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Nanoindentation of ion-irradiated reactor pressure vessel steels —

model-based interpretation and comparison with neutron irradiation

Ion-irradiation-induced hardening is investigated on six selected reactor pressure
vessel (RPV) steels. The steels were irradiated with 5 MeV Fe”" ions at fluences
ranging from 0.01 to 1.0 displacements per atom (dpa) and the induced hardening
of the surface layer was probed with nanoindentation. To separate the indentation
size effect and the substrate effect from the irradiation-induced hardness profile,
we developed an analytic model with the plastic zone of the indentation
approximated as a half sphere. This model allows the actual hardness profile to
be retrieved and the measured hardness increase to be assigned to the respective
fluence. The obtained values of hardness increase versus fluence are compared
for selected pairs of samples in order to extract effects of the RPV steel
composition. We identify hardening effects due to increased levels of copper,
manganese-nickel and phosphorous. Further comparison with available neutron-
irradiated conditions of the same heats of RPV steels indicates pronounced
differences of the considered effects of composition for irradiation with neutrons

versus ions.

Keywords: nanoindentation; plastic zone; ion irradiation; neutron irradiation;

reactor pressure vessel steel; irradiation hardening

1. Introduction

Reactor pressure vessel (RPV) steels degrade due to the exposure to fission neutrons [1-
3]. This paper deals with RPV steels exposed to self-ion irradiation, which is expected
to provide further insight into basic details of irradiation damage [4-7]. While the
assignment of a neutron exposure, e.g. in units of displacements per atom (dpa), to a
measured mechanical property, e.g. Vickers hardness, is straightforward for neutron-
irradiated samples, the same type of assignment is far from trivial for ion-irradiated
samples. In contrast to neutron irradiation, the ion exposure is heavily graded and
confined to a layer of a thickness of the order of 1 um. This requires nanoindentation be

performed [8-10], which in turn integrates over a plastically deformed volume of graded



exposure.

Results of studies on ion-irradiated RPV steels and related model alloys were
reported in [11-20]. Proton irradiation was addressed in [21]. These studies are focused
on the nature and behavior of ion-irradiation-induced (below in short: ion-induced)
defect and solute atom clusters and provide microstructural evidence, mainly by means
of TEM. Nanoindentation was used to estimate the ion-induced hardening [11,13-17].
The comparison of hardening of RPV steels caused by irradiations with ions and
neutrons was not explicitly addressed until recently [17].

Different approaches were applied to assign measured hardness values to dpa
levels. Fujii et al. [13] plotted the indentation hardness obtained for an indentation depth
of 150 nm as function of the dose calculated for a depth of 300 nm. Watanabe et al.
[14,17] applied an approach to hardness that ignores the graded nature of damage.
Yabuuchi et al. [15] considered the nominal dpa level at a depth of 600 nm (for peak
damage that occurred at a depth of 1.5 um), whereas the indentation depth was not
specified. Jin et al. [16] reported the peak dpa level at 1.8 um. The indentation hardness
as function of indentation depth did not show a clear trend for the depth range from 0.2
to 1.4 um. None of these studies considered the separation of the ion-irradiation effect
on hardness and the indentation size effect (ISE) in detail. More advanced strategies for
the evaluation of nanoindentation results on ion-irradiated metals are based on
segmental fits of the Nix-Gao relation [22], which inherently assumes step-like hardness
profiles [23-25].

The first objective of the present paper is to outline an approach aimed to
separate the ion-irradiation effect from the indentation size effect and to properly assign
hardness values to dpa levels. Especially single-step irradiations result in

inhomogeneous damage profiles leading to a so-called "damage grade effect" [26],



which was addressed in recent work [27,28]. The approach suggested in [28] represents
the plastic zone size as a function of the local yield stress, which in turn is a function of
the dpa profile. The indentation size effect was not considered. Xiao et al. [27] take into
account both the indentation size effect and the variation of the dislocation density
within the plastic zone. Neither of these approaches in the present form does provide the
depth profile of the actual hardness, which is, however, necessary for our purposes.

The separation of the ion-irradiation effect and the assignment of hardness
values to dpa levels are relevant for different materials including RPV steels and
ferritic/martensitic steels. Here, we provide experimental results for a number of RPV
steels self-ion-irradiated in the range from 0.01 to 1 dpa. The set of RPV steels was
selected on the basis of two criteria, namely (1) the availability of pairs of steels
exhibiting interesting differences of the steel composition and (2) the availability of
well characterized neutron-irradiated counterparts of the same heats of steels [29-33]. In
order to specify the meaning of “interesting differences of composition”, we refer to the
case of neutron irradiation. It is state of the art in this context that the impurity elements
Cu and P as well as the alloying elements Mn and Ni are crucial for the evolution of the
microstructure and mechanical properties of RPV steels under neutron irradiation
[2,34].

The second objective of the present paper is to identify effects of composition,
in particular Cu, P and Mn-Ni, of selected RPV steels exposed to ion irradiation. These
effects have been addressed in the literature only in few cases [13,15,17].

The structure of this paper is as follows: In the experimental section, we
introduce the steels of concern and describe the irradiation and nanoindentation
experiments in detail. In the subsequent section, we develop an analytic model for the

indentation hardness as a function of depth based on the damage profile, which permits



to disentangle the actual hardness from the indentation size and softer substrate effect.
In the results section, we consider the model-based hardness retrieval at the example of
a selected steel and present the ion-induced hardness increase as a function of the
fluence for all introduced RPV steels. In the discussions section, we compare in detail
the ion-irradiation results with respect to Cu, P and Mn-Ni effects. We further compare
the effects of the mentioned impurity and alloying elements on the ion-induced
hardening with the effects of the same chemical elements on the neutron-induced

Vickers hardness increase measured for the same materials.

2. Experiment

2.1 Selected materials and sample preparation

The investigated RPV steels are detailed with respect to manufacturing and composition
in Tables 1 and 2, respectively. The data were taken from [29,33,35,36]. All materials
of this study are base metals. JFL and JRQ are Japanese commercial-grade RPV steels
originating from IAEA coordinated research programs [35]. These steels contain similar
amounts of Mn and Ni, but differ with respect to the product form, Cu content and P
content. JPB and JPC are Japanese A533B-cl.1 type model steels also provided for
IAEA coordinated research programs. Both are of low Cu content and differ only with
respect to the P content. ANP-4 is a 22NiMoCr3-7 type RPV steel provided by AREVA
GmbH, Erlangen (Germany). Its Mn content is lower than for JFL and JRQ, whereas the
Cu content is in between. GW8 is a Russian type 15Kh2MFAA RPV steel
manufactured by Skoda Works (Czech Republic). Relatively high Cr and V as well as
low Mn and Ni concentrations characterize this type of steel. It was taken from the
virgin RPV of unit 8 of the decommissioned NPP Greifswald (Germany). For each

material, we prepared samples of 10mm x 10mm x Imm size with mechanically



polished surfaces (1 um diamond suspension).

Table 1. Details on the RPV steels investigated in this study. The abbreviations w.c.,

a.c., c.f., and 0.q. denote water cooled, air cooled, cooled in furnace, and oil quenched,

respectively.
Material Code Product | Final heat treatment Manufacturer
A508 cl. 3 JFL forging 880°C/9h, w.c., 640°C/9h, a.c. | Kawasaki Steel
Corp., Japan
A533Bcl. 1 JPB plate 880°C/1h, a.c., 670°C/80min, Nippon Steel
model steels JPC a.c. Corp., Japan
A533Bcl. 1 JRQ plate 880°C, w.c., 665°C/12h, Kawasaki Steel
620°C/40h Corp., Japan
22NiMoCr3-7 | ANP-4 | forging 890°C/4h, w.c., 650°C/7h, a.c. | Japan Steel
Works, Japan
15 Kh2MFAA | GWS8 forging 1000°C, o.q., 680°C-720°C, Skoda, Czech
a.c., 665°C/31-90h, c.f. Republic

Table 2. Composition of the considered RPV steels in wt % (balance Fe).

Code C Mn Si Cr Ni Mo A\ P Cu
JFL 0.17 |1.44 0.25 0.20 0.75 0.51 0.004 | 0.004 |0.01
JRQ 0.18 |1.42 0.24 0.12 0.84 0.51 0.002 |0.017 |0.14
JPB 0.20 |[1.42 0.26 0.15 0.83 0.54 0.01 0.017 |0.01
JPC 0.18 | 1.45 0.27 0.15 0.81 0.54 0.01 0.007 | 0.01
ANP-4 | 0.21 |0.85 0.22 0.39 0.84 0.55 - 0.006 | 0.05
GW8 0.15 045 0.30 2.86 0.1 0.79 0.30 0.008 | 0.048

2.2 Ion-irradiation experiment

The ion irradiation was performed at the Ion Beam Center (IBC) of Helmholtz-Zentrum

Dresden-Rossendorf (HDZR), Dresden (Germany). For each of the selected materials,

five samples have been irradiated with Fe*" ions at 5 MeV at 300°C at different fluences

yielding a number of different exposures at a depth of 500 nm of 0.01, 0.03, 0.1, 0.3,

and 1.0 dpa, where the amount of implanted self-ions is less than 10~ ions per atom at

1 dpa. The corresponding fluences have been determined by SRIM calculations [37]

following the procedure given in [38] with a displacement energy of 40 eV for a pure Fe




target according to the ASTM standard E521. The resulting dpa and implantation
profiles are presented in Figure 1. The irradiations have been performed at nearly the
same flux (10" em™s™) in single step mode with scanning the focussed beam in normal
incidence to the polished sample surface. The irradiation times and measured currents

are compiled in Table 3.

Table 3. Irradiation parameters.

Exposure Exposure Beam current Irradiation time
(dpa) (10" cm™) (nA)
0.01 0.27 70 8 min
0.03 0.80 130 13 min
0.1 2.66 100-120 l1h
0.3 7.98 130-140 2 h 20 min
1 26.6 120-160 8 h 30 min
3
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Figure 1. Exposure (a) and number of implanted ions per lattice atom (b) as functions of
the depth for different ion beam fluences determined using SRIM calculations. The
nominal dpa values 0.01, 0.03, 0.1, 0.3, and 1.0 were taken at a depth of 500 nm (see
Table 3).



2.3 Nanoindentation

The nanoindentation testing was conducted by means of the Universal Nanomechanical
Tester (UNAT, ASMEC GmbH) equipped with a Berkovich indenter. The area function
of the indenter has been calibrated by means of fused silica and sapphire with known
bulk moduli. We employed a load cycle as plotted in Figure 2. A maximum load of
Finax=50 mN yields a contact depth of approximately 1 um. For each sample, we chose
an indentation pattern of 6x6 individual indents separated by a spacing of 50 um. The
Quasi Continuous Stiffness Measurement (QCSM) module of ASMEC was applied to
enable the measurement of the indentation hardness as a function of ontact depth. At
each load point, the load increase was paused for 3 s while overlaid by a sinusoidal
oscillation. This permits a precise determination of the contact stiffness for each load
point, which is necessary for eliminating the contribution of the elastic deformation of
the surface and for determining the contact depth. Thermal drift was estimated by fitting
the slope of the displacement signal as a function of time during holding at 5 mN, and
corrected subsequently. The zero point of the load-displacement curve was extrapolated
by fitting the model of a Hertzian contact to the measured load-displacement curve for a
depth range of a few 10 nm. Hardness and indentation moduli were calculated from the
mean load displacement curves, which were computed by averaging individual load
displacement curves after removal of outliers. The error bars are standard deviations of

the mean values and were determined by error propagation.
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Figure 2. Load cycle for the QCS measurements. The “Find surface” segment was used
for zero-point correction and “Hold” for thermal drift correction. Each point in the

“Load” segment was overlaid by a sinusoidal oscillation.

3. Modelling

The plastic indentation of the indenter tip into the surface forces geometrically
necessary dislocations, which strongly influence the hardness measurement, especially
at small contact depth. In the frame of strain gradient plasticity [24], the indentation

hardness Hir probed by a conical indenter grows with decreasing contact depth 4 as

Hip(h,) = Hy ’1 +:_: (D

We distinguish between the actual hardness Hj as a pure material property and
the indentation hardness H;t(/.), which depends on the measurement set-up. In the
frame of the Taylor dislocation model, the hardness H, is related to the density of the
statistically stored dislocations. The characteristic length n depends on the ratio of
elastic modulus and hardness Hy [39] but also on the cone angle of the indenter [22].
This model describes the indentation hardness profile for homogeneous bulk materials.

To consider an inhomogeneous hardness distribution, we develop the following

analytic half-sphere model: Similar to the considerations in [28], we describe the profile



of the actual (local) hardness Hy(z) as a function of the inhomogeneous dpa-profile

D(2):

Ho(z) = Hs + a[®(2)]" )

Here, we assume a linear superposition of the hardness of the unirradiated
substrate Hs with the irradiation-induced hardness increase. The latter is described by a
power-law function of the dpa-profile ®(z) as suggested by Byun and Farrell [40]. For
the low fluence regime, n = 0.5 was found corresponding to the dispersed-barrier
hardening model. At larger fluences, n decreases down to 0.1, which is attributed to the
saturation of the defect cluster densities. An exponent close to zero reflects the
assumption of a step-like hardness profile with a as the value for the total hardness
increase.

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 proposed by [41]. We consider the actual hardness profile Hy(z) of Equation (2)
averaged over a hemispherical plastic zone with radius R (Equation (3)) [22,42]. We
assume this radius to be proportional to the contact depth R(A.) = s-h., with s as scale
factor to be fitted to the experimental data. This factor determines the growth rate of the
plastic zone during the indentation experiment. We denote the mean hardness, i.e. the

hardness averaged over the plastic zone for a certain contact depth 4, as <Hy>:

3 R(he) z?2
(HoY(he) = 5= Jy {1 = ) Ho(2)dz 3)

To further consider the indentation size effect, we modify the Nix-Gao relation

by replacing the constant hardness, Hy, by the mean hardness profile <Hy>(h.) as



determined by Equation (3). A constant characteristic length #* is assumed, i.e. the
dependence of #* on the mean hardness is neglected, which is reasonable for small

hardness changes. Finally, the indentation hardness yields:
h*
HIT(hc) = <H0)(hc) 1+ h_c 4)

The analytic half-sphere model defined by Equations (2) to (4) is then fitted to
the experimental data by way of variation of the parameters 4*, s, Hg, a, and n using a
non-linear least-squares fitting routine implemented in Octave. To exclude tip-rounding

artefacts [43], values below 120 nm were excluded from the fit.

4. Results

4.1 Hardness versus depth for ANP-4

The indentation hardness as a function of contact depth was measured for each of the
materials and irradiation conditions as introduced in section 2 including the unirradiated
references. In Figure 3, the indentation hardness profiles are plotted for ANP-4 by way
of example. The experimental results shown for 0.1 to 1.0 dpa and the unirradiated case
are representative for the whole set of measurements. According to the indentation size
effect of a pyramidal indenter, the hardness decreases with increasing depth.
Furthermore, with increasing irradiation dose, the profiles are shifted to higher hardness
and exhibit a plateau with growing significance around a contact depth of 200 nm. By
means of our half-sphere model, we show in the following that these plateaus are

consequences of the damage profiles caused by ion irradiation.
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Figure 3. Indentation hardness for ANP-4 as function of the contact depth for different
nominal displacement damages. The fitted curves plotted in solid black are based on the
half-sphere model according to Equation (4). For comparison, the dashed curves

correspond to the analytic model of Xiao et al. [27].

The results of the fitting procedure described above are plotted in Figure 3 as
black solid lines. The fitted curves correctly describe the asymptotic behavior as well as
the aforementioned plateaus within the errors of the measurements. We summarize the
numerical values for the fits on the measurements of ANP-4 in Table 4 and discuss

them in more detail in section 4.1.

Table 4. Fit results for ANP-4 leading to the solid curves in Figures 3 and 4. The
parameters allow the investigation of both the substrate-only effect (Equation (3)) and
the actual hardness profile (Equation (2)) unaffected by the indentation size and

substrate effect.

Exposure | h* K Hg o n
(dpa) (nm) (GPa) | (GPa)

0 55 - 2.50 - -
0.01 58 5.8 232 0.57 0.001
0.03 48 52 222 0.66 0.001
0.1 29 6.9 |2.40 0.93 0.04
0.3 32 7.5 |2.38 1.66 0.07
1 29 8.1 |2.35 2.08 0.09




Inserting the fit results of Table 4 into Equation (2) reveals the actual hardness
profiles as plotted in Figure 4. These profiles are functions of the depth with respect to
the real location in the material (not the contact depth) and reflect the inhomogeneous
hardness because of the shape of the dpa-profiles. Compared to the dpa-profiles
(Figure 1 (a)), the actual hardness appears more balanced, which might be an indication
for saturation effects and/or defect diffusion. By means of the actual hardness profiles,
we directly identify the hardness increase at the nominal fluence, which has been
realized at 500 nm depth during the irradiation experiment (dashed vertical line in

Figure 4).

0.0 dpa
—0.1 dpa
Reference depth for model- .
5 | . 0.3 dpa
based h:.:lrdness retrieval —1.0 dpa
g
o 4
=
3
2
0 0.5 1 15 2
Depth (um)

Figure 4. Actual hardness profiles for material ANP-4 (Equation 2) as functions of the
depth reconstructed from the parameters determined for the fit curves in Figure 3. The
hardness increase is retrieved at 500 nm (dashed line), which is the depth for the

nominal displacement damage as indicated in Figure 1 (a).

Figure 5 convincingly shows a clear correlation between a direct measurement
of the hardness increase at 200 nm contact depths (dashed vertical line in Figure 3) and
the actual hardness value as present at 500 nm depth (Figure 4) - the reference depth for
the nominal dpa values. This confirms that a direct measurement of the indentation

hardness increase at 200 nm contact depth is equal to the actual hardness at the real



depth of 500 nm. There are, however, larger errors of the fit results at low dpa due to
larger errors for the o parameter (Table 4). This is a matter of detectability of weak
features in the indentation hardness profiles at low-dpa conditions. At larger dpa, the
agreement is robust.

Additionally, we fit the recently published analytic model of Xiao et al. [27] to
our measurements and plot the results as dashed curves in Figure 3. Within the error of
measurement, this model also agrees well, although the features near the plateau regions

appear to be slightly overswinging.
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Figure 5. Correlation for ANP-4 between the directly measured indentation hardness
increase AH;r at 200 nm contact depth with the model-based hardness AHodel

determined at 500 nm.

4.2 Hardness versus fluence

From the results of section 4.1, we conclude that the actual (local) hardness at a depth of
500 nm is equal to the indentation hardness measured at a contact depth of 200 nm.

Simultaneously, the depth of 500 nm is the reference depth to which the ion fluences in



units of dpa (i.e. 0.01, 0.03, 0.1, 0.3, and 1) were assigned according to Figure 1 (a).
Therefore, the indentation hardness measured at a contact depth of 200 nm is associated

with the dpa values provided in Table 3. This equivalence is schematically presented in

dpa (z =500 nm)
SRIM (Table 3, Figure 1(a))

H; (h, = 200 nm) Figure 5 H, (z = 500 nm)
Model (Figure 5)

Figure 6.

Equation (2)

Measurement (Figure 3)

Figure 6. Scheme for the model-based assignment of the dpa values and the actual

hardness at 500 nm depth with the indentation hardness measured at 200 nm.

In the following, we employ the contact depth of 200 nm as a reference depth
for the evaluation of the entire experimental dataset. Figure 7 summarizes the main
result of the present study in terms of indentation-hardness increase versus ion fluence
in units of dpa (displacement damage). It forms a basis for the comparison of ion-
induced hardening for pairs of materials with well-defined differences of the bulk
composition.

Generally, increasing dpa gives rise to a growing hardness increase. The RPV
steels of high Mn and Ni concentrations exhibit a stronger hardness increase of about
2 GPa at 1 dpa compared to the CrMoV steel (GW8) showing a moderate increase of
about 0.8 GPa at the same fluence. In all cases, the irradiation-induced hardness
increase as function of exposure can be reasonably well fitted by a power law. The
power-law exponents are in the range from 0.38 to 0.52 with the exception of GWS,

which exhibits a significantly smaller exponent of 0.25.
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Figure 7. Actual hardness increase measured at a contact depth of 200 nm as a function

of exposure (displacement damage).

5. Discussion

5.1 Model-based hardness retrieval

We discuss the fit results listed in Table 4 for the evaluation of ANP-4. For the
unirradiated state, only the characteristic length #* and the substrate hardness Hs are
meaningful. The fit values obtained for 4#* are of the correct order of magnitude, e.g.
[10]. With increasing dpa the #* reduces, which is anticipated because of an increasing
formation of irradiation-induced defects. Following the argumentation of Hou and
Jennett [44], this corresponds to a suppression of the indentation size effect by a
growing structure size effect. The influence of the structure size effect becomes stronger
because of a decreasing mean free path between the induced defects.

Furthermore, the scaling parameter s (i.e. the factor of proportionality between
contact depth and radius of the plastic zone) is in the correct order of magnitude, but

slightly decreases with decreasing dpa. This behavior seems to conflict with the fact that



harder materials tend to form smaller plastic zones [45,46] and is related to the different
extensions of the plateau regions found in Figure 3. The curves suggest that lower
fluences cause wider plateaus, which in turn forces the algorithm to artificially reduce
the value of s.

The coefficient a describes the strength of hardness increase and grows — as
expected — with increasing dpa indicating the irradiation hardening effect of interest.

The fit values of the exponent n defined according to Equation (2) are generally
smaller than the value expected for real hardening-fluence dependences [40]. This may
be due to saturation effects near the depth region of the damage peak, i.e. beyond the
reference depth for dpa calculation. The physical significance of » must not be
overstressed in the framework of a multi-parameter model.

The applied half-sphere model based on Equations (2) to (4) does add a
substantial value to the interpretation of the results of the hardness measurements.
Indeed, the following pieces of insight have been gained or can be gained on the basis

of the model:

e The application of the half-sphere model allows the indentation size effect, the
irradiation effect and the substrate effect to be separated. Here we are interested
in the sole irradiation effect.

e The model provides an explanation for the observed plateau regions in the plots
of indentation hardness vs. contact depth (see Figure 3). Experimental or
preparation artefacts can be largely excluded as a source of the plateau.

e For the present case, the half-sphere model substantiates a link between the
average hardness measured for a contact depth of 200 nm and the actual local

hardness deduced for a distance of 500 nm from the sample surface.



e The model allows the hardness measured for a contact depth of 200 nm to be
assigned to the dpa value calculated for a distance of 500 nm from the sample
surface. It is this kind of assignment that justifies a comparison of hardness
versus fluence data with reported data, e.g. for neutron-irradiated materials (see
section 5.3).

¢ In principle, the depth-dependent actual hardness of the irradiated layer (see
Figure 4) and the dpa dependence of the actual hardness can be deduced. This is
not accomplished on the basis of the dislocation model of nanoindentation

proposed in [27].

However, the accuracy of the model-based dpa dependence of the actual
hardness is still limited as can be concluded from Figure 8. The symbols in Figure 8
were calculated by linking the model-based hardness profiles via depth z to the dpa
profiles for the 0.1-, 0.3-, and 1.0-dpa irradiations. The line curve corresponds to a
power law fitted to the measured hardness at a contact depth of 200 nm versus the dpa-
value at 500 nm distance from the surface. Ideally, the power-law curve and the
symbols should form a narrow band. On the one hand, they do not because of
limitations of the model. For example, neither a purely linear superposition law nor a
power-law dependence of hardness on fluence, both presumed in Equation (2), is
strictly valid. Application of the model to the recovery of the fluence-dependence of
hardening from indentations in only one ion-irradiated sample is, however, not within
the scope of the present study. On the other hand, the intersection points of the power-
law curve with the data bands formed by the symbols in Figure 8 give a consistent
picture. These intersection points approximately correspond to the model-based
hardening deduced for a distance of 500 nm from the surface as already indicated in

Figure 5.
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Figure 8. Model-based hardening calculated by combining Figures 1 (a) and 4
(symbols) and power-law fit of the measured hardening for ANP-4. Full and open
symbols correspond to the branch of increasing and decreasing displacement damage,

respectively (compare Figure 1 (a)).

5.2 Ion-irradiation-induced hardening

Since all RPV steels of this study were ion-irradiated within the same ion-irradiation run
and the same procedures were applied to perform and analyze all nanoindentation
experiments, the differences in the nanoindentation response presented in Figure 7 must
be due to differences in the microstructure and composition of the RPV steels.
Compared to major variations of the composition according to Table 2, the
microstructures are considered to be sufficiently similar to exclude strong effects on the
ion-irradiation response. Indeed, steel JRQ and another lot of 15Kh2MFA, for example,
were reported to exhibit “only” minor morphological differences” of the microstructure,
both classified as granular and lath bainite with small amounts of ferrite [47].
Dislocation densities were also reported to be similar (2.3 x 10'* m™ versus

1.7 x 10" m™) [47]. Reported differences of the carbide types can be assumed to be of



minor importance for the ion-irradiation response. It is, therefore, reasonable to consider
the composition as dominant variable. Among the whole set of materials investigated,

we have selected three pairs to be addressed in the discussion:

¢ JRQ and JPB with closest agreement of composition except for Cu (0.14 versus
0.01 wt%), but including P (0.017 wt% both),

e JPB and JPC, which are identical except for the higher P content of JPB (0.017
versus 0.007 wt%),

e ANP-4 and GWS, which are different with respect to Mn, Ni and Cr (the Cr
difference being of minor importance [15]), but compare well with respect to Cu

and P.

The irradiation-induced hardness increase as function of ion exposure is plotted
in Figure 9 (a) to (c) for these pairs of steels. The results are discussed pair by pair
below.

The hardness increase obtained for JRQ and JPB agrees for most of the fluences
within experimental uncertainty noting that the standard deviation was estimated from
approximately 30 repeated measurements. The overall trend in Figure 9 (a) indicates
equal or insignificantly differing hardness increases in the fluence range from 0.01 to
1 dpa in spite of the strongly different Cu contents. We conclude indirectly that Cu-rich
clusters cannot pose the dominant contribution to hardening. This observation confirms
former results [13,17] for similar ion-irradiated steels with varied Cu content (0 —

0.2 wt%). Watanabe et al. [17] found no trend with increasing Cu below 0.05 dpa, but a
weak Cu trend at exposures beyond 0.1 dpa. Our observation confirms the no-Cu-trend
case even up to 1 dpa. This minor difference with [17] may be due to undocumented

details in the ion irradiations. Watanabe et al. did not even observe dislocation loops



below 0.05 dpa and concluded cascade remnants to be mainly responsible for the
observed hardening in this range. This conclusion and the underlying explanation may
be tentatively transferred to the present situation. However, Mn and Ni might also play
arole (see below). At fluences higher than 0.05 dpa loops were detected but reported to
be independent of the Cu content [17]. It is necessary to note that the only statistically
significant difference between JRQ and JPB in the present study was observed at

0.03 dpa. This singular observation may be due to an outlier, which requires additional
verification.

In Figure 9 (b), we compare JPC and JPB, which differ exclusively with respect
to the P content. The curves indicate a significant offset with more hardening found for
JPB except for the lowest fluence. This offset can only be attributed to the larger P
content. It appears that this kind of observation for ion-irradiated RPV steels was not
reported before. If cascade remnants are assumed to be mainly responsible for
hardening as suggested by Watanabe et al. [17], our finding is consistent with a
stabilization of remnants by P segregation. Indeed, P has a relatively large binding
energy to vacancies [48]. The agreement of the hardness increase observed for the
lowest fluence then implies that there was not sufficient time for P-diffusion/segregation
within the 8 min duration of the irradiation.

ANP-4 and GWS are compared in Figure 9 (c). These RPV steels closely agree
with respect to the Cu and P contents considered above, but differ significantly with
respect to Mn (0.85 versus 0.45 wt%), Ni (0.84 versus 0.10 wt%) and Cr (0.39 versus
2.86 wt%). As already mentioned, Cr is expected to play a minor role because most of
the Cr in GW8 is bound in carbides and the addition of 1% Cr to pure Fe did not change
the ion-irradiation response reported in [15]. Figure 9 (c) shows that the ion-induced

hardness increase observed for ANP-4 is significantly higher for fluences > 0.1 dpa. The



large differences found can only be attributed to the higher Mn and/or Ni content. The
result reported by Fujii et al. [13] for Fe-(Mn-Ni-Si) model alloys, namely AH(Fe-Mn-
Si) = AH(Fe-Mn-Ni-Si) >> AH(Fe-Ni-Si) between 0.1 and 0.5 dpa, indicates that it is
the Mn instead of the Ni that enhances hardening in this range. Based on microstructure
evidence, these authors suggested that the hardening is qualitatively consistent with Mn-
enhanced loop formation. Indeed, other authors reported decoration of dislocation loops
with Mn atoms for ion-irradiated Fe-1Mn (wt%) [49] and neutron-irradiated low-Cu
RPV steels [50].

Finally, JFL and JRQ are compared in Figure 9 (d) for the sake of completeness.
These widely known RPV steels differ in several respects including impurity levels and
product form. Taking into account both the different P contents (0.004 versus 0.017
wt%) and the effect of P demonstrated in Figure 9 (b), we conclude that different P
contents instead of different Cu contents are the dominant factor to explain the

differences in ion-induced hardening between JFL and JRQ.
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Figure 9. Pairwise comparison of the results of ion-induced hardening selected from
Figure 7: comparison between the high-Cu steel JRQ and the low-Cu steel JPB with the
same P concentration (a), comparison between the high-P steel JPB and the low-P steel
JPC of otherwise identical composition (b), comparison between the high-Mn-Ni steel
ANP-4 and the low-Mn-Ni steel GW8 of equal Cu content (c), and comparison between
JRQ and JFL (d). The compositions can be found in Table 2.

5.3 Comparison with neutron-irradiation-induced hardening

The comparison of the ion-induced hardness increase of the present study with reported

data on neutron-induced hardness changes is based on three ingredients:



As shown above, the measured values of the nanohardness increase are
associated to a well-defined ion exposure in terms of SRIM-dpa. These
exposures are interpreted as approximately equivalent with the reported neutron
fluences in terms of NRT-dpa [38].

The increases of Vickers hardness reported for the neutron-irradiated RPV steels
are converted into equivalent increases of nanoindentation hardness using an
empirical linear regression obtained from a set of unirradiated materials
(including the materials of this study as well as others). These materials were
characterized by means of both Vickers hardness and nanoindentation. For the
latter, the same method of analysis and the same reference contact depth as in
the present study were used. The data are plotted in Figure 10. The conversion
factor from AHV10 to AHir (in units of GPa) is 0.0114, which is remarkably
close to the geometrical factor 0.01058 required to convert between indenter
shapes.

We restrict the comparison to neutron-irradiated samples of the same heats of

RPV steels as those analyzed in the present study.
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Figure 10. Indentation hardness versus Vickers hardness number HV'10 for the
unirradiated RPV steels of the present study and unirradiated ODS steels from a related
study with indentation hardness estimated according to the same method and using the

same reference contact depth.

The steels JRQ, JFL, JPB and JPC were irradiated with neutrons at the NPP
Rheinsberg (Germany) in the late 80s (see [30] and references therein) and
characterized by means of Vickers hardness measurements, tensile tests and small-angle
neutron scattering [30,31,50]. The irradiation temperature was 255 °C. Samples
irradiated up to three different neutron fluences are available. For the irradiation
conditions of ANP-4, we refer to [33]. The irradiation temperature was 285 °C. Neutron
irradiations of GW8 were performed at HFR Petten (LYRA irradiation rig, irradiation
temperature 270 °C, 0.039 dpa) and Budapest Research Reactor (BAGIRA irradiation
rig, irradiation temperature 280 °C, 0.312 dpa). The Vickers hardness of the latter
materials was measured within the framework of the present study.

The ion- and neutron-induced hardness increases of the considered RPV steels
are compared pairwise in Figures 11 (a) to (d) according to the same scheme as for the

sole ion irradiations shown in Figure 9 (a) to (d). All results related to ion irradiations



are presented in terms of fitted power-law curves. Vickers hardness values of neutron-

irradiated materials were converted to indentation hardness as described above.
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Figure 11. Pairwise comparison of the results of ion- and neutron-induced hardening:

comparison between the high-Cu steel JRQ and the low-Cu steel JPB with the same P

concentration (a), comparison between the high-P steel JPB and the low-P steel JPC of

otherwise identical composition (b), comparison between the high-Mn-Ni steel ANP-4

and the low-Mn-Ni steel GW8 of equal Cu content (c), and comparison between JRQ
and JFL (d).



A number of interesting details are observed on the basis of Figure 11 (a) to (d).
In one case (high-Cu JRQ), the neutron-induced hardening is significantly stronger than
the ion-induced hardening. In other cases (GW8 and low-Cu JFL and ANP-4) the
opposite is true. For JPB and JPC, ions and neutrons give rise to similar hardness
changes. A direct comparison of the effect of ions versus neutrons on hardening is not
within the scope of the present study. However, it is obvious that the sources of the
differences must be complex.

It seems to be more fruitful to see if and how compositional effects known from
the field of neutron-irradiated RPV steels manifest themselves as a result of ion
irradiations. Figure 11 (a) indicates that the Cu effect, which is relatively well
understood for neutron irradiations, is much weaker (curves are much closer) for the
same materials exposed to ion irradiations. The same observation was reported before
by Watanabe et al. [17]. The pronounced differences in the response caused by ions and
neutrons indicate that the dominant hardening mechanisms and, therefore, the dominant
irradiation-induced nanofeatures are different.

Figure 11 (b) allows the P effect to be addressed. Contrary to the case of the Cu
effect, ion irradiations seem to enhance the P effect in the sense that the curves for ions
are more separated from one another than the corresponding curves for neutrons.
Interestingly, the distance of separation is maintained over the whole dpa range. A
possible interpretation of the effect of P in the case of ion irradiations was given in
section 5.2.

The results in Figure 11 (c) are related to the Mn effect as already discussed for
ions in section 5.2. The neutron-induced hardening is weaker than the ion-induced
hardening for both ANP-4 and GW8. It seems that the Mn effect is more pronounced

for 1ons than for neutrons. Under neutron irradiation, Ni was shown to give rise to the



formation of irradiation-induced clusters also in the absence of Mn [51]. More data at
the neutron side are required for a sound discussion.
From the viewpoint of neutron irradiation, Figure 11 (d) is largely consistent

with Figure 11 (a), which has been discussed above in terms of the Cu effect.

6. Conclusions

Nanoindentation was performed on six 5 MeV self-ion irradiated RPV steels. For the
evaluation of the indentation-hardness profiles, we developed an analytic half-sphere
model considering the indentation size, the softer substrate and the inhomogeneous
displacement-damage profile as derived from SRIM calculations. This half-sphere
model reproduces features of the indentation profiles and shows that the observed
plateau region is a consequence of the damage profile caused by ion irradiation. For the
determination of the actual hardness increase at 500 nm depth for all irradiation
conditions, we propose — based on our half-sphere model — to use the indentation
hardness increase measured at 200 nm contact depth. Thus, a direct assignment of

measured hardness and displacement damage is established.

A detailed comparison of the ion-induced hardening among the selected RPV steels

allows several effects of impurity and alloying elements to be identified:

e Comparison between ANP-4 and GW8 clearly reveals delayed hardening due to
the ion-induced formation of Mn-segregated loops and/or Mn-Ni-rich
precipitates. Results reported in the literature [15] indicate that Cr, which also
differs for the two materials, plays a minor role. The Mn-Ni effect is similar or

even stronger than for the case of neutron irradiation.

e Comparison between JRQ and JPB mainly reflects the effect of Cu. Contrary to



the pronounced effect of Cu observed for neutron-irradiated RPV steels, little or
no effect of Cu is found for the case of ion irradiation, in particular in the range
of higher displacement damage from 0.1 to 1 dpa. Cascade remnants and
dislocation loops were reported in the literature [17] as candidate hardening

features in the absence of Cu-rich precipitates.

e The difference between JPB and JPC indicates the influence of P on ion-induced
hardening. This difference extends over the entire considered dpa range and is
stronger than for the case of neutron irradiation. Our finding is consistent with a

stabilization of cascade remnants by P segregation.

e The widely known RPV steels JRQ and JFL differ in both Cu and P. Given what
was concluded above, the observed differences in the ion-induced hardening

must be due to P instead of Cu, which is contrary to neutron irradiation.

The form and/or the parametrization of the proposed half-sphere model require further
attention in order to allow the dpa dependence of ion-induced hardening to be derived

from nanoindentation “from top” of only one ion-irradiated sample.
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