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This paper presents a series of Berkovich indentation results obtained on unirradiated and 7.2 MeV proton
irradiated specimens of a Fe9Cr model alloy with an equiaxed ferritic microstructure. Using a energy degrader
wheel made of 24 aluminum foils of different thickness, a flat damage profile of about 50 pm resulted from the
irradiation, allowing to perform indentations within a volume material that is homogeneously irradiated. The
indentation size effect on measured hardness was analyzed with a model based on the disloction-slip distance
theory built on the concept of combined spatial frequency of all obstacles to dislocation motion. The effects on

hardness of the tip-specimen contact size (or penetration depth), dislocation density and mean distance between
irradiation defects were quantified and discussed. The irradiation hardening was characterized by the increase of
hardness determined at large penetration depths.

1. Introduction

“Ferritic” steels (=ferritic, bainitic, martensitic steels) are used for
structural components in the currently operating nuclear power plants
[1]. As the next generation of nuclear power plants will operate at high
temperatures, the performance of these steels has to be improved, which
is largely realized through fundamental investigations, where the
chemical composition and thermo-mechanical treatment are being
optimized, and advanced oxide-dispersion strengthened steels devel-
oped. For the current ageing fission reactors, as well as for those of the
next generation, a crucial point is to assess the degradation of the me-
chanical properties induced by neutron irradiation and to improve their
radiation resistance. As a consequence, investigations on neutron-
irradiated materials are required to measure the irradiation hardening
(increase of flow stress) and embrittlement (decrease of toughness) [2].
However, neutron irradiation facilities are few and irradiations are very
costly. In addition, handling and testing radioactive standard specimens,
which are relatively big, can be done only in a limited number of hot
laboratories equipped with the appropriate hot cells and shielded testing
devices. Thus, over the years, ion beam irradiations have been

considered as surrogate to neutron ones [3,4] or to charge specimens
with helium [5]. However, the penetration depth of heavy ions up to
100 MeV remains lower than 10 pm in steel; protons with that energy
penetrate deeper in steel, up to 1 cm. In addition, for mono-energetic ion
beams, the resulting damage profile presents a strong gradient. Hence,
to determine the change in material strength following ion irradiations,
micro-mechanical testing sampling a tiny amount of materials is inevi-
table. Nano- and micro-indentation experiments have long been used for
this purpose.

This study was launched to address the possibility of extracting
reliable mechanical material properties from indentation tests, where
the underlying physics of size effect and length scale associated with
indentation is far from being well understood and unified. The proposed
work consisted of performing a series of indentations using a geomet-
rically self-similar indenter tip (Berkovich) on a pure Fe9Cr equiaxed
grain ferritic alloy in unirradiated and irradiated conditions with 7.2
MeV protons. Indentation tests were carried out over a range of depth
(0.5 to 6 pm) to separate the intrinsic indentation size effect from the
structure size effect on the measured hardness. Furthermore, consid-
ering the characteristics of the Fe9Cr alloy along with the indented
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plastic size permitted to separate the respective contribution of these
features to the hardness, and so was done for the irradiation defects by
comparison of the tests on specimens in the unirradiated and irradiated
conditions.

2. Background on the modified dislocation slip-distance theory

Nowadays, it well established that, when using geometrically self-
similar indenters (pyramids or cones), the hardness decreases with the
penetration depth referred. Nix and Gao [6] proposed a model based on
dislocations where so-called geometrically necessary dislocations (GND)
must be present to accommodate the strain gradient below the indenter
tip. GND provide an extra contribution to the flow stress through Tay-
lor’s equation [7], which would be otherwise related only to statistically
stored dislocations in the absence of strain gradient. This model predicts
an indentation size effect (ISE) for geometrically self-similar indenters
that is given by:

H h*

=V &)

where H, represents the hardness at an infinite depth, h the penetration
depth and h* is a characteristic length depending on the material and
indenter geometry.

For nano-indentation (to be understood as indentation depth smaller
than 100 nm), Nix and Gao models breaks down, because below this
depth, the self-similarity of a real indenter is lost due to tip blunting.
Huang et al. [8] developed a similar model to Nix and Gao model but
they introduce a maximum allowable GND density, which arises from
the strong repulsive force between dislocations. A similar approach was
considered for non-geometrically self-similar indenter, like spherical
indenter, where again the size effect is related to the indenter radius
rather than the contact depth. While the Nix-Gao model has become the
standard model to explain ISE, it is not free of inconsistency with
microstructural observations. In particular, it is not fully compatible
with measurement of GND under indent imprints. Indeed, the work of
Demir et al. [9] on copper single crystals revealed that GND do not form
homogeneous arrangements but are observed as patterns. More impor-
tant is the fact that the density of GND was not found to increase with
decreasing indentation depth as modeled in Nix-Gao approach, but on
the contrary it decreases. This observation is in frontal contradiction
with the strain-gradient plasticity approach usually considered to
explain ISE and that the sole distinction between statistically stored and
geometrically necessary dislocations cannot account completely for the
observed ISE. Thus, size effects in plasticity are not systematically
related to strain-gradient. Following the work of Dunstan et al. [10],
further developed by Hou and Jennett [11], ISE can also be associated
with a general mean free path of moving dislocations D that represent
the contribution of all obstacles to dislocations including grain size,
forest dislocations, inclusions, carbides, as well as the size of plastic zone
itself, leading to the idea that material strength is mediated simulta-
neously by structural size effects (SSE) and the size of the indent. From a
series of measurement with spherical indenters on polycrystalline cop-
per of various grain sizes, Hou et al. [11,12] showed that hardness,
defined as the mean pressure Py, = F/1a? (F = applied force and a =
contact radius), can be written as:

_ [ky ke ki K
Pn=P,+ F+F+ZE*PY+\/T) (@)

where Py is the minimum stress to move a dislocation through the lat-
tice, the Peierls stress which is not associated to any length scale, a is the
indenter-material contact radius, d is the grain size, and d; represents
any other length that controls the dislocation mean free path, which can
be associated with the spatial frequency of carbides or irradiation-
induced defects for example. The constants k; are scaling parameters.
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3. Material

The investigated material of this study was a model alloy Fe-9 %Cr
(wt. %) alloy, with the following chemical composition: 9.1Cr, 0.009Ni,
0.004Si, 0.003P, 0.027Al, and Fe for the balance. The alloy was ther-
mally treated at ~ 950 °C for ~ 1800 s in air, subsequently cooled down
to 790 °C at the very slow rate of ~ 0.04 °C/s, and then kept at 790 °C
for ~ 86400 s (around 24 h). The final step was air-cooling. All steps are
shown in Fig. 1. Relatively large equiaxed ferrite grains of 80 pm were
formed. Prior to microstructural characterization and experimental
indentation testing, all specimens were ground with SiC papers down to
4000 grits, followed by polishing with successive diamond pastes of 9, 6,
3 and 0.25 um size at 100 rpm for 2-5 min at each step until the scratch
from previous steps were completely removed. Then a chem-
ical-mechanical polishing was applied to remove all scratches and
deformation using an OP-S colloidal silica suspension with a pH of 9.8
and a grain size of about 0.04 ym at 50 rpm for 10 min. Finally, an
electro-polishing with 5 % oxalic acid for 1-2 min was applied.

The grain morphologies of Fe9Cr were characterized by using elec-
tron back scatter diffraction (EBSD) technique within a ZEISS NVison40,
which is equipped with a Schottky field emission gun. Fig. 2 shows an
inverse pole figure, where different colors represent different crystal
orientations, where one can see an equiaxed ferritic structure.

2.1. Proton irradiations at CEMHT/CNRS Orléans/France

7.2 MeV proton-irradiations were performed at CEMHTI/CNRS in
Orléans/France. The main advantage of such irradiations resides in the
relatively large penetration depth of the protons into the specimens. As
shown in Fig. 3, a 50 um thick layer can be irradiated.

The homogeneity of the irradiation is realized with the use of a 24
aluminum foils degrader wheel. With 7.2 MeV passing through a magnet
scanning system and a degrader wheel with 24 Al-foils of variable
thicknesses, the samples were 3D-homogeneously implanted. The pro-
duction of displacement damage was calculated by SRIM code for
displacement threshold energy of 40 eV and the damage cross section
was calculated as 3.0x10™ Vac/(A ion) (vacancy per Angstrom (./0\) and
impinging ion) with an average beam current density of 14 pA/cm?, a
displacement rate of about 3.18x10°° dpa/s (displacements per atom per
second). Two specimens were irradiated up to 0.2 and 0.5 dpa and the
irradiation temperature remained lower than 150 °C.

2.2. Experimental tests of spherical indentation

The nano-indentation tests were performed with a nano-indenter
(Agilent G200) using a Berkovich tip. Progressive multiple-cycle
(PMCQ) in forced control was selected to determine the hardness as a
function of the indentation depth. Five consecutive loading partial
unloading segments were carried in a particular PMC cycle before
reaching a maximum force Fy,,x of either 60, 75 or 100 mN position. The
load reached at the i? cycle (i =1 to 5) is given by:

s

950 °C, 1800s

790 °C, 24*3600s

Temperature, °C

v

Time, s

Fig. 1. Heat treatment to produce an equiaxed ferritic structure in Fe9Cr alloy.



D. Zhou et al.

06

® o a®0e% . ® o
05 ;‘.’.u.:‘ *o’.o ..v‘.:}
04 -

03

0.2

displacement dose (dpa)

(]

L]

L]

0.1 °
(]
o

00 1 1 L L I
0 10 20 30 40 50 60 70

Depth (um)

Fig. 3. Damage profile in the Fe9Cr alloy after the 7.2 MeV proton irradiations.
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For each condition at least one PMC with each of the three Fp,,x was
carried out, covering forces from 3.75 mN to 100 mN. An example of
PMC up to 100 mN is shown in Fig. 4.

The unloading was set to 2 s where half of the load was removed after
a dwell time of 38 s. This loading-dwell-unloading scheme was opti-
mized to minimize creep effect to be as closed as possible to a fully
elastic unloading. This is particularly important at F; where the contact
stiffness is used to calculate the hardness values. The tip area function
was calibrated against the Young’s modulus of a reference fused silica
specimen using the Oliver and Pharr model [13]. We just recall here that
Oliver and Pharr model, when applied to fused silica, assumed a sink-in
behavior at the tip-specimen contact. However, for metallic material,
the material behavior is better described by a pile-up. In other words, for
a given penetration depth, the contact area is larger for metallic mate-
rials than for fused silica, which has to be accounted for. The reduced

100

801

60

Load On Sample (mN)

20

0 L L 1
0 500 1000 1500 2000
Displacement Into Surface (nm)

Fig. 4. Progressive multiple-cycle up to 100 mN.
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Young’s modulus E; depends on the contact area A, and scales with the
contact stiffness S as:

—? — 2
Emeaswesd _ ﬁ S with l — (1 1)1) + (1 1)5) (4)

" a ﬂ \/Ac Er Ei Es

where p is a geometric factor for the Berkovich indenter equal to 1.034,
E; and E; are the Young’s modulus and v; and v; are the Young’s modulus
and Poisson’s ratio of the indenter and specimen, respectively. E;
measured usually differs significantly from the theoretical value, due to
the uncertainty in A, but also, and even more important, due to the high
uncertainty in the stiffness S that stems from small error in the frame
compliance and small thermal or creep drift. The method adopted here
to take into account these errors is based on a correction factor C
calculated from the average value of E; obtained by averaging all data at
a given F;. A detailed discussion and justification of this approach can be
found in [14].
E;eference V Areal contact

E = Emeu.sured = \/‘A; (5)

The correction factor C is then applied to the average hardness H to get a
corrected hardness value as:

_F _ge 6)

Areal contact

HCDIT —

In the following, only corrected hardness values are presented. Note
that the correction factor we used is around 0.8 to 0.9.

4. Results and discussion

The effect of the proton irradiations on the load-penetration depth
curves is shown in Fig. 5. A consistent increase of the load with irradi-
ation dose at a given penetration is observed.

The corrected hardness data H**™, according to Eq. (6) are shown in
Fig. 6 where the data are plotted against the average force for the un-
irradiated and the two irradiation conditions. The lines were calculated
from Eq. (9) and Eq.(10) with Py = 0.165 GPa (see below). H*" rep-
resents the mean indentation pressure and, to keep the self-consistency
with the equations of the modified-slip distance theory presented in
section 2, H®™ is reported as Py, in this section. As expected, a decrease
of the hardness is observed with the force up about 40 mN, beyond
which the hardness data seems to become practically constant, in
particular for the two irradiated conditions. This observation clearly
reflects the fact that the relative contribution of the term k;/a becomes
very small with respect to the other terms at large penetration depth (see

140 T T T T
1 |— unirradiated
1204 |—— 0.2 dpa _
| —0.5dpa
100 -
z
§, 80 -
i}
8 60 E
-
40 E
20 g
0 T T T T
0 500 1000 1500 2000 2500

Penetration depth, (nm)

Fig. 5. Typical indentation loading curves before and after irradiation.
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Fig. 6. Average hardness versus average load for the unirradiated and irradi-
ated Fe9Cr.

Eq. (2)). A similar trend was already found by Hou et al. for a nano-
structured metallic glasses [12]. However, the Py, data remain consis-
tent with the fitted lines, and it is not obvious to confirm that P, has
really reached a constant value above 40 mN. Indeed, it is difficult to
precisely define the load at which P, would be considered constant,
should it become because it would reach it asymptotically. Furthermore,
the apparent constant value might be the consequence of the data
averaging applied to correct the data. When looking at individual data
set obtained on a single specimen loaded in PMC, a small but clear
continuous decrease of the hardness is systematically observed for the
three conditions. This is illustrated in Fig. 7 where uncorrected data for
each condition are shown. Note also that the other PMC tests performed
with a maximum force of 60 and 75 mN also show a decrease of hardness
up to maximum force. So, the plateau in hardness is quite plausible to be
reached for load somewhat higher than 100 mN.

For the analysis of the data in the frame of the modified slip-distance
theory, three characteristic lengths were considered in Eq. (2) for the
unirradiated and four irradiated material: i) the plastic zone size rep-
resented by the indentation contact radius a, ii) the grain size d, iii) the
mean forest dislocation distance characterized by 1/ \/ ps, and, iv) for the
irradiated material, the mean distance between the irradiated defect

30 T T T T T

2.8 ® unirradiated -
. e (0.2dpa 1
f 26 e o ® (0.5dpa n
) L4 A
~ 2.4 i ° -
1) ® o
1]
222 ° ° .
2 ° 1
@ 2.0 —
e 4
°
O 1.8 -
-*8' [ )
£ 1.6 L4 -
8 °
c
5 14+ . -

°
1.2 4 -
1.0 T T T T T T T T T T T
0 20 40 60 80 100 120
Load, (mN)

Fig. 7. Uncorrected hardness versus load for the unirradiated and irradiated
Fe9Cr obtained in PMC.
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(assumed to be spherical) with the volume density N and diameter 8. For
convenience, Eq. (2) is rearranged as:

(Pm — Py) 2 I%Jr %2 +ksy/pumim forunirradiated ()]
(Pn—P)* = ’%+ % +ksy/pm +k4VN5  forirradiated ®)

As mentioned above, Py is the stress to move dislocation in a defect-
free crystal and represents the Peierls friction that we have to estimate.
The tensile test data reported by Mueller on this Fe9Cr model alloy in-
dicates a yield stress oy of 100 MPa [18]. This value is obviously greater
than the yield stress of single crystal and is regarded as the upper limit.
In order to examine the sensitivity of the different terms in Eq. (7) and
(8), lower yield stresses (55 and 10 MPa) were also used in the analysis.
Py was obtained using Tabor’s relationship that yield Py ~ 3oy [15]. In
other words, Py of 0.3 GPa, 0.165 GPa and 0.03 GPa were used to
investigate the effect of Py on the other parameters.

Since all the indentations were performed in the middle of a large
grain, one can reasonably consider that single crystals were indented.
Thus, d = oo and there is no contribution of the second term to consider
in Eq. (7) and (8), which simplify to:

2_

(Pn—P)" = %Jr ksy/pimir for unirradiated 9)

(Pm — Py)2 = %4— ksy/pim + k4 VNS forirradiated (10)

Consequently, the discussion below is restricted to the values of ki,
ks \/ pss, and ky \/ N3. P, and a being the experimental data, a plot of (Pp,-
Py)2 against a should be linear with a slope equal to k; with an intercept
of kay/p™™ for the unirradiated condition and with an intercept of
ksy/p™ + kq1/N6 for the irradiated conditions. The plots for the three
material conditions are shown in Fig. 8, drawn with P;, = 0.165 GPa. At
first glance, one observes that the slope of the three lines (k;) is quite
similar.

The precise values of the k; coefficients are reported in Table 1.
Again, k; value accounts only for the contact radius effect and is
reasonably constant for the three datasets. In addition, k; is not very
sensitive to the choice of P,

For the unirradiated material, kgx/pg‘”i" can be unambiguously
determined as the intercept on the y-axis of the fit in Fig. 8, and it was
found equal to 0.6102 GPa2. k3 \/ Ui represents the contribution of the
dislocation density to the reduction of the mean free path of the mobile
dislocations with respect to a defect-free crystal. For the irradiated

50 T T T T T T T
[ ]
4.5 1 ® unirradiated o |
e 0.2dpa
4.0
e (0.5dpa
354
o~
Q
& 207 kspgrk VN
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0.5 ™~ 4
k3\/ps
0.0 T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

1/a, (1/um)

Fig. 8. Fit to the data using P,, = 165 MPa.
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Table 1
K; values for different Py values for the unirradiated and irradiated materials.

Specimen k; for Py = 300 MPa k; for Py = 165 MPa k; for Py = 30 MPa
[ki] = GPame [ko] = GPazum [k3] = GPazpm

unirradiated 1.3823 1.5395 1.6968

irr — 0.2dpa  1.309 1.4282 1.5475

irr —0.5dpa  1.3745 1.4842 1.5939

average k; 1.355 + 0.033 1.484 + 0.045 1.613 £+ 0.062

material, the intercept on the y-axis is the sum of the two terms k3 \/ pir
+ k4\/N6. With the information available from the tests, the relative
contributions of the last two terms is not straightforward. Indeed, the
immobilization processes of the mobile dislocations are linked to the
presence of irradiation defects, which obviously affect their mobility.
Thus, the value of dislocation density ps generally depends on all the
other individual length scales that mediate the dislocation slip distance,
in our case it also depends on the mean distance between the irradiation
defect given by 1/4/N&. Furthermore, without knowing the specific
values of k3 and k4 the relative contribution of the two terms k3 \/ ps and
k41/N& cannot be determined from the sole information obtained from
the indentations. N, & and ps can be obtained experimentally but only
sophisticated TEM observations and analysis based on dislocation visi-
bility criteria allows to get a reasonable estimate of these quantities
[16]. It remains that the difference for large penetration depth, for
which k;/a is zero, the increase of Py, is given by:

AP, = P — punim — \/(k3 P +k4x/1%) - \/ks\/ﬂi‘? an

which fully characterizes the irradiation hardening at infinitely large
indent. AP, can be used with Tabor’s equation to determine the increase
of the yield stress (Acy =APp,/3) for a given irradiation conditions.
Using Eq (11) and the intercept for the 0.2 dpa and 0.5 dpa lines
(=1.4663 and 1.8401 GPa? respectively) and that for the unirradiated
(=0.6102 GPa?) yields the following irradiation hardenings: Acy ~ 143
MPa after 0.2 dpa irradiation and Acy ~ 191 MPa after 0.2 dpa irradi-
ation. These two estimates of the hardening at the irradiation temper-
ature used (<150 °C) are in good agreement with the trend report by
Yamamoto et al. on a wide range of data obtained on 8-9Cr ferritic steel
[17].

5. Summary and conclusions

Measurements of the indentation size effects were carried out on a
Fe9Cr model alloy having an equiaxed microstructure with a relatively
large grain size (~ 80 pm) with respect to the indentation size. The
indentation data were obtained on unirradiated specimens as well as on
proton-irradiated specimens at two different doses, namely 0.2 and 0.5
dpa, at low irradiation temperature (<150 °C). The usual decrease of the
measured hardness with the penetration depth was observed. It was
analyzed in the frame of the modified slip theory, which is based on the
combination of the different length scales, namely the indent size and
the mean distance between different microstructural features, which
control the dislocation mean free path and the stress required to plas-
tically deform the material. With a characteristic mean free path, rep-
resented by the inverse of the reciprocal sum of all the specific
characteristic lengths, it was possible to describe properly the decrease
of the hardness with the applied load or penetration depth. From the
extrapolation to infinitely large indent size, the irradiation hardening
was estimated and found in good agreement with the general trend
determined on a large database of 8-9Cr ferritic steels.
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