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The effects of ion irradiation in materials for research are usually limited to a shallow surface layer of the
order of one micrometre in depth. Determining the mechanical properties of such irradiated materials
requires techniques with high spatial resolution. Nanoindentation is a relatively simple method for inves-
tigating these shallow layers with the advantage that statistically rich data sets for elastic and plastic
property values can be generated. However, interpretation of the results requires and understanding of
the material response, including the extent of the plastic zone with respect to the irradiated layer,
pile-up or sink-in of material around the indentation site that affect the calculated contact area and hence
derived mechanical property values. An Fe+ self-irradiated Fe12%Cr alloy was investigated with three
different indenter tip geometries, a cube corner, Berkovich and 10 lm radius indenter. Sharp indenters
provide sufficiently small plastic zones to be contained within the irradiated layer but pop-in events
and pile-up need to be taken into account for correct interpretation of the mechanical properties of
the irradiated material.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction and background

Ion implantation can quickly produce high levels of displace-
ment damage without inducing radioactivation of samples and is
therefore a popular tool to investigate irradiation damage in solids.
Several microstructural and chemical characterisation methods
such as transmission electron microscopy (TEM), atom probe
tomography (APT) and positron annihilation spectroscopy (PAS),
require volumes of material which are inherently small relative
to ion irradiated surface layers which are typically a few microns
in thickness. Thus the limited irradiated volume produced by
implantation presents little or no additional challenges when using
these techniques. In contrast, there are few methods available for
the characterisation of mechanical properties from such small vol-
umes of material, and analyses regarding best practise and validity
of using these techniques for irradiated materials are scarce. There
have been several investigations which have used nanoindentation
as a means to measure the effects of ion irradiation on mechanical
properties [1–12]. The majority of investigations have been
conducted using a Berkovich tip geometry and include various
methods such as load–unload [1,2] and Continuous Stiffness
Measurement (CSM) [8–11]. Within all investigations there is a
lack of consistency or justification of indentation parameters used
and various methods for data interpretation; this makes cross-
comparison of such experiments difficult. Therefore there is a
requirement to understand and optimise nanoindentation tech-
niques specifically for the measurement of mechanical properties
of shallow ion irradiated layers.

The work described in this paper investigates and compares
several nanoindentation techniques available for the analysis of
an 800 nm damage layer of ion-irradiated Fe12%Cr alloy
implanted at the National Ion Beam Centre, Surrey UK. Data pro-
duced from a Continuous Stiffness Measurement (CSM) nanoin-
dentation technique with cube corner and Berkovich pyramidal
tips and a partial-unload technique with a spherical tip are
directly compared and critically evaluated. Micro-mechanical
techniques offer an alternative method for testing ion irradiated
layers; in comparison to nanoindentation, these methods are
more intensive on resources, time and expertise and are not
described here. Testing using several micro-cantilever techniques
on the same material have also been conducted and are reported
in Ref. [13] in this journal edition.
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Fig. 2. Cross-sectional TEM image of the damage layer produced in Fe12%Cr by Fe+
implantation at 2 MeV and 0.5 MeV (reproduced from Ref. [10]).
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2. Experimental details

2.1. Material and sample preparation

The material and irradiation details are identical to that
reported in [10], where full details have been given. Briefly, an
Fe12%Cr alloy was manufactured by Cambridge Metals Crystals
and Oxides (CMCO) with final cold rolling into sheet at a thickness
of approximately 1 mm. A sample was cut into a rectangle sample
of approximately 4 � 8 mm, and then annealed within an evacu-
ated sealed quartz silica tube at 830 ± 10 �C for 72 h to develop a
large equiaxed grain structure. A series of lapping stages using
SiC abrasive papers from FEPA P120 to P4000 grades was used to
produce a smooth surface with a thin layer of polishing damage.
Finally a chemo-mechanical polish with a colloidal silica suspen-
sion (0.05 lm) was used to provide a surface with minimal polish-
ing damage and of a quality suitable for electron backscattered
diffraction (EBSD). Grain diameters were determined by EBSD to
be in the range of 20–450 lm, with a mean grain size of 189 lm.
2.2. Ion implantation

The alloy was irradiated with Fe+ ions at 320 �C to an average
dose of 6.18 dpa (0–800 nm depth). Two implantation energies of
2 MeV and subsequently 0.5 MeV were used in an attempt to pro-
duce a uniform distribution of damage with depth. The ion beam
and environmental conditions for the implantation are shown in
Table 1. Calculations of damage with depth into the sample surface
are presented in Fig. 1, these were produced using the SRIM 2013
code [14] and a threshold displacement energy of 40 eV for iron
[15].

Fig. 2 shows a TEM cross-section of the radiation damage layer
at the sample surface (as reported in Ref. [10]). The micrograph
includes the protective Pt layer deposited in the FIB before foil
thinning, a region of dense dislocation loops forming the damage
layer and the underlying un-irradiated substrate. It is evident that
the visible damage extends to a depth no more than 600 nm at the
sample surface which is slightly less than that predicted by the
SRIM calculations. The sample clamp used during ion-irradiation
produced a sample with areas both exposed to and shielded from
the beam. The region of the sample exposed to the beam was
clearly visible in secondary electron images after implantation as
Table 1
Ion beam conditions at the Surrey Ion Beam Centre (UK).

Implantation energy 0.5 MeV 2 MeV
Implantation dose (ions/cm2) 1.5 � 1015 3 � 1015

Radiation damage (avg.) 6.18 dpa
Radiation damage (max.) 8.36 dpa

Fig. 1. Irradiation damage versus depth from the sample surface as calculated by
SRIM with a displacement energy of 40 eV for iron [15].
it was darker in contrast compared to the un-implanted region of
the sample. This enabled the FIB milling of marker lines which
were visible under an optical microscope, at the boundary between
implanted and un-implanted regions. This enabled mechanical
testing adjacent to the boundary of the implanted and un-
implanted regions within same grain and provided the advantage
of eliminating differences in observed mechanical properties due
to any anisotropy associated with crystallographic orientation, var-
iation in the quality of polishing and sample mounting conditions.

2.3. Nanoindentation techniques

For nanoindentation testing the alloy sample was mounted on
an aluminium stub using a thin layer of Crystalbond� resin. Three
diamond indenter tip geometries were used for comparison of
indentation response. These were a pyramidal cube corner tip with
a centreline to face angle of 34.3�, a pyramidal Berkovich tip with
centreline to face angle of 65.3� and a spherical tip with a nominal
radius of 10 lm. The geometry of pyramidal indenter tips are
described by an area function, A = f(hc), and were calibrated by
indentation of a reference fused silica sample with a known elastic
modulus of 72 GPa according to the methods described in Ref. [16].
The spherical indenter was calibrated using the multiple reference
material method [17].

Continuous Stiffness Method nanoindentation (CSM) [18] was
carried out with the pyramidal tips using an MTS NANO Indenter
XP fitted with the NANO CSM system (MTS NANO Oak Ridge
Tennessee, USA). A small sinusoidal oscillation in the load signal
measures stiffness dynamically during the indentation sequence
and the corresponding displacement signal is monitored. Contact
stiffness can be calculated by measuring the phase difference or
the amplitude of the displacement signal, accounting for the
response of the entire nanoindentation system by using a dynamic
model (as given in Ref. [16]).

The stiffness of the contact, dP/dh, has contributions from both
the sample (E) and the indenter tip (Ei). This is described as the
reduced modulus, (Er), which is calculated from the stiffness, S, of
the initial part of the unloading curve and the area of contact
between indentation tip and sample surface, A, by:

S ¼ dP
dh
¼ 2ffiffiffiffi

p
p Er

ffiffiffi
A
p

ð1Þ

where P is the indentation load on the surface and h is the indenta-
tion displacement into the surface. The sample modulus is therefore
calculated by correcting for tip deformation by:
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þ ð1� m2

i Þ
Ei

ð2Þ

where the elastic modulus, Ei, and Poisson’s ratio, mi, for a diamond
indenter are 1141 GPa and 0.07 respectively [16].

The calculation of hardness also requires knowledge of the con-
tact area and is defined as:

H ¼ P
A

ð3Þ

where contact area, A, is determined from the contact depth, hc, and
the calibrated area function of the indenter, A = f(hc).

Nanoindentation using the spherical indenter tip (R = 10 lm)
was conducted using a UMIS 2000 instrument (CSIRO, Lindfield,
NSW, Australia). This system directly measured the displacement
of the indenter column and the deflection of the springs applying
the load to the sample using two linear variable differential trans-
ducers (LVDT). A partial unloading technique was used, whereby
the shape of the unloading curve was calculated using Hertzian
contact mechanics for each load-partial unload data pair [19]. All
indentations were conducted with 60 load–partial unload
increments, with a partial unloading fraction of 75% of the total
increment load (Pi).

The depth of penetration, hi, of a sphere of radius, R, into an
elastic half space at a load, Pi, is defined as:

hi ¼
9

16

� �1
3 Pi

Er

� �2
3 1

R

� �1
3

ð4Þ

Er is the reduced modulus and can be used to find the sample elastic
modulus using the same equation as that for pyramidal tips.
Similarly, hardness is calculated using the same equation as that
for pyramidal tips, however the contact area is defined by the tip
radius which was calibrated as a function of indentation depth
using multiple references samples and according to the method
described in Ref. [17].

2.4. Atomic force imaging

In order to measure indentation sink-in or pile-up of material,
surface topography maps of deformed regions surrounding indents
were produced using atomic force microscopy (AFM) using a Park
Autoprobe CP-II AFM with a multitask head. The microscope was
fitted with a chip containing 3 beam-shaped cantilevers supplied
by Mikromasch (NSC35/AIBS). The sharp tip at the end of each can-
tilever has a radius of curvature at the apex of typically 10 nm.
Proprietary software (Veeco, now Bruker) was used to control the
microscope during imaging.

2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) specimen preparation
was carried out using a lift-out technique using a Zeiss Auriga dual
beam SEM-FIB; this method is described fully in Ref. [20]. This
technique enabled the production of cross-sectional specimens
which included deformed material surrounding indents within
both irradiated and un-irradiated regions of the sample. TEM imag-
ing was conducted with a Phillips CM20 microscope with an oper-
ating voltage of 200 kV.

3. Results and discussion

Important tip dependent parameters such as the size of the
plastic zone, stress distribution and contact area must be consid-
ered for the interpretation of results. This involves a number of
additional techniques for investigating material post indentation.
3.1. Plastic zone size

The volume of material which is deformed by elastic and plastic
processes is an important parameter in the interpretation of inden-
tation data and is particularly important for tests on thin films such
as ion-implanted layers. There have been several investigations
which model the distribution of stresses surrounding the indenter
tip [21] and which examine plastic deformation directly [22–24].
The latter consists of several methods such as AFM for the observa-
tion of the plastic zone size laterally at the sample surface and/or
FIB manufactured cross-sectional specimens for EBSD and TEM of
deformation beneath the indenter tip. The development of a plastic
zone surrounding a nano-scale indent is likely to be dependent on
several factors such as the material, crystal orientation, tip geom-
etry and indentation depth [22]. Therefore, the multiplication fac-
tors (ranging from 4 to 10) which relate indentation depth with the
plastic zone size [25,26] provide a somewhat simplified case and
are of limited value for systems where the thickness of a layer/
coating presents a significant limitation.

Cross-sectional TEM analysis of nanoindents produced with a
range of depths and loads were conducted to determine the size
and shape of the plastic zone surrounding the three different types
of indenter tip. For all tips, indents were produced within the same
grain to avoid differences in plasticity due to variations in crystal-
lographic orientation. For each region, the indents of increasing
depth were produced in a line so that a large foil containing
cross-sections of all the indents could be manufactured in the
FIB. Deformation below each pyramidal indent is produced by a flat
surface of the tip on right and a tip edge on the left. Cross-sections
of spherical indents were only produced in the irradiated material
due to the large indentation pop-in events in the un-irradiated
material. This indentation behaviour prevented plastic deforma-
tion occurring in the un-irradiated material at indentation depths
less than 150 nm, therefore a comparison with the irradiated mate-
rial was not possible.

Typical cross-sectional TEM images of both irradiated and un-
irradiated regions, showing the plastic zones surrounding indents
produced by the cube corner, Berkovich and spherical tips, is pre-
sented in Figs. 3–5 respectively.

At similar indentation depths the size of the plastic zone, obser-
vable by a network of dislocations, changes dramatically as a func-
tion of the tip depth–area ratio (the tip sharpness). For the
pyramidal tips, the plastic zone size in irradiated material is
suppressed in comparison to the un-irradiated material by the
presence of the damaged layer. This effect is reduced at larger
indentation depths where the plastic zone appears to penetrate
through the damage layer into the underlying un-irradiated mate-
rial. In all cases it is evident that the deformation has developed
into multiple regions, such that dislocations are formed into sepa-
rate lobes where plastic strain has been accommodated by favour-
able slip systems. This evolving and irregular shape of deformation
means that measurement of the plastic zone is difficult to define
for such small indentations in a single crystal. Here we define it
by a semi-circular area which includes all regions/lobes of dense
dislocations in the TEM micrographs in Figs. 3–5. Fig. 6 shows
the evolution of plastic zone radius with indenter depth for all
three tips in the irradiated and un-irradiated regions of the mate-
rial. Again, data for spherical indentation in the un-irradiated
material is missing due to large pop-in events and a fully elastic
indentation in the depth range of interest. The increase in plastic
zone size is close to linear for all three tips. The rate of increase
is very similar for both pyramidal tips, yet the growth of plastic
zone is far greater in for the spherical tip. The extent of the plastic
zone is indicated in Fig. 6, which suggests that the plastic zone
starts to extend beyond the irradiated layer at depths of �50 nm,
�100 nm and �200 nm for the spherical, Berkovich and cube



Fig. 3. Cross-sectional images through the centre of indents with depths from 100 to 250 nm produced by a cube corner tip in (a) un-irradiated and (b) irradiated regions of
the same grain in the Fe12%Cr sample.

Fig. 4. Cross-sectional images through the centre of indents with depths from 50 to 250 nm produced by a Berkovich tip in (a) un-irradiated and (b) irradiated regions of the
same grain in the Fe12%Cr sample (reproduced from Ref. [10]).

Fig. 5. Cross-sectional images through the centre of spherical indents produced in the irradiated region of the Fe12%Cr sample. Indents produced with loads from 2 to 10 mN
(with corresponding depths from 22 to 113 nm) produced by a spherical tip with nominal radius of 10 lm. The contact area under load has diameter 2a in each case.
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corner tips respectively. Despite this, the indentation response is
dominated by the irradiated layer to larger indent depths, due to
the large fraction of plastic zone remaining within the damage
layer.
3.2. Indentation sink-in and pile-up

Before cross-sectioning, AFM scanning and SEM imaging of the
indent impressions was conducted to investigate the evolution of



Fig. 6. Plastic zone radius as a function of indentation depth for irradiated (solid red
symbols) and un-irradiated (open blue symbols) for the spherical (circle), Berkovich
(triangle) and cube corner (square) indenter tip geometries. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. AFM tomography of a 200 nm depth indent with a cube corner tip in an irradiated
from line profile (b).

Fig. 8. AFM line profile through pile-up lobes of indentations of depths from 50 to 250
height and alignment with flat surface of indenter tip on the right in each case.
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sink-in or pile-up with indentation depth. Both sink-in and pile-up
of material surrounding the indenter tip influence the actual con-
tact area and can cause errors and/or artefacts in mechanical prop-
erty measurements which are determined from the calculated
contact area using the measured displacements and a calibrated
tip area function.

The extent of sink-in or pile-up is closely related to the proxim-
ity of the plastic deformation in relation to the indenter tip. For
indents in bulk materials, this behaviour is dependent on the ratio
of elastic modulus to yield stress, E/ryield, and the work hardening
coefficient, n, of the material (where r = Kn) [27,28]. In addition,
pile-up/sink-in can be more prominent in indentation tests which
include a thin coating on an underlying substrate [25]. Plastic
deformation may take place in the substrate (away from the tip)
for indentation in hard coatings on a soft substrate or adjacent to
the tip for indentation in a soft coating on a hard substrate [29].
Thus, the substrate beneath thin damage layers produced by ion-
implantation may influence the sink-in/pile-up behaviour during
indentation. Differences in sink-in/pile-up properties between irra-
diated and un-irradiated materials may obscure the observation of
irradiation-induced changes in mechanical properties.
region of Fe12%Cr shown in 2D with line profile marker and 3D (a) and height data

nm produced by both Berkovich and cube corner tips. Profiles corrected for surface
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The surface topography surrounding each indent was observed
by AFM to investigate the evolution of pile-up with indentation
depth. A typical 3D image of the surface topography surrounding
a cube corner indent is given in Fig. 7a, which clearly shows the
pile-up morphology corresponding to the three flat surfaces of
the indenter tip. Line profiles were taken through the centre of
each indent; a typical example of surface data from each line pro-
file is shown in Fig. 7b. For pyramidal tip indentations, the position
of the line profiles (as indicated in Fig. 7a) provided surface height
data through an apex of the indentation (where two flat surfaces of
the tip meet) and through the flat edge of the indentation with
adjacent pile-up lobe. AFM data showing pile-up lobe sizes for
indentation depths of 50–250 nm produced by both pyramidal tips
are shown in Fig. 8.

All indents produced by the pyramidal tips produced pile-up
adjacent to the flat edges of the indenter tip and pile-up extended
to greater heights in the irradiated material. Fig. 9 shows line pro-
files taken through the deepest point in the residual impressions
produced by spherical indentation in the irradiated material. In
Fig. 9. AFM line traces through deepest pixel of indentation for indents produced
by a spherical tip (nominal radius 10 lm) at loads of 50 mN, 35 mN, 15 mN, 10 mN
and 5 mN (corresponding indentation depth in brackets).

Fig. 10. SEM images showing corner-to-corner measurement (Acc) of contact area (red da
and Berkovich (b) indents in irradiated and un-irradiated regions of the same grain. (For in
the web version of this article.)
contrast to indentations produced by the pyramidal tips, sink-in
was observed for indentations produced at low loads and pile-up
only developed once the indent had reached a load of 50 mN.

For the spherical tip, the actual contact area was calculated by
defining a new contact radius, a, identified by the point of inflec-
tion in the AFM profiles [30]. Measuring the contact area by the
AFM line profiles for the pyramidal tips was attempted according
to a method proposed by Kese et al. [31]. This approach assumed
that the additional contact area was in the form of a semi-ellipse
with a chord length equal to the flat edge of the indentation
impression and a segment height equal to width measurements
of the pile-up in contact with the tip. SEM images of the Berkovich
and cube corner indents in the un-irradiated and irradiated mate-
rial are shown in Fig. 10. These images show that the semi-ellipse
assumption cannot be used for small, single crystal indents due to
in-homogeneous plastic deformation and pile-up behaviour. The
actual contact area accounting for the pile-up was evaluated by
the direct measurement of area using SEM imaging as shown in
Fig. 10, in a similar method to that proposed by Tsui and Pharr [29].

Fig. 11 shows the ratio of actual contact area to the corner-to-
corner measurement of contact area (no pile-up) for the pyramidal
tips, and actual contact area to depth-sensing measurements for
the spherical indents with increasing depth; this ratio represents
sink-in for values <1 and pile-up for values >1. Data are shown
for both irradiated and un-irradiated regions of the sample apart
from the spherical indentations where indent impressions were
limited to depths >150 nm due to large pop-in events in the un-
irradiated material.

The additional contact area due to pile-up (Aactual/Acc) surround-
ing the pyramidal tips was significant. For both pyramidal tips,
Aactual/Acc in the un-irradiated material decreases as the indenta-
tion depth increases. For indentation depths from 50 to 250 nm,
Aactual/Acc produced by the cube corner and Berkovich tips range
from �60% to 20% and �30% to 10%. For the cube corner tip, Aactual/
Acc in the irradiated material increases from >30% to >60% over the
shed) and actual (Aactual) contact area (white solid) for 250 nm deep cube corner (a)
terpretation of the references to colour in this figure legend, the reader is referred to



Fig. 11. Ratio of actual contact area (Aactual) to the corner-to-corner (Acc) measure-
ment (Aactual/Acc) of indentations produced by the cube corner and Berkovich tips in
the irradiated (red solid) and un-irradiated (blue open) material. Acc is replaced
with the depth-sensing calculation (Aactual/Adepth-sensing) for indentations produced
by the spherical tip. Data are plotted against indentation depth (nm) for all tips. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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same depth range. Similarly, Aactual/Acc for the Berkovich tip
increases with indentation depth to a depth between 50 and
200 nm and then decreases dramatically. For spherical indents,
the material surrounding the indenter tip exhibited sink-in (Aactual/
Acc < 0), which increased with indentation depth.

The variation in contact area produced by pile-up/sink-in will
cause an error of E/(Aactual/Acc)1/2 in elastic modulus and H/(Aactual/
Acc) in hardness. The next section will assess the effect of pile-up
and sink-in in the mechanical property measurements produced
using the depth sensing technique.

3.3. Indentation data

Fig. 12 shows nanoindentation data produced by using the cube
corner, Berkovich and spherical tips. For each tip arrays of indents
were produced in the un-irradiated and irradiated regions of the
same grain. The indentation data presented for the pyramidal tips
is an average of �8 indents and error bars plot the standard devi-
ation. Due to the ‘pop-in’ nature of the spherical indents (discussed
below), the data presented for the spherical tip is from a single
indent. The total indentation depth (ht) was controlled to be
2000 nm for the pyramidal tips, which produced maximum loads
(Pt) of 25 mN for cube corner indents and 138 mN for Berkovich
indents. Spherical indentation (using the UMIS 2000 instrument)
was conducted under a load-control method with a maximum load
(Pt) of 35 mN; for indents which exhibited plastic deformation, this
produced an indentation depth (ht) of approximately 400 nm.

For all three tips, the indentation load at a given indentation
depth was higher in the irradiated material; this translates to a
higher hardness measurement, which tends towards that of the
un-irradiated material as the indentation depth increases. The
spherical indentation in the un-irradiated material exhibited large
elastic stresses and in the majority of cases the indentation
response remained entirely elastic up to 35 mN (shown in
Fig. 12g); at this load the indentation depth was �150 nm produc-
ing a mean pressure (Pm) of up to 7.8 GPa beneath the indenter tip.

For both pyramidal tips, the elastic modulus appears to be
higher in the irradiated material; but as shown in Fig. 14 and dis-
cussed in a later section, this is entirely accounted for when using
the data with the actual contact area which corrects the data for
contributions from pile-up. The elastic modulus measured with
the Berkovich tip decreases with indentation depth, which is likely
to be caused by poor compliance in the sample mounting method
(Crystalbond�) which decreases the apparent contact stiffness at
the high loads produced with the Berkovich geometry (138 mN).
3.3.1. Indentation pop-in
The elastic–plastic transition behaviour of indents produced by

all three indenter tips can be observed in the load–depth data at
low indentation depths in Fig. 13. In every case, the irradiated
material exhibited a smooth transition from elastic to plastic defor-
mation. In the un-irradiated material, the initiation of plastic
deformation can be identified by a number of discrete jumps in
the tip displacement known as pop-in events; these are produced
by the nucleation of the first dislocations, relieving strain beneath
the tip [32]. At very early indentation depths (before the first pop-
in), all three tips are essentially spherical in shape due to blunting
of the pyramidal tips and the load–depth data exhibit Hertzian
contact behaviour (as plotted for the spherical tip in Figs. 12 and
13). The magnitude of the pop-ins are similar for the two pyrami-
dal tips, however the smallest jump in tip displacement in the data
produced by the spherical tip was significantly larger (from 58 nm
to 151 nm).
3.3.2. Elastic modulus
As shown in Fig. 14 the apparent elastic modulus calculated by

depth sensing data produced by both pyramidal tips is larger for
the irradiated material. This is accounted for entirely when recal-
culating the same indent data with SEM measurements of the
actual contact area (Section 3.2). The additional area produced by
pile-up (Aactual/Acc) increases the apparent elastic modulus by
approximately 10–30%. The elastic modulus measured with the
spherical tip decreases with increasing load; this is entirely
accounted for by the sink-in of material identified by area correc-
tions from the AFM measurements discussed in Section 3.2.
Sink-in decreases the apparent elastic modulus by �30% at the
highest load (35 mN). Elastic modulus data from an indent which
remained entirely elastic in the un-irradiated region are also plot-
ted in Fig. 14. The elastic response of this indent is not affected by
plastic sink-in and should therefore remain independent of depth.
In contrast to the un-irradiated data which was in an elastic–
plastic regime at a depth greater than 51 nm, the measured elastic
modulus remains close to the corrected value of 190 GPa
(±2.7 GPa). Data from fully elastic indents are subject to noise at



Fig. 12. Load on sample, hardness and elastic modulus indentation data for un-irradiated (blue) and irradiated (red) regions of Fe 12%Cr, produced by cube corner, Berkovich
and spherical tips. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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indentation depths below 50 nm and the total indentation depth is
limited due to reaching the maximum load of 35 mN.

3.3.3. Hardness
Fig. 15 shows the hardness measurements from the raw CSM

data of a typical indent (for pyramidal tips), depth-sensing data
taken at Pmax for the indents with increasing depth and values cor-
rected for the actual contact area accounting for pile-up/sink-in
(Section 3.2). In comparison to the corrected measurements, values
for hardness using the depth sensing method were up to 41%
higher for the cube corner tip, 84% higher for the Berkovich tip
and 19% lower for the spherical tip. The corrected hardness values
from 50 to 250 nm produced an irradiation hardening (DH) of
�0.25 GPa for cube corner data and �0.6 GPa for Berkovich data.
A value of irradiation hardening could not be directly calculated
from the data produced by the spherical tip, due to the lack of plas-
tic data until after pop-in at depths of approximately 151 nm. The
same indentation depth in the irradiated region corresponds to a
plastic zone which has expanded well beyond the damage layer
into the underlying un-irradiated material.

3.4. Comparison of nanoindentation techniques

A primary concern when using nanoindentation for mechanical
property measurements of thin surface layers such as ion-
implanted surfaces is the range of indentation depth which pro-
duce representative mechanical property data of the material
within the layer. For the measurement of the �800 nm thick irra-
diated layer discussed here, the useful indentation depth range is
limited due to high levels of noise at smaller depths and contribu-
tion from the underlying un-irradiated substrate at larger depths.
Table 2 provides the corrected and un-corrected mechanical prop-
erty data for the un-irradiated and irradiated material tested with
all tips and both techniques used. The cross-sectional TEM analysis
for all tips has enabled the measurement of plastic zone size with
increasing indentation depth and has provided the information
required for defining a depth range for all tip geometries.

A significant limitation in the use of the spherical tip at smaller
depths is set by the prominent pop-in events in the un-irradiated
material, which prevent the measurement of plastic properties at
depths less than at least 150 nm.

As described in Section 3.1 the expansion of the plastic zone is
suppressed by the radiation damage in the irradiated layer. This
correlates well with the observations of larger pile-up surrounding
the pyramidal tips in Section 3.2, where deformation is constrained
closer to the tip compared to the un-irradiated material (Fig. 8). As
the indentation depth increases the plastic zone extends beyond
the damage layer and the hardness tends towards that of the un-
irradiated material (Fig. 12). A large fraction of the plastic zone
beneath the Berkovich indentation extends beyond the damage
layer at a depth of approximately 200 nm. This is also indicated
by the relative drop in the pile-up from 200 to 250 nm shown in
Fig. 11. The hardness measured in the irradiated material with
the Berkovich tip tends towards the un-irradiated value at smaller
depths compared to measurements for the cube corner tip. This
may be caused by a combination of significant pile-up surrounding
the cube corner with increasing depth and a smaller plastic zone in
the irradiated material. Due to the large pop-in events, hardness
data produced by the spherical tip are limited; however there is
only a small difference in hardness between the un-irradiated



Fig. 13. Typical load–depth data produced with indentation with the cube corner,
Berkovich and spherical tips into un-irradiated (blue line) and irradiated (red line)
material; black arrows indicate pop-in events in the un-irradiated material. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 14. Elastic modulus data produced with indentation by the cube corner,
Berkovich and spherical tips into un-irradiated (blue) and irradiated (red) material.
Original data plotted against data corrected for pile-up (pyramidal tips) and sink-in
(spherical tip). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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and irradiated material (0.22 GPa) evident after the pop-in event at
an indentation depth of 150 nm. As shown in Fig. 5, the plastic
zone has extended well beyond the damage layer at spherical
indentation depths greater than �100 nm.

Pharr et al. [33] have shown that there are three potential
sources of error in the measurement of mechanical properties
using the CSM method at indentation depths <100 nm:

i. During CSM measurements, the NanoXP system records the
mean load rather than the peak load. At low indentation
depths, the oscillation in tip displacement can cause a rela-
tively large oscillation in the load resulting in a lower mean
load compared to the peak load.

ii. As described in Section 2.3 the contact stiffness is calculated
from the amplitude of the load and displacement signals
(DP/Dh). This assumes that the unloading load–displace-
ment curve is linear within the range of oscillation; however
at low indentation depths the large oscillation in load may
exhibit curvature in the unloading curve.
iii. At low indentation depths, the indenter tip and surface may
not be in full contact throughout the entire displacement
range of oscillation.

All three points above may result in a lower measured stiffness
at low indentation depths. As shown in the raw data in Fig. 14, both
pyramidal tips produced low elastic modulus measurements com-
pared to standard Fe measurements, which increased with depth
up to a consistent value at �50–100 nm. This happens in both
un-irradiated and irradiated material, thus cannot be caused by a
reduction in stiffness associated with the pop-in events exhibited
in the un-irradiated material.

The value of load over stiffness squared (P/S2) is a useful inden-
tation parameter as it is independent of indentation depth and
contact area, provided elastic modulus and hardness do not vary
with indentation depth [18]. Therefore, the plot of P/S2 versus
depth can be used for the identification of potential sources of
error in nanoindentation data. Fig. 16 shows P/S2 versus depth
for indentation data produced in the un-irradiated region of the



Fig. 15. Hardness data produced by indentation with the cube corner, Berkovich
and spherical tips into un-irradiated (blue) and irradiated (red) material. Original
data plotted against data corrected for pile-up (pyramidal tips) and sink-in
(spherical tip). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 2
Mechanical property data uncorrected and corrected for pile-up for all three indentation
200 nm for Berkovich tips. Data taken at �5 mN (52 nm) for spherical indentation.

Hardness Un-irradiated

Hardness (GPa

Corrected Cube corner (100–250 nm) 1.5
Berkovich (50–200 nm) 1.31
Spherical (5 mN/52 nm) Fully elastic

Uncorrected Cube corner (100–250 nm) 1.9
Berkovich (50–200 nm) 1.88
Spherical (5 mN/52 nm) Fully elastic

Elastic modulus Elastic modulu

Corrected Cube corner (100–250 nm) 152
Berkovich (50–200 nm) 158
Spherical (5 mN/52 nm)

Uncorrected Cube corner (100–250 nm) 173
Berkovich (50–200 nm) 193
Spherical (5 mN/52 nm) 192

Fig. 16. Plots of load over stiffness squared versus indentation depth for indenta-
tions in the un-irradiated region of the same grain, produced by the cube corner
(red), Berkovich (blue) and spherical (black) tips. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 17. Ratio of load oscillation to total load (Pos/Pt) for cube corner (red) and
Berkovich (blue) tips. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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same grain in the Fe12%Cr sample. The spherical indentation data
was not produced by a CSM method and the values for P/S2, shown
in Fig. 16 for comparison, are constant for the data available in the
depth range of 151–400 nm. The pyramidal tips exhibit higher val-
ues of P/S2 at smaller indentation depths, which appear to stabilise
at a depth of �150–200 nm for the cube corner tip and �50–75 nm
for the Berkovich tip. At low depths, higher values of P/S2 may be
caused by a reduction in stiffness as a result of (ii) and (iii)
described above. From Eqs. (1) and (3), Pt = f(A) and S ¼ f ðA

1
2Þ, thus
methods. Data averaged over a depth range of 100–250 nm for cube corner and 50–

Irradiated

) SD Hardness (GPa) SD

0.04 1.72 0.08
0.15 1.9 0.15

1.8
0.12 2.28 0.14
0.11 3.03 0.08

1.72

s (GPa) SD Elastic modulus (GPa) SD

11 157 6
18 160 16

190 –
6 185 8
11 210 13
– 209 –
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the resulting load oscillation as a fraction of total load (Pos/Pt) pro-
duced by the displacement oscillation (h(x)) of 2 nm decreases as
indentation depth increases. Without knowledge of the exact tip
shape for the first few tens of nanometres of indentation depth it
is unclear how the effect of (ii) and (iii) would differ between the
two pyramidal tips. As shown in Fig. 17, the ratio of load oscillation
to total load (Pos/Pt) does not differ substantially between the two
tips at low depths due to similar levels of blunting. For both tips,
the value of (Pos/Pt) is greater than 1 for depths up to 30–40 nm.
It is likely that the tip is not in full contact at these indentation
depths and may produce errors in the value of P/S2 up to approxi-
mately 50 nm.

The depth range where Pos/Pt > 1 cannot explain the decrease in
the value of P/S2 with depth produced by the cube corner tip. The
non-linear behaviour may be caused by an indentation size effect
(ISE) [34], which is likely to be more prominent in the data pro-
duced by the cube corner tip. The size of the plastic zone with
indentation depth (Fig. 6) is smaller than that produced by the
Berkovich and spherical tips and hardness data produced by the
cube corner (Fig. 15) indicates that an ISE exists. For steel, values
of hardness are commonly related to flow stress by diving by
3.03 [35], yet even with this reduction factor it is clear that all of
the nanoindentation results reported here are affected by an ISE
[34]. Because this affect is not well understood, the mechanical
property data produced by nanoindentation is limited to relative
comparison between irradiation conditions and materials, and pro-
vides little information on the macroscopic properties of the mate-
rial. Despite identifying similar trends, the several methods which
exist all have compromising characteristics which affect the abso-
lute and relative values in the results.

4. Conclusion

Nanoindentation offers a relatively simple means to produce
consistent, statistically rich mechanical property data in shallow
ion irradiated layers. In the present study nanoindentation has suc-
cessfully measured the effect of ion-irradiation on the mechanical
properties of an Fe12%Cr alloy, however the magnitude of irradia-
tion-induced changes in mechanical properties is dependent on the
indentation technique and tip geometry used.

Indentation with the cube corner tip provides the advantage of
the smallest plastic zone for thin surface layers, however the differ-
ence in pile-up between the irradiated and un-irradiated material
produces significant errors in the observed irradiation hardening
if an area function, rather than direct contact area measurement
is used. The Berkovich tip provides a good compromise between
small pop-in events and exhibits moderate pile-up with a small
plastic zone size. Thus, data produced by indentation with a
Berkovich tip at depths 50–200 nm has been used here. Observable
by an apparent increase in elastic modulus, pile-up also produces
larger apparent irradiation hardening. This pile-up is caused by
the restricted growth of the plastic zone in the damage layer;
therefore indentation data which are uncorrected for pile-up are
considered a measure of both irradiation hardening and irradia-
tion-induced indentation pile-up.

Unfortunately, the prominent pop-in events produced by the
spherical tip in the present investigation prevented a direct com-
parison between un-irradiated and irradiated material and may
well present similar problems in other materials. Unlike the pyra-
midal tips, the geometry of the sphere results in the increase of
strain from zero upwards analogous to conventional tensile
testing. In cases where larger volumes of material are available,
spherical indentation may offer the ability to provide mechanical
property (stress–strain) data which provides more information
regarding the deformation characteristics of the material and has
greater engineering relevance. Moreover, indentation with multi-
ple tip radii may provide an opportunity to measure the effect of
test scale, which is inherent in the majority of small scale testing
on irradiated materials and may therefore indicate mechanical
properties at the macro-scale.
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