curve (towards the conservative side)
and a more pronounced discrepancy between the curvatures. Indeed, at difference from the trend curve, the
data even suggest a higher yield stress increase per increment of fluence at higher neutron fluence [Bergner
2009]. It can only be speculated here that the different behaviours of the RH and BR2 irradiations would be
mainly due to the different irradiation temperatures and to the different flux ranges. Some unidentified
material inhomogeneity between the samples irradiated up to medium or high fluence might also contribute.
Instead, the reasonably small scatter of the experimental data points indicate that experimental errors are not
an obvious factor to explain the curvature.

4 CONCLUSIONS AND OUTLOOK

The studies and implementations presented in this deliverable are dedicated to the nanoindentation-informed
prediction of the bulk-equivalent hardness of ion-irradiated layers (Section 2) and the SANS-informed
prediction of neutron-irradiation-induced hardening and embrittlement of RPV steels (Section 3).

It was demonstrated that the bulk-equivalent hardness of ion-irradiated layers can be reasonably well
predicted on the basis of substrate-layer models. While the respective estimates of the bulk-equivalent
hardness are representative of the ion-irradiated layer (including damage profiles and implanted ions), they
suffer from limited transferability to the case of neutron-irradiated materials. To overcome this issue, we have
suggested a layer-only model based on a generalized version of the Nix-Gao model of the indentation size
effect. This model is conceptually capable of resolving the issue of the implanted ions by limiting the range of
contact depths to within a safe zone. A critical comparison of the bulk-equivalent hardness of the ion-
irradiated layer with results derived from Vickers hardness testing of neutron-irradiated counterparts indicates
reasonable consistency. The question of accuracy and precision of measurements at indentation depths below
100 nm is vital for the application of a layer-only model. This requires further efforts including the
consideration of pile-up corrections and tip-rounding effects. An alternative option is the increase of the ion
energy to beyond 10 MeV in order to widen the safe zone towards larger indentation depths.

A data compilation on RPV steels in the format of an Excel workbook, called SANS-RPV, is introduced in Section
3. SANS-RPV covers the material type, composition, initial microstructure, initial properties, neutron-
irradiation conditions, irradiation-induced microstructures, and irradiation-induced property changes; it
incorporates VVER-type RPV steels and welds from different sources, reference/model RPV steels and welds
distributed within an IAEA Co-ordinated Research Programme, and PWR-type RPV steels and welds
investigated within past and running European and national projects. A unique feature of the data compilation
(as compared to other databases) is the availability of consistent sets of SANS data for all materials/irradiation
conditions. SANS RPV also covers metadata including references to published work, where the data were
originally reported. In order to illustrate the benefit of the data compilation, selected applications out of the
manifold potential applications are introduced and their implications are discussed. The following questions
are addressed within the selected applications:
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e Volume fraction and size of solute clusters derived from SANS versus APT: On average, there is no bias
of volume fractions of solute clusters derived from SANS indicating negligible average magnetic
moments of the clusters.

e The correlation of cluster volume fraction and irradiation-induced yield-stress increase: Against the
dominating view, linear superposition seems to perform better than mixed superposition in the
considered case.

e The correlation of cluster volume fraction and transition temperature shift: For VVER-type RPV steels
investigated, a linear correlation of the transition temperature shift with the volume fraction seems
to perform better than the reported correlation with the square root of volume fraction.

e Cluster volume fraction and size derived from SANS may be useful to validate an OKMC model capable
of predicting volume fraction, number density and size of clusters.

e The data compilation may also be applied to assess Embrittlement Trend Curve models.

The data compilation is available via an open access repository using the Digital Object Identifier
10.14278/rodare.2441. Application of the data compilation and communication of issues are encouraged.
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