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Nanoindentation of ion-irradiated nuclear structural materials and model alloys has
received considerable interest in the published literature. In the reported studies, the
materials were typically exposed to irradiations using a single ion energy varying from study
to study from below 1MeV to above 10 MeV. However, systematic investigations into the
effect of self-ion energy are still insufficient, meaning that the possibilities to gain insight
from systematic energy variations are not yet exhausted. We have exposed pure Fe, ferritic
Fe-9Cr, martensitic Fe-9Cr and the ferritic-martensitic reduced-activation steel Eurofer 97
to ion irradiations at 300°C using 1, 2 and 5MeV Fe2+ ions as well as 8 MeV Fe3+ ions and
applied nanoindentation, using a Berkovich diamond indenter, to characterize as-
irradiated samples and unirradiated references. The effect of the ion energy on the
measured nanoindentation response is discussed for each material. Two versions of a
primary-damage-informed model are applied to fit the measured irradiation-induced
hardening. The models are critically compared with the experimental results also taking
into account reported microstructural evidence. Related ion-neutron transferability issues
are addressed.

Keywords: iron, Fe-Cr alloy, ferritic-martensitic steel, ion irradiation, displacement damage, nanoindentation,
irradiation hardeníng, indentation size effect

1 INTRODUCTION

Ion irradiation of nuclear structural materials and model alloys offers an alternative to neutron
irradiation resulting in similar material damage at faster rates, lower costs, with better control of the
irradiation conditions, and without activation. To date depth-sensing nanoindentation (NI) of ion-
irradiated materials has received much interest in the published literature; see for example (Zinkle
and Oliver, 1986; Rice and Stoller, 1997; Robertson et al., 1998; Yutani et al., 2007; Halliday et al.,
2009; Heintze et al., 2009; Hosemann et al., 2009). A recent review was worked out by Xiao and Yu
(2020).

In the reported studies, the materials were typically exposed to self-ion irradiations using a single
ion energy varying from study to study from below 1MeV (Clozel et al., 2020) to above 10 MeV
(Song et al., 2020). As reported by Ruiz-Moreno et al. (2020) in conclusion for a Round Robin test,
simple comparison of NI results from different laboratories is, however, still problematic. Saleh et al.
(2016) studied the effect of energy variations of He ions (including ion energies of 1, 2 and 3 MeV) on
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the NI response of an austenitic stainless steel. These authors
provided a rationalization of the peak position in hardening
versus indentation depth curves. A standard comparison
between different studies is difficult since one or more of the
following parameters are varied: ion energy, ion specie,
irradiation dose, irradiation temperature, single or multi-beam
irradiation and target material. The present study covers a
systematic variation of the Fe-ion energy (including energies
of 1, 2, 5 and 8 MeV keeping all other irradiation parameters
controlled) applied to a set of four materials, namely pure Fe,
ferritic Fe-9Cr, martensitic Fe-9Cr and the reduced-activation
ferritic/martensitic steel Eurofer 97.

Eurofer 97 is a primary candidate for application in nuclear
fusion devices. The other three selected materials are model alloys
aimed at achieving a better understanding of the effect of material
variables. Pure Fe was chosen as a reference material. Ferritic Fe-
9Cr allows the Cr effect to be extracted. Martensitic Fe-9Cr, as
compared to ferritic Fe-9Cr, provides access to the effect of the
microstructure. Eurofer 97 also exhibits a martensitic
microstructure but differs from the former with respect to the
presence of carbides and precipitates.

The first objective is to demonstrate the effect of the ion energy
on the NI response in terms of irradiation-induced hardness
increase as a function of the indentation contact depth.
Similarities and differences of the observations for the four
materials will be discussed. It is important to note that a
minimum ion energy in the range from 5 to 10 MeV was
recommended by Zinkle and Snead (2018) and Doyle et al.
(2018) in order for the ion-irradiated microstructure to be
representative of neutron-irradiated microstructures at least in
a certain depth range. The presence of such a range was recently
confirmed by cross-sectional STEM for a ferritic Fe-9Cr alloy
irradiated using 5 MeV Fe ions, while 1 MeVwas insufficient for a
neutron-representative microstructure to be formed (Vogel et al.,
2021). In essence, the present study covers ion energies below and
within the desired range of ion energies.

In order to further rationalize the observations of the present
study, two versions of a primary-damage-informed model of
irradiation hardening are applied. The first version, introduced
before by Kareer et al. (2018), assumes linear superposition of the
indentation size effect (ISE) according to Nix and Gao (1998) and
the irradiation effect. The second version, introduced before by
Röder et al. (2018), also assumes linear superposition of the
irradiation effect, but within the H0 term of the Nix-Gao
formulation (H0 is the bulk-equivalent hardness). Previous
efforts to apply primary-damage-informed models were
limited to the consideration of displacement damage as a
primary damage parameter, whereas direct effects of the
injected ions were ignored. In the present study, the depth-
dependent concentration of injected interstitials, as revealed by
the binary collision code SRIM, is taken into account. It is also
important to point out that a comparison of linear and square
superposition of the ISE and the irradiation effect was reported by
Xiao and Yu (2018). These authors found out that the ratio of
irradiated and unirradiated hardness exhibits a peak and that the
peak range is equally well described by linear and square
superposition, while the larger-depth tail is better described by

square superposition. The present study is, however, restricted to
linear superposition, because we are most interested in the peak
range and wish to be consistent with the studies by Kareer et al.
(2018) and Röder et al. (2018).

2 EXPERIMENTS

2.1 Materials and Irradiations
The set of materials selected for the present study covers pure Fe,
a ferritic Fe-9Cr alloy, a martensitic Fe-9Cr alloy and the reduced-
activation ferritic/martensitic steel Eurofer 97. For fabrication
details and analyses see (Matijasevic and Almazouzi, 2008;
Matijasevic et al., 2008; Konstantinović and Malerba, 2020). Cr
content, type of microstructure, mean grain size, Vickers
hardness (HV10 - load 98.1 N), and yield stress are
summarized in Table 1.

Samples of size 10 × 10 × 1 mm3 were cut from the as-received
pieces of material followed by a one-sided preparation consisting
of grinding at stepwise decreasing grain size up to P4000,
polishing using polishing clothes MD-Dac, MD-Nap and MD-
Chem (Struers), and electrolytic polishing (2% perchloric acid,
3 min, 6°C, 40 V, stirring). Plasma cleaning was applied to the
samples immediately before mounting them on the irradiation
sample holder and into the vacuum chamber of the ion-
irradiation beamline.

Ion irradiation was performed at the 3 MV tandetron
accelerator of the Ion Beam Center located at HZDR Dresden,
Germany. Samples of each material were exposed to Fe2+ ions of
1, 2 and 5 MeV and Fe3+ ions of 8 MeV energy by uniformly
scanning the ion beam across the sample surface. The irradiation
temperature measured at the back side of the samples was 300°C.
A vacuum of typically 2·10–5 Pa was maintained in the irradiation
chamber. The displacement damage and concentration of
injected Fe interstitials calculated using the binary collision
code SRIM (Ziegler et al., 2010) [quick calculation mode,
lattice binding energy and surface binding energy set to zero,
displacement energy 40 eV (Stoller et al., 2013)] are plotted in
Figure 1. The irradiation time was adjusted such that the
accumulated displacement damage averaged over the depth
range from 0 to 1 µm is 1 displacement per atom (dpa) for
each ion energy as indicated by the dashed line.

2.2 Nanoindentation Testing
A UNAT-type of device (ASMEC GmbH) equipped with a
Berkovich diamond indenter was utilized for nanoindentation
testing. A number of 40 indentations with 40 µm spacing between
adjacent indents were set for each sample in load control with
maximum loads of 50 mN. The loading cycle consisted of an
approach segment aimed at finding the surface, a load increase
segment comprising quasi-continuous stiffness measurements
(Röder et al., 2018) automatically conducted at 75 equidistant
loads, a creep segment of 20 s duration at maximum load, an
unloading segment to 5 mN in 8 s, and a thermal drift segment of
60 s at 5 mN. The method suggested by Oliver and Pharr (1992)
was applied to obtain average curves of indentation hardness as a
function of contact depth. The experimental errors of indentation
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hardness reported in this study are standard deviations. The same
indenter with the same area function derived beforehand
according to standard DIN EN ISO 14577-1:2015-11 (2015)
was used for the whole set of samples for the sake of consistency.

3 MODELING

From the point of view of a black box approach, we consider the
z-dependent damage (z � distance from the irradiated surface)

caused by ion irradiations as a stimulus (or input) and the
resulting hardness increase as function of contact depth as the
response (or output). The input is given in Figure 1 in terms of
displacement damageD and concentration of injected ions I, both
as functions of z and the ion energy E. The output is the hardness
increase ΔHIT as a function of the contact depth hc. At difference
from a typical black box, models are available in the present case.
We express the local hardness increase due to irradiation-induced
obstacles developed at a depth z according to

ΔH loc(z) � α · [D(z,E)]p + β · I(z, E) (1)

α, β and p are fit parameters that formally describe the
material’s sensitivity to displacement damage and injected
ions. It is immediately clear that, by setting β to zero, the local
hardening is a power-law function of the displacement damage
(or fluence) alone as frequently reported or assumed in the
literature, e.g., (Byun and Farrell, 2004), and as applied before
for the purpose of modeling of nanoindentation (Kareer et al.,
2018; Röder et al., 2018). In contrast, a possible additional
hardening effect of the injected ions has rarely been considered.

The hardness of an unirradiated material can be represented
according to Eq. 2 (Nix and Gao, 1998):

Hu � H0,u

�����
1 + h*

u

hc

√
(2)

hpu is the characteristic length expressing the ISE,H0,u is the bulk-
equivalent hardness, and hc is the indentation (contact) depth. In
this paper, we consider two different ways how to superimpose
the ISE and the irradiation effect. The first one, suggested by
Kareer et al. (2018), assumes linear superposition of
the irradiation effect ΔHav(hc) to the right-hand side of
Eq. 2, that is:

H i � H0,u

�����
1 + h*u

hc

√
+ ΔHav(hc) (3)

We will call this model 1. The subscript i refers to the ion-
irradiated material. Consistent with (Kareer et al., 2018), the
major irradiation effect within model 1 comes directly from the
irradiation-induced obstacles included in the second term of Eq.
3, ΔHav(hc). This term is defined as the weighted average of the
local hardness increase resulting from the irradiation-induced
obstacles according to Eq. 1, with the average extending over the
indentation plastic zone and the weights given by the volumes of
layers of thickness dz. By formally comparing Eq. 3 with
Hi � H0,i

�����
1 + hpi

hc

√
, it can be demonstrated that Eq. 3 is

TABLE 1 | Microstructural details and mechanical properties of the as-received materials.

Material Heat Cr (mass%) Microstructure Grain size
(µm)

HV10 Yield stress
(MPa)

Fe G379 — ferritic 95 58.5 196
Fe-9Cr (f) G385 9.1 ferritic 25 110 252
Fe-9Cr (m) L252 8.4 martensitic 4 145 289
Eurofer 97 E83699 8.9 martensitic 3 220 548

FIGURE 1 | Depth profiles of (A) displacement damage and (B)
concentration of injected interstitials. The dashed line indicates 1 dpa i.e., the
accumulated displacement damage over the depth range from 0 to 1 µm.
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equivalent toH0,i � H0,u together with hpi depending on hpu, H0,u

and hc, which appears to be reasonable.
The second approach, suggested by (Röder et al., 2018),

assumes that the irradiation effect is also superimposed
linearly, but solely inside the H0,u term of Eq. 2.

H i � H0,i

�����
1 + h*

i

hc

√
� [H0,u + ΔHav(hc)] �����

1 + h*i
hc

√
(4)

We will call this model 2. In contrast with model 1, H0

formally changes upon irradiation, giving it the meaning of
the bulk-equivalent hardness of the irradiated layer if the layer
extended up to infinite depth.

In this study, we are going to apply models 1 and 2 in order to
fit the measured irradiation-induced hardness increase as
function of contact depth. If we write down the difference Hi −
Hu from Eqs 3, 2 (that is model 1), the ISE term of the
unirradiated condition cancels out. This is not the case for the
difference between Eqs 4, 2 (that is model 2). For model 2, we
additionally assume hpi � hpu to keep the number of model
parameters managable. Models 1 and 2 can then be cast into a
single expression according to .

ΔHmodel(hc) � H i −Hu �
3 ·

�����
1 + h*

hc

√
2 · R ∫R

0

(1 − z2

R2)ΔH loc(z)dz

(5)

R � chc is the radius of the plastic zone assumed to be a half-
sphere and c is a constant, the so called plastic zone extension
factor. If hp is set equal to zero, Eq. 5 represents the hardness
increase according to Eqs 3, 2 (Kareer approach, model 1). If hp is
kept as a free parameter, Eq. 5 represents the hardness increase
according to Eqs 4, 2 (Röder approach, model 2).

It is important to point out that Xiao and Yu (2018)
compared linear superposition of the ISE and the
irradiation effect with square superposition. The linear
superposition in their study resembles the Kareer approach
with respect to how the irradiation effect is superimposed
with the ISE. Xiao and Yu came to the conclusion that the
experimental data are fitted equally well for both types of
superposition (linear and square) in the depth range of
maximum irradiation hardening. As this is the range of
interest in the present study, we restrict ourselves to linear
superposition for the purpose of comparing the applicability
of models 1 and 2 introduced above.

Values of the four (α, p, β, and c according to model 1) or five
(α, p, β, c and hp according to model 2) material parameters
appearing in Eqs 1, 5 are obtained by minimizing the root mean
square deviation (RMS) between model and measurement. In the
present study, we strictly distinguish between irradiation
variables (D and I in Eq. 1), and material parameters,
meaning that the material parameters must be independent of
the ion energy. Hence, in order to obtain the best-fit material
parameters, the sum of the square residuals in the minimization
procedure for a single material has to be extended not only over
the contact depth for each ion energy, but also over the four ion
energies to which the material was exposed. The consequence is

necessarily a worse fit as compared to each ion energy fitted
individually, but the simultaneous fit is required for the benefit of
a clearer interpretation of the material parameters. The
minimization procedure, realized in Fortran90 with an
interface to Excel-VBA for pre- and postprocessing of the
data, is based on variations of the parameters within
predefined limits. Lower and upper limits may be set to the
same values in order to reduce the number of parameters.

Our approach is based on a number of assumptions. To repeat,
these include the approximate applicability of linear
superposition of the hardness of the pristine material and the
irradiation-induced hardness increase. The size and the half-
sphere shape of the indentation plastic zone are assumed to be
effectively equal for the pristine and irradiated material, but may
vary from material to material. We also neglect possible
interaction between injected ions, which mainly become self-
interstital atoms, and loops formed due to displacement damage.
The observation (to be made below) that major features of the
measured hardening are well reproduced by the predictions will
justify the choice of assumptions in retrospect.

4 RESULTS

4.1 Experimental Results
The results of the nanoindentation tests for the unirradiated and
all ion-irradiated conditions of the four materials are plotted in
Figure 2 in terms of indentation hardness HIT as a function of
contact depth hc. The axes of the plots are scaled consistently to
facilitate comparison among different materials. The tests also
revealed the indentation modulus (not shown). As a general
trend, the indentation modulus forms a narrow band for all
materials and irradiation conditions reaching approximately the
modulus of elasticity for larger contact depth and increasing at
decreasing contact depth by about 50%. No modulus correction
was applied throughout the present study.

The nanohardness curves of the unirradiated samples of each
material exhibit an ISE. The square of indentation hardness
(HIT

2) was plotted against the reciprocal of the contact depth
(1/hc) according to Nix and Gao (1998) and fitted by straight lines
excluding the range of smallest contact depth (hc less than
approximately 0.3 µm), where the Nix-Gao model is violated
(Huang et al., 2006). The resulting plots are presented in Figure 3.
The derived values of H0 and hp along with their errors are listed
in Table 2. These values will serve as a reference frame for the
discussion of the effects of microstructure and irradiation. For the
ion-irradiated samples, steep damage gradients and the effect of
injected ions do not allow the Nix-Gao analysis be performed.
Instead, such steep damage gradients and injected ions have to be
introduced into the model (see previous section).

The indentation hardness of all irradiation conditions
increases as compared to the unirradiated references
(Figure 2). This increase is highest for pure Fe. With the
possible exception of pure Fe, the indentation hardness curves
of the irradiated conditions tend to come close to each other at
certain contact depths in the range around 0.2 µm irrespective of
the ion energy. For the smallest contact depths, below 0.1 µm, the
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experimental errors obscure a clear ranking with respect to the
ion energy. For the largest contact depths, an increase of the
indentation hardness at increasing ion energy is observed. The
variation of the maximum contact depth reached for each
material is a consequence of the maximum load of 50 mN in
the indentation experiments maintained throughout this study.

In order to get a clearer view on the irradiation effect, the
indentation hardness of the respective unirradiated reference
conditions was subtracted from the indentation hardness of
the irradiated conditions. The results along with the
experimental errors are plotted in Figure 4. The experimental
hardening curves also appear as a reference to the model curves in
the next section.

The most prominent observation is that the hardness
differences ΔHIT as function of hc exhibit peaks except for
both Eurofer 97 and the 1 MeV irradiations of all materials.
Moreover, the peak positions tend to be shifted towards smaller
contact depths at decreasing ion energy. For the 1 MeV
irradiations, possible peaks might be located at depths below
the range of measurement. For Eurofer 97, there are shoulders
instead of peaks. The experimentally obtained hardness
differences will be used in the next section for curve fitting.

4.2 Results of Modeling
We first applied model 1. As explained in Section 3, this was
realized using four parameters (c, α, β and p) to fit Eqs 1, 5 to the
experimental data keeping hp equal to 0. It is important to remind
that the experimental curves for all ion energies of the same
material were fitted simultaneously using common material
parameters. This was performed for each material
independently. Figure 5 shows the experimental curves and
the curves based on the four-parameter fit for all materials.
The calculated individual contributions of displacement
damage (dashed lines) and injected ions (dotted lines)
according to Eq. 1 are included in Figure 5. A comparison
plot for all fitted curves of different ion energies is additionally
shown along with the best-fit parameters.

We found that the fitted curves generally well represent the
main features (peaks and tails) of the experimental curves as well
as the effect of the change in ion energy. Most importantly, the
existence and positions of the peaks of the fitted curves for all
materials except for Eurofer 97 are in line with the experimental
results. In agreement with the experimental curves, the peak
positions are shifted to higher contact depths at increasing ion
energy. For Eurofer 97, there are peaks in the fitted curves instead

FIGURE 2 |Measured indentation hardness as a function of contact depth for the unirradiated and ion-irradiated conditions of (A) Pure Fe (G379), (B) ferritic Fe-9Cr
(G385), (C) martensitic Fe-9Cr (L252) and (D) Eurofer 97.
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of shoulders in the experimental curves (Figure 5D). We shall see
later that model 2, using the five-parameter fit, will also give rise
to shoulders in the fitted curves. Along with the root mean square
(RMS) deviation between prediction and measurement, the best-
fit parameters are listed in Table 3, they will be discussed later.
The values of the plastic zone extension factor c estimated from
the yield stresses (Table 1) using the expanding cavity model
(Johnson, 1970) are also included in Table 3.

The values of α and β cannot be compared directly because
of the different units used for displacement damage and

injected ions. Instead, the individual hardening
contributions arising from either displacement damage or
injected interstitials alone have to be compared. This is
achieved by setting one of the contributions to zero in Eqs
1, 5 and keeping the other parameters fixed. We have found
that the contribution from injected ions (dotted lines in
Figure 5) is significantly smaller as compared to the
contribution from displacement damage (dashed lines in
Figure 5) for all the materials and energies.

The results of the five-parameter fits of model 2 for Eurofer
97 are shown in Figure 6 in comparison with the
corresponding four-parameter fits of model 1. The best-fit
parameters obtained for model 2 applied to Eurofer 97 is also
included in Table 3. Model 2 shows a better fit with the
experimental curves as compared to model 1. Most
prominently, the peaks obtained for model 1 are replaced
by shoulders for model 2, while the position of the beginning
of the shoulders remains approximately the same as the
position of the peaks. This is a consequence of the
variation of hp. The replacement of the peaks by shoulders
is in agreement with the experimental observation for
Eurofer 97.

FIGURE 3 | Nix-Gao plots for the unirradiated conditions of (A) Pure Fe (G379), (B) ferritic Fe-9Cr (G385), (C) martensitic Fe-9Cr (L252) and (D) Eurofer 97,
regression lines excluding the range of smallest hc values, and derived Nix-Gao parameters.

TABLE 2 | Summary of Nix-Gao parameters for the unirradiated reference
samples. Errors were derived from the statistical errors of the slope and
intercept of the regression lines.

Material H0 (GPa) h* (nm)

Pure Fe (G379) 0.933 ± 0.003 490 ± 6
Ferritic Fe-9Cr (G385) 1.217 ± 0.002 293 ± 4
Martensitic Fe-9Cr (L252) 1.631 ± 0.003 168 ± 3
Eurofer 97 2.549 ± 0.005 84 ± 3
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5 DISCUSSION

5.1 Role of the Initial Microstructure
The indentation size effect, marked by higher hardness values for
smaller contact depths, is observed for all materials (Figure 2).
This effect was described by Nix and Gao and was attributed to
the balance of statistically stored and geometrically necessary
dislocations (Nix and Gao, 1998). The bulk-equivalent hardness
H0 of the unirradiated materials (Figure 3 and Table 2) follows
the order: pure Fe → ferritic Fe-9Cr → martensitic Fe-9Cr →
Eurofer 97, from lowest to highest hardness. This order is
qualitatively consistent with the ranking of the materials in
terms of solution hardening (composition), Hall-Petch
hardening (grain size), forest hardening (dislocation density)
and precipitation hardening. Indeed, the alloying and impurity
levels, inverse grain sizes (Table 1), dislocation densities (ferritic
versus martensitic microstructures) and volume fractions of
precipitates (model alloys versus steel) follow the same trend.
The characteristic length of the unirradiated materials follows the
opposite order, that means hp is smallest for Eurofer 97. This is
also consistent with the expectation in terms of microstructure.

The indentation hardness of the irradiated materials is higher
as compared to their unirradiated counterparts for each material
and each ion energy (Figure 2). The reason why pure Fe exhibits
the highest hardness increase (for all ion energies) amongst the
present set of materials is the lower density of available point-
defect sinks present in the microstructure (Was, 2007; Duan et al.,
2017). Eurofer 97, which is expected to exhibit the highest sink
strength, shows smaller irradiation hardening as compared with
pure Fe, which is reasonable. Martensitic Fe-9Cr is in between
with respect to both sink strength and irradiation hardening.
Ferritic Fe-9Cr does not follow the expected trend. This might be
related to the band-like irradiation-induced microstructure
reported in (Vogel et al., 2021).

5.2 Effect of the Ion Energy
The present study is focussed on the irradiation effect, in
particular the effect of ion energy. The understanding of the
irradiation effect in terms of a softer substrate effect introduced
by Kasada et al. (2011) is partly insufficient here. Indeed, the
damage profiles shown in Figure 1 cannot be approximated as a
homogeneous layer. It is necessary to take the profiles of

FIGURE 4 | Irradiation-induced indentation hardness change as function of contact depth for the ion-irradiated conditions of (A) Pure Fe (G379), (B) ferritic Fe-9Cr
(G385), (C) martensitic Fe-9Cr (L252) and (D) Eurofer 97.
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displacement damage and injected ions explicitly into
consideration, see Eq. 1. This was done before by several
authors including (Kareer et al., 2018; Röder et al., 2018) for
the displacement damage, but not for the injected ions. The
models used in this study take into account both of them. In
addition to the empirical interpretation of the as-measured
irradiation hardening, these models provide insight on the way

how certain model details (or parameters) influence the shape of
the ΔHIT-hc curves.

We have found that the fits of the irradiation-induced change
of hardness using model 1 reproduce the positions of the as-
measured hardening peaks as function of the ion energy for pure
Fe and the Fe-9Cr alloys reasonably well (Figure 5). Indeed, the
positions of the peaks of irradiation hardening derived from

FIGURE 5 | | Indentation hardness increase vs contact depth plots showing experimental curves (symbols), model 1 fitted curves (solid lines) along with the
individual contribution curves from displacement damage (dashed lines) and injected ions (dotted lines) for all the materials at all ion energies. A comparison plot for all
fitted curves of different ion energies is additionally shown along with the best-fit parameters (A) Pure Fe (G379), (B) ferritic Fe-9Cr (G385), (C)martensitic Fe-9Cr (L252),
(D) Eurofer 97.
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model 1 are shifted towards larger depths for increasing ion
energy, as experimentally observed. It can be concluded that the
dominant factor governing the peak positions are the damage
profiles of Eq. 1 (see Figure 1), from which the peaks propagate
via Eq. 5 to the fitted curves. The suitability of the four-parameter
model 1 (i.e. Kareer approach) also indicates that the type of
superposition between ISE and irradiation effect expressed in Eq.
3 is sufficient, meaning that the ISE cancels out in the irradiation-
induced hardness increase.

For Eurofer 97, similar conclusions can be drawn from the
application of model 1 with the exception that model 1
necessarily predicts peaks of the ΔHIT-hc curves, while
shoulders are observed experimentally (Figure 5D). We
have found that the shoulders are correctly described using
model 2 (Figure 6B). This is the consequence of the
additional parameter hp in model 2, which is not available
in model 1. A systematic variation of hp, while keeping the
other parameters constant, is shown in Figure 7 for the case
of Eurofer 97 irradiated with 8 MeV ions as an example.

Figure 7 shows that the peak obtained for hp � 0 (for which
model 2 is equivalent with model 1) becomes flatter and
transforms into a shoulder at increasing hp.

It can be summarized that model 1 (Kareer approach)
describes the peaks for pure Fe and the Fe-9Cr model alloys
well, while application of model 2 (Röder approach) becomes
necessary to reproduce the shoulders for Eurofer 97. The question
is then, what is special about Eurofer 97 in this respect. We
assume that the difference is due to Eurofer 97 exhibiting the
highest unirradiated hardness (Figure 2D) in combination with
the lowest relative irradiation-induced hardness increase
(Figure 4D). Both aspects are linked to the microstructure, the
former in terms of hardening mechanisms and the second in
terms of sink strength. It is important to note that application of
model 2 to pure Fe and the Fe-9Cr alloys would not be
particularly meaningful. This is because the four-parameter fit
already reproduces the major features for these materials. While
introducing an additional parameter (namely hp) necessarily
gives rise to a less or equal RMS deviation, the significance of

TABLE 3 | Summary of fit parameters, resulting root mean square (RMS) deviation, and c values predicted from the expanding cavity model (Johnson, 1970) (see
discussion).

Material Model c α β p hp

(nm)
RMS
(GPa)

c
Johnson
(1970)

G379 1 10 1.05 0 0.55 (0) 0.172 12.5
G385 1 7.1 0.40 0.48 0.41 (0) 0.043 11.5
L252 1 8.0 0.75 0.095 0.10 (0) 0.047 11.0
Eu 97 1 10.2 0.55 0.43 0.01 (0) 0.048 8.9
Eu 97 2 8.7 0.47 0.24 0.01 64.5 0.039 8.9

FIGURE 6 | Comparison of the model 1 fit (A) with the model 2 fit (B) for Eurofer 97.
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this improvement would be low. The same is valid for the
significance of the value of the fit parameter itself.

Another observation is the tendency of the ΔHIT-hc curves
corresponding to the different ion energies to come close to each
other at lower contact depths (Figure 4). Both models reproduce this
tendency. We remind that the average displacement damage in the
z-range from 0 to 1 µm was intentionally chosen to be 1 dpa for each
ion energy. Hence, the coming together of the ΔHIT-hc curves at
contact depths between 0.1 and 0.2 µm (Figures 4–6), for which the
extension of the plastic zone is around 1 μm, can only be explained if
the contribution to the irradiation hardening arising from the
displacement damage prevails over the contribution of the injected
ions. This implication is strengthened by the application of themodels
(dashed lines versus dotted lines inFigures 5, 6). It should however, be
pointed out that the calculated contribution of injected ions is not
negligible at least for some of the materials, most prominently for
ferritic Fe-9Cr. This means that the non-consideration of the effect of
the injected ions bymost authors (Kasada et al., 2011; Xiao et al., 2017;
Kareer et al., 2018; Röder et al., 2018) is not always justified. A possible
reason is the presence of a pronounced band-like irradiation-induced
microstructure in ferritic Fe-9Cr (Vogel et al., 2021), for which the
injected interstitials seem to play a decisive role.

The third noticeable observation is the ranking as function of the
ion energy of the indentation hardness at higher values of the contact
depth; say 0.8 µm (Figure 2). Indeed, the higher the ion energy, the
larger the irradiation-induced hardness increase at 0.8 µm for each
material. Both models reproduce this behavior equally well (Figures
5, 6). The reason of this ranking is related to the damage profiles
plotted in Figure 1. A contact depth of 0.8 µm corresponds to a
radius of the plastic zone around 7 µm. A higher ion energy then
gives rise to a larger fraction of the irradiated layer (or smaller
fraction of the unaffected substrate) in the volume of the plastic zone
resulting in a higher indentation hardness.

The same reasoning from another point of view is also important
at small contact depths. The higher the ion energy, the wider is the

range of negligible concentration of injected ions, see Figure 1B.
Such a range is extremely shallow for 1MeV, while it reaches from
the sample surface up to a depth of approximately 1 µm for 8MeV.
As the injected ions represent a transferability issue between ion
irradiation of a material and neutron irradiation, a wide range of
negligible concentration of injected ions was reported to be vital for
the application of ion irradiations to emulate neutron irradiation
effects (Zinkle and Snead, 2018; Vogel et al., 2021). This insight is
independent of the applied characterization method. For
nanoindentation, however, it is important to take into account
that the indentation plastic zone needs to be fully enclosed in the
depth range of negligible concentration of injected ions. It follows
that the maximum contact depth, which is smaller than the plastic
zone radius by a factor of c (7 ≤ c ≤ 10 according to Table 3), should
be of the order of 0.1 µm or smaller for 8MeV. This corresponds to
the smallest contact depths recorded in this study. Explicit
comparisons of the nanoindentation results reported here for
ion-irradiated samples with mechanical property changes of
neutron-irradiated samples of the same alloys will be addressed
in a future study.

It is important to point out that our modeling approach offers
another possibility to cope with the ions – neutrons transferability
issue. Indeed, Eq. 1 can be used to separate the hardening
contributions arising from displacement damage and injected
ions. The displacement damage contribution takes the form
ΔH � αDp with α and p according to Table 3. It is
conceptually free of injected ions artefacts and should be
transferable to the case of neutrons in this respect.

5.3 Best-Fit Values of theModel Parameters
The best-fit values of the extension factor of the indentation plastic
zone c (� R/hc) are between 7.1 and 10 for the materials of this study
(Table 3). This is consistent with the range from5 to 10 reported in the
literature (Kramer et al., 1998; Hosemann et al., 2012; Dolph et al.,
2016; Saleh et al., 2016; Xiao et al., 2017; Kareer et al., 2018; Röder et al.,
2018; Vogel et al., 2020). The value of c can be predicted in the
framework of the expanding cavity model (Johnson, 1970) assuming
an elastic – ideally plastic material. Based on the yield stresses listed in
Table 1, predicted c values are given inTable 3. These predictions tend
to overestimate the fit values (by up to 60%). They also tend to be
higher as compared to the range reported in the literature. The plastic
zone is predicted to be larger for a softer material like pure Fe (G379);
hence, a high c value of 10 seems reasonable, while the hardermaterials
exhibit lower c values. For the hardest material Eurofer 97, the
prediction suggests model 2 to be more reasonable than model 1.

The values of α and β cannot be interpreted directly. Instead, the
resulting hardening contributions have to be compared. We have
found that the contribution of injected ions (β term) is negligible for
pure Fe and martensitic Fe-9Cr, while a significant contribution,
although smaller than the contribution from displacement damage,
is indicated for ferritic Fe-9Cr and Eurofer 97. For ferritic Fe-9Cr the
role of the injected ions may be related to the pronounced band-like
irradiation-inducedmicrostructure (Vogel et al., 2021). For the other
materials, more microstructural evidence is needed. The
displacement damage exponent p ranges from 0.01 for Eurofer
97 to 0.55 for G379, i.e. it monotonically increases at decreasing
initial hardness (Table 3). The displacement damage exponent was

FIGURE 7 | Application of model 2 with the indicated variations of the
parameter hp and comparison with the measured indentation hardness
change as function of contact depth for Eurofer 97 irradiated using 8 MeV
ions. The best-fit value of hp is 64.5 nm.
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reported earlier to be close to 0.55 and 0.12 (average values for bcc
alloys) for low and high doses, respectively (Byun and Farrell, 2004).
In the range of displacement damage (dose) around 1 dpa
(Figure 1A) applied in our study, the dose dependence of
hardening for pure Fe (p � 0.55) and ferritic Fe-9Cr (p � 0.41)
can be approximated as a square-root dependence as often suggested
in the literature (Byun and Farrell, 2004; Saleh et al., 2016). In
contrast, martensitic Fe-9Cr and Eurofer 97 exhibit a saturation like
behavior. This is in agreement with the weak dose dependence (or
intermediate saturation) in the range from below 1 dpa up to 10 dpa
observed for Fe-Cr alloys including the present heat L252 of the
martensitic Fe-9Cr alloy (Heintze et al., 2011).

The best-fit value of hp, that is the characteristic length parameter
related to the ISE, obtained for ion-irradiated Eurofer 97 (hp �
64.5 nm) seem to be a reasonable estimate from the viewpoint of the
microstructure. It is slighly smaller than the hp value of 84 nm
estimated by means of the Nix-Gao approach for unirradiated
Eurofer 97. On the one hand, a reduction of hp as a result of the
ion-irradiation is in line with the expectation (Dolph et al., 2016). On
the other hand, the difference is sufficiently small to justify the
approximation of equal hp values for the unirradiated and irradiated
conditions as applied in model 2.

6 CONCLUSION

In this work, depth sensing nanoindentation using a Berkovich
indenter was used to study the effect of the ion energy on the
irradiation-induced hardness increase of Fe, ferritic Fe-9Cr,
martensitic Fe-9Cr and the 9Cr ferritic/martensitic steel
Eurofer 97. Two versions of a primary-damage-informed
model were considered. Model 1 is based on linear
superposition of irradiation hardening with the unirradiated
hardness exhibiting the ISE [Kareer approach, Kareer et al.
(2018)]. Model 2 adds irradiation hardening inside the H0

term of the ISE of the unirradiated material [Röder approach,
(Röder et al., 2018)]. It was demonstrated that model 1 can be
formally derived frommodel 2 by setting the characteristic length
hp of the ISE equal to zero. We have found out that:

• The peaks in the ΔHIT-hc curves observed for Fe and the Fe-
9Cr alloys tend to move towards higher contact depths with
increasing ion energy. This is because the profiles of both
displacement damage and injected ions also reach deeper
into the material. The peaks are reproduced by model 1.

• For Eurofer 97, shoulders were observed instead of peaks.
Model 2 describes how the peaks transform into shoulders
by raising the value of the characteristic length parameter
hp. The resulting best-fit value of hp is reasonable.

• For larger contact depths, an increase of the indentation
hardness with increasing ion energy is observed in
accordance with both models. This is because the
fraction of unirradiated substrate within the half-sphere
plastic zone of given radius decreases at higher ion energies.

• Application of the models reveals that the contribution from
injected ions is in general smaller as compared to the
contribution from displacement damage or even vanishes.

• For an ion energy of 8 MeV, the concentration of injected
interstitials is negligible throughout the indentation plastic
zone for contact depths of 0.12 µm or smaller. This indicates
an approach to exclude the injected ions effect as an ions –
neutrons transferability issue. Moreover, our approach
offers a possibility to isolate the contribution from
displacement damage, which can be directly compared to
the case of neutron irradiation.

It is important to remind that, as an approximation, the half-
sphere plastic zone extension factor c (both models) and the
characteristic length hp (model 2) were assumed to agree for the
unirradiated and irradiated conditions. Instead, the irradiation
effect is fully covered by the local primary-damage-dependent
hardening explicitly appearing in the model equations. The
capability of the models to reproduce the major features
observed experimentally supports the approximate applicability
of the assumptions in retrospect. Comparison with both square
(instead of linear) superposition (Xiao and Yu, 2018) and the case
of c and/or hp changing upon irradiation (Röder et al., 2018)
require further attention.
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