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Abstract This paper discusses applications of spherical nanoindentation
stress-strain curves in characterizing the local mechanical behavior of materials with
modified surfaces. Using ion-irradiated tungsten as a specific example, this paper
demonstrates that a simple variation of the indenter size (radius) can identify the
depth of the radiation-induced-damage zone, as well as quantify the behavior of the
damaged zone itself. Using corresponding local structure information from electron
backscatter diffraction (EBSD) and transmission electron microscopy (TEM) we
look at (a) the elastic response, elasto-plastic transition, and onset of plasticity in
ion-irradiated tungsten, zirconium and 304 stainless steel under indentation, and
compare their relative mechanical behavior to the unirradiated state, (b) correlating
these changes to the different grain orientations as a function of (c) irradiation from
different sources (such as He, W, and He+W for tungsten samples).
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Introduction

Ion beam irradiation is a novel technique to impart large amounts of irradiation
damage (several dpa or more without activating the entire volume of material) in
relatively short time spans of hours or days that would require months or years to
achieve in reactor conditions [1–4]. Ion beam irradiation facilities can currently
irradiate materials to high dpas at prototypic reactor temperatures to emulate radiation
effects in different reactor conditions. However, the volume of irradiated material is
limited by the beam energy to depths of fractions of a micron to several microns,
making the investigation of bulk mechanical properties unachievable. The lack of
validated methods to characterize the changes in the local anisotropic elastic-plastic
properties of the microscale constituents and interfaces in ion-irradiated material
volume is a major impediment to attaining a deeper physics-based understanding of
the effects of irradiation on the material microstructure and its associated mechanical
properties. In this paper, we present a novel indentation approach,which together with
the corresponding local structure information obtained from electron back-scattered
diffraction (EBSD) and transmission electron microscopy (TEM), allows us to probe
nanoscale surface modifications caused by irradiation in solid materials and quantify
the resulting changes in its mechanical response.

Among the experimental techniques available at these length scales, nanoin-
dentation, with its high resolution load and depth sensing capabilities, shows the
greatest promise due to its non-destructive nature, ease of experimentation (only a
polished surface prior to ion irradiation is needed) and versatility [1, 2, 5–7]. In
particular, using spherical indenters, our recent work [8–10] has demonstrated the
feasibility of transforming the raw load-displacement data into meaningful inden-
tation stress-strain curves. These indentation data analysis methods have success-
fully captured the local loading and unloading elastic moduli, the local indentation
yield strengths, and certain aspects of post-yield strain hardening behavior in var-
ious polycrystalline metal samples [11]. More specifically, the use of these
indentation stress-strain curves makes it possible to analyze the initial loading
segments of spherical indentation before the indentation itself imposes additional
local plastic deformation and alters the local microstructure and its properties.
Coupling the mechanical data obtained from nanoindentation with the structure
information obtained from EBSD has also provided new insights into the local
elastic-plastic properties of interest [10, 12, 13]. This has enabled the measurement
of the local indentation yield strengths in individual grains of deformed polycrys-
talline metallic samples [14–16], and across their grain boundaries [17], which in
turn can be related to percentage increases in the local slip resistances from their
fully annealed conditions. In this paper, these methods are applied to indentations
on ion-irradiated metallic materials, and their relative mechanical behavior is
compared to the unirradiated state. These questions will be answered by system-
atically characterizing He, W, and He plus W (He+W) ion irradiated polycrystalline
tungsten through spherical nanoindentation of single grains and careful EBSD and
TEM of the irradiated layer.
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Experimental Details

The ion-radiation experiments were conducted on polycrystalline (grain size range
25–50 µm, see Fig. 1) samples of annealed (at 1500 °C for 3 days) and
electro-polished (using a chilled sodium hydroxide solution at 8 V for 1 min [18,
19]) tungsten. The choice of tungsten was motivated due to its potential use as a
fusion reactor first wall material and due to the isotropy of its elastic response at the
single crystal level.

Figure 1a shows the four regions of a single polycrystalline tungsten sample
which were created by masking and subsequent ion beam irradiation. The annealed
(electro-polished) condition was characterized prior to ion beam irradiation; how-
ever, it also exists in one of the quadrants in the final sample for future charac-
terization. Helium implantation was performed first, followed by W-ion irradiation
creating regions with just He and just W irradiation and one region with both He
and W (first He and then W, He+W) irradiation. Room temperature helium ion
implantation and tungsten ion irradiation were performed on a Danfysik Research
Implanter at the Ion Beam Materials Laboratory (IBML) at Los Alamos National
Laboratory (LANL). Multiple voltages and fluences were used to create a box-like
profile of displacement damage of 0.5 dpa and He concentration of *1.5 at.%
starting from the highest energy: 200 keV at 2.0E16 ions cm−2, 150 keV at 4.0E15
ions cm−2, 100 keV at 8.0E15 ions cm−2, and 50 keV at 7.2E15 ions cm−2. As a
result, the He concentration in W was estimated to be about 0.92 atomic% between
150 nm and about 450 nm below the surface using SRIM (Stopping and Range of
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Fig. 1 a Four quadrants of a polycrystalline tungsten sample which represent four different
sample conditions: unirradiated (electro-polished), He ion irradiated, W ion irradiated, and He
followed by W (He+W) ion irradiated. b EBSD image quality map with superimposed grain
coloring using the inverse pole figure (IPF, shown in inset) scheme. c SRIM calculated damage
profiles for W-ions and He-ions showing the close match between irradiation experiments
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Ions in Matter) Monte Carlo code [20]. The same box-like profile of displacement
damage of 0.5 dpa was created for W-irradiation starting from the highest energy:
1.5 meV at 1.3 ion cm−2 and 5 meV at 6.2E13 ions cm−2. The SRIM [21] calcu-
lated profiles are shown in Fig. 1c.

Nanoindentation was carried out using the Agilent XP® system maintained and
operated by the Center for Integrated Nanotechnologies (CINT) at LANL, Los
Alamos, NM, USA, and equipped with the Continuous Stiffness Measurement
(CSM) option. Three different spherical diamond tips with radii of Ri = 1, 10, and
100 µm, respectively, were used in this study. As discussed later, the different radii
of the indenters allow us to explore the influence of indentation zone length scales
on the measurements. Multiple indentations (>20) were performed on each sample
for each indenter size. The exact indent locations on the sample were verified using
a combination of post-indentation EBSD [FEI XL30 Environmental Scanning
Electron Microscope (ESEM)], SEM and/or optical micrography. Only indents
located in the center of the grains, well away from any interfaces, were considered
in the final analysis; indents that landed close to the grain boundaries were ignored.

TEM (FEI Tecnai F30) was used to observe and quantify the defects in the
irradiated layer. Figure 2 shows representative TEM micrographs of the dislocation
loops and He bubbles in the irradiated layer for He+W. The depth of damage goes
to approximately 800 nm; the uniform damaged region is between 200 and 700 nm,
and the He bubbles end at a depth of about 500 nm. This is slightly deeper than the
SRIM calculated profiles in Fig. 1c. In the uniformly damaged region, the helium
bubble density and size determined in the underfocus imaging condition [22] was
about 8.5 � 1023 m−3 and about 1.1 nm for He implanted tungsten (He) and about

(a) (b)

Fig. 2 TEM micrographs on He implanted and W irradiated W. a Showing the distribution of
dislocation loops across the damaged region. The uniform damaged region is a depth between
200-700 nm. b He bubbles are visible in the under focused image. He bubbles end at a depth of *
500 nm
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9.1 � 1023 m−3 and about 1.1 nm for He implanted and W irradiated tungsten (He
+W). The average dislocation loop density and size was determined to be about
3 � 1023 m−3 and about 3 nm on the He+W region. The dislocation loop mea-
surements are expected to also be representative of the W irradiated tungsten
region.

Spherical Indentation Stress-Strain (ISS) Curves

The ability to produce indentation stress-strain curves has generally been more
successful with spherical indenters [23, 24], where the relatively smoother stress
fields (compared to sharper indenters [25, 26]) allow one to follow the evolution of
the mechanical response in the material, from initial elasticity to the initiation of
plasticity to post-yield behavior at finite plastic strains. The data analysis protocols
used to convert the recorded load-displacement data to indentation stress-strain
(ISS) curves can be summarized as a two-step procedure (see Refs. [8, 10] for
details). The first step in the analysis process is an accurate estimation of the point
of effective initial contact in the given data set, i.e., a clear identification of a
zero-point that makes the measurements in the initial elastic loading segment
consistent with the predictions of Hertz’s theory [27–29]:

S ¼ 3P
2he

¼ 3 ~P� P�� �

2 ~he � h�
� � ð1Þ

where ~P, ~he, and S are the measured load signal, the measured displacement signal,
and the continuous stiffness measurement (CSM) signal in the initial elastic loading
segment from the machine, respectively, and P� and h� denote the values of the load
and displacement values at the point of effective initial contact. Rearrangement of
Eq. (1) reveals that a plot of ~P� 2

3 S
~he against S will produce a linear relationship

whose slope is equal to � 2
3 h

� and the y-intercept is equal to P�. Therefore, a linear
regression analysis can then be performed to identify the point of the effective initial
contact (P� and h�) very accurately.

In the second step, the values of indentation stress and indentation strain can be
calculated by recasting Hertz theory for frictionless, elastic, spherical indentation as

rind ¼ Eeff eind ; rind ¼ P
pa2

; eind ¼ 4
3p

he
a
� he

2:4a
;

a ¼ S
2Eeff

;
1
Eeff

¼ 1� m2s
Es

þ 1� m2i
Ei

;
1
Reff

¼ 1
Ri

þ 1
Rs

ð2Þ

where rind and eind are the indentation stress and indentation strain, a is the radius of
the contact boundary at the indentation load P, he is the elastic indentation depth,
S (=dP/dhe) is the elastic stiffness described earlier, Reff and Eeff are the effective
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radius and the effective stiffness of the indenter and the specimen system, m and
E are the Poisson’s ratio and the Young’s modulus, and the subscripts s and i refer
to the specimen and the indenter, respectively.

The use of spherical indenters also presents an important opportunity to sys-
tematically study responses at different material volumetric or length scales by
simply varying the indenter radii. This concept has been explored by various
research groups including the authors [10, 30] and teams from Drexel University
[23, 31], Oak Ridge National Laboratory [32–34] and others [35], and is briefly
described below. Since Eqs. 1 and 2 analyze the initial loading segments of the
indentation datasets, we can systematically vary the indentation zone sizes at yield
(i.e., at the point where the indentation zone is dominated by plastic yielding,
Fig. 3a) in the range of 100 nm to >30 µm by using a range of indenter tip radii.
This is depicted in the table in Fig. 3d, which shows the approximate indentation
depth (ht) and the corresponding contact radius (a) and the depth of the indentation
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Fig. 3 a Schematic of spherical indentation showing the idealized primary zone of indentation.
b Logarithmic strain field (along the indentation direction) for a spherical indenter in the
indentation zone (*2.4a, where a is the contact radius) close to the indentation yield [36]. Both
the contact radius a, and hence the volume probed by indentation, can be controlled with a proper
choice of indenter radii. This approach is thus ideally suited for measuring any mechanical changes
in the modified material surface layers, such as probing the c damage caused by He irradiation on a
tungsten sample. d Table showing indentation depth (ht), contact radius (a) and indentation zone
size (*2.4a) at yield for W using 4 different indenter radii. *For the 1000 µm radius indenter, the
response was all elastic up to h *200 nm (instrument limit). Figure adapted from Ref [54]
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zone (which scales as 2.4a [8]) at yield in annealed tungsten for five different
indenter radii. This table illustrates the need for a proper choice of the indenter size
in order to closely correspond the volume probed by nanoindentation (Fig. 3b [36])
to the depth of He radiation-damaged region (Fig. 3c). The use of three different
sized indenter radii (Ri = 1, 10, and 100 µm, see Figs. 1 and 3d) can also reveal
some of the salient features of the inherent heterogeneity expected in the sample (in
the depth direction). Furthermore, the ability to make a large number of measure-
ments on a given sample surface also has the potential to provide quantitative
information on the variance of properties in the irradiated layer.

Results and Discussion

Indentation Stress-Strain Response of Annealed Versus
He-Irradiated Tungsten

Figure 4 demonstrates the capability of spherical nanoindentation in reliably
characterizing the grain-scale heterogeneities present in metallic materials. Since
the length scales in our spherical nanoindentations are much smaller than the typical
grain sizes of 25–50 µm in our tungsten sample, the local lattice orientation(s) at
the indentation site (measured using EBSD) are expected to strongly influence the
elastic-plastic properties of the indents (see Fig. 4a) [14, 37, 38]. In order to suc-
cessfully study the effects of radiation damage on the indentation behavior, we need
to first decouple the effects of orientation from the effects of the increased defect
density caused by irradiation.

Figures 4b, c show the comparison of the indentation load-displacement and
indentation stress-strain responses respectively for grains whose surface normals
were very close (within 6°) to [100] directions. These grains were purposely
selected to avoid the need to correct for the effect of the lattice orientation at the
indentation site in comparing the different measurements presented in these plots.
Of particular interest in the tests on the annealed sample is the occurrence of
‘pop-in’ events, which are seen as sudden excursions in indentation depth in Fig. 4b
and as indentation strain bursts in Fig. 4c. Pop-ins are known to act as a trigger for
the onset of plastic deformation [33–35], with the stresses under the indenter
reaching extremely high values (approaching the theoretical shear strength of the
material) before the pop-in event. Their cause has been generally attributed to the
difficulty of activating potent dislocation sources (e.g., Frank-Read sources) [34,
39] in the very small indentation zones (typically much smaller than the length
scales associated with dislocation spacing or dislocation cell size) in these exper-
iments [40]. This physical explanation is consistent with the observations that the
pop-ins occur most readily in indentation experiments on annealed samples which
have very low defect density [41, 42]. Their propensity should decrease with
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Fig. 4 a Causes for the change in Yind. In annealed electro-polished tungsten, the defect density is
low across all grains. Here Yind varies from one grain to another mainly due to the differences in
the activities of the different slip systems in the different grains and their orientation with the
indentation direction. Upon ion-irradiation, the metal surface is modified by a damaged layer,
which causes a change in its mechanical response as compared to the bulk of the sample. The Yind
in irradiated samples therefore depends on both the grain orientation and the interaction of the
indentation zone with the radiation damaged layer at the indentation site Typical
b load-displacement and c indentation stress-strain responses for a near (001) grain in annealed
electro-polished tungsten using 3 different indenter sizes of radii 1, 10 and 100 µm before and after
He irradiation. Figure adapted from Ref [54]
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increasing indentation zone size [10, 33, 43, 44], which increases the likelihood of
encountering dislocation sources within the indentation zone. Consistent with this
assertion, the very small indenter tip radii of Ri = 1 µm shows the largest inden-
tation strain burst in Fig. 4c, with the burst size decreasing for the larger indenter
size of Ri = 10 µm, while the pop-in completely disappears for the largest
Ri = 100 µm indenter size [45, 46]. Also, as seen from Fig. 4c, the indentation
stress-strain plots with initial pop-ins often exhibit a large discontinuity. This makes
it difficult to accurately estimate Yind from such a plot. It then becomes necessary to
use a large indenter radii such as Ri = 100 µm, where pop-ins are absent, to reliably
measure Yind in annealed metals.

The indentation stress-strain curves from the irradiated samples (Fig. 4c) also
reveal several novel features. Strikingly, none of the measurements in the irradiated
sample (including the measurement with the smallest indenter tip Ri = 1 µm)
revealed any pop-ins. A possible explanation could be that the ion-irradiation
introduces a large density of defects into the material structure (such as He bubbles
and dislocation loops [47], Fig. 2) that can help set up highly potent dislocation
sources without any need for pop-ins [48]. Another obvious consequence of these
new defects introduced by irradiation is that the Yind values in the irradiated samples
are higher than the corresponding values in the annealed samples. It is also
observed that in addition to the higher yield values, the irradiated samples are
exhibiting more complex features (e.g., multiple distinct regimes of hardening/
softening) compared to the annealed samples.

The differences in indentation stress-strain response before and after irradiation
are examined for each indenter size in Figs. 5a–c. Each figure also provides a
schematic depiction of the estimated evolving indentation volume at different points
of the test [10, 36, 49]. Here the primary zone of indentation deformation is ide-
alized as a cylindrical region of radius a and height 2.4a, where a is the indentation
contact radius, with the highest indentation stresses being expected between depths
of *a/2 [28, 36, 49] to a below the indenter (see schematic in Fig. 5a–c). The
evolution of a, and by extension that of the primary indentation zone size, is related
to the increase in indentation depth and load according to Eq. 2. Additionally, the
radiation-damaged region is idealized into four layers labelled A through D (see
Table 1) delineating the different zones of radiation damage based on the profile of
the imposed He damage concentration. Layer B denotes the region between 150 nm
and about 450 nm, where the He concentration in W was estimated to be the
highest (about 0.92 at.%). Layers A and C indicate transition regions with strong
damage gradients. The bottommost layer D denotes the virgin (undamaged and
annealed) material below the radiation affected region.

Figure 5a indicates that the initial indentation yield in the test conducted with the
Ri = 1 µm indenter tip occurs at a contact radius of a * 32 nm. Thus the inden-
tation zone at yield for this test comprises largely of the transition layer A, and the
measured Yind value provides an estimate for the effective indentation yield strength
for layer A as 3.7 ± 0.8 and 4.6 ± 0.4 GPa for near-(100) and near-(111) oriented
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a 1 µm, b 10 µm and c 100 µm (color figure online). Figure adapted from Ref [54]
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grains, respectively (see Table 1). With continued loading, the indentation volume
increases and gradually includes layer B, which has experienced the highest level of
radiation damage. This results in apparent hardening in the indentation stress-strain
curve in Fig. 5a between indentation strains of 0.03 and 0.1, i.e., the indentation
flow strength appears to increase with indentation strain. It is interesting to note that
at about an indentation strain of 0.1 (where a * 200 nm), the indentation flow
strength reaches a saturation value of around 10.5 GPa. There is no further strain
hardening detected beyond this point, although the indentation zone is now pri-
marily comprised of the heavily damaged layer B. There is a slight softening in the
flow strength towards the end of the test, where the indentation zone now extends to
include layers C and D, both of which are expected to be softer than layer B.

Table 1 Summary of the results for the indentation measurements performed on the annealed and
He irradiated tungsten samples. Adapted from Ref [54]
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The saturation value of indentation flow strength from this test reflects largely
the strength of layer B. In other words, if layer A were absent, Yind from this
indentation test would be close to the saturation flow strength value of
10.1 ± 0.9 GPa (average ± standard deviation for near-(100) oriented grains;
Table 1). Note that this value is 3.2 times higher than the Yind of annealed W grains
of similar orientation. Large increases in plastic flow strengths are generally
accompanied with loss of strain hardening and formation of instabilities such as
shear banding [50–52]. We therefore hypothesize that layer B exhibits a high
indentation plastic flow strength, but very little real strain hardening under the
indenter.

Increasing the indenter size to Ri = 10 µm further confirms the trends described
above (Fig. 5b). The initial indentation yield is now higher (Yind = 6.4 ± 0.5 GPa
and 7.4 ± 0.8 GPa for near-(100) and (111) oriented grains respectively), the
apparent indentation strain hardening and saturation regimes are shorter, and the
subsequent softening regime is even more dominant. Interestingly, the peak
indentation flow strength is still around 10 GPa (9.9 ± 0.8 and 9.2 ± 0.5 GPa for
the near (100) and near (111) grains respectively), lending support to our earlier
hypotheses regarding the mechanical response of layer B. The contact radius at
transition between the hardening and softening regimes of the indentation
stress-strain response (a * 500 nm) also matches the depth of the
radiation-affected region. As expected, the indentation stress-strain curves from the
annealed and the irradiated samples show excellent convergence at larger inden-
tation strains. All of the observations described are a testament to the unique
potential of the indentation stress-strain protocols in obtaining meaningful insights
into the local mechanical response from exceedingly small volumes.

Increasing the indenter size further to the largest Ri = 100 µm indenter increases
the indentation zone to well beyond the radiation damaged region (Fig. 5c). Thus in
these measurements, the differences between the annealed and the irradiated sam-
ples are very small. This is not surprising since the indentation zone at yield in this
test is dominated by layer D.

As described earlier, a major goal of our study was to develop and validate the
nanoindentation data analysis methods to rigorously account for the crystal lattice
orientation at the indentation site. We suggest that Figs. 4 and 5 and data shown in
Table 1 capture this effect reliably and consistently, and could be used in studies on
other samples of this material. Table 1 summarizes the values of the indentation
yield stress of the various layers in the radiation-affected region of the He-irradiated
W sample; the values are compared between near-(100) and near-(111) oriented
grains (all grains tested in this work had their surface normals within 6–14° of the
[100] and [111] directions). These two particular orientations were chosen since
they exhibited the largest differences in the measured Yind values in prior studies on
bcc metals [10, 14, 15]. As discussed earlier, the Yind values from Ri = 1 µm
indenter are expected to be the best representation of the indentation yield strength
of layer A. Similarly, the saturation stress for the Ri = 1 µm indenter is thought to
represent the indentation yield strength of layer B. Ri = 10 µm indenter also shows
similar stress saturation levels. Finally, the indentation yield strength of layer D is
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taken as the Yind values on annealed W using a Ri = 100 µm indenter that does not
exhibit pop-ins.

Effect of Ion-Species on the Indentation Stress-Strain
Response: Annealed, He, W Versus He+W Irradiation

Based on the results from Section “Indentation Stress-Strain Response of Annealed
Versus He-Irradiated Tungsten” above, an exhaustive investigation of multiple
grain orientations in tungsten, and their effects upon irradiation using different ion
species (He, W and He+W), was conducted [53]. Since Figs. 2, 4 and 5 show that
the irradiated layer is limited to the first 800 nm of the sample, Ri = 1–10 µm radii
indenters were chosen to determine the indentation properties.

Figure 6 shows representative indentation stress-strain curves for Ri = 1 and
10 µm radius indenters for all four regions (annealed, He, W, and He+W
ion-irradiated tungsten) for grains close to the (100) crystal direction. The y-axis of
Fig. 6a is purposely chosen to focus on the irradiated condition and not the pop-ins
which have been cutoff in this plot. We note multiple similar observations between
Fig. 6 and Section “Indentation Stress-Strain Response of Annealed Versus
He-Irradiated Tungsten”, such as the lack of pop-ins in the indentation response of
the irradiated samples, and the different responses between the Ri = 1 and 10 µm
radius indenters. An important new observation from Fig. 6 is that the He implanted
tungsten exhibits higher plastic flow strengths compared to W irradiated tungsten.
This conclusion is reached by comparing the saturation indentation stresses in the
Ri = 1 µm indenter test and the indentation yield strengths in the Ri = 10 µm
indenter test. This is despite the fact that these two regions exhibited the same
SRIM calculated displacement damage. This observation suggests that He bubbles
play a more dominant role in the mechanical response compared to just dislocation
loops. This is also evident in the region of the tungsten sample where He
implantation was performed first followed by W irradiation (He+W). Indentation
tests in this region show the same response as the He implanted (He) region, also
implying that the relative role of loops on the plastic flow stress is significantly
lower compared to the He bubbles.

Orientation Effects on the Indentation Stress-Strain Response
of the Irradiated Material

One of the advantages of spherical nanoindentation protocols is that many grain
orientations can be tested in a high-throughput manner. Figure 7 shows the
grain orientations that were tested for each irradiated region for two indenter sizes
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(Ri = 1 and 10 µm radii) that were near the three poles [i.e., (100), (101), and (111)]
in the inverse pole figure. The average strength values (1 µm saturation stress and
10 µm 0.2% yield strength) are also shown in Fig. 7. Similar to trends showed
earlier in Table 1, the orientation trend for the indentation yield strength
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Fig. 6 Representative indentation stress-strain curves for two different indenter sizes and four
different conditions: a 1 µm radius indenter for annealed unirradiated, He-ion irradiated, and
W-ion irradiated. b 10 µm radius indenter for annealed unirradiated, He-ion irradiated, and W-ion
irradiated. c 1 µm radius indenter for He-ion irradiated and He+W ions irradiated. d 10 µm radius
indenter for He-ion irradiated and He+W ions irradiated. All orientations are near (100) direction
so as to remove any orientation effects from the comparisons. The modulus line represents the
indentation modulus using a Young’s modulus of 405 GPa and a Poisson’s ratio of 0.28 (i.e.,
Eind = 405/(1 − 〖0.28〗^2) = 439 GPa). Figure adapted from Ref [53]
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irradiated material. The irradiated material appears to behave more plastically
isotropic than the unirradiated material. There is a level of uncertainty in this
observation as seen by the large error bars in most cases. These error bars relate
both to the large spread of orientations seen in the IPF maps (Fig. 7b, c) as well as
the inherent scatter of the nanoindentation measurements. In other words, some
orientation trend could exist that would be unresolvable because of the variance in
the measurements. Additional work is clearly required to study the grain orientation
effects in the irradiated samples.
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Fig. 7 a Average indentation strength measurements for different indenter sizes, definitions of
strength, conditions, and grain orientations. b The grain orientations tested for Ri = 1 µm indenter
and c Ri = 10 µm indenter. Figure adapted from Ref [53]
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Conclusion

In summary, the measurements show our first attempts at utilizing spherical
indentation stress-strain curves to investigate the changes in the mechanical
response of tungsten with ion-irradiation induced surface damages. These methods
are cost-effective in extracting huge amounts of reliable and reproducible infor-
mation from very small nanometer sample volumes. By simply varying the indenter
size, this technique can be used to provide new insights into the mechanical
response of the irradiated layers in these samples, and correlate those effects with
the local material structure obtained from EBSD. As such, the ideas presented in
this communication are applicable to all polycrystalline material systems (including
metals and ceramics) with a modified surface layer. They can also be extended to a
broad range of complex material systems where the local structure information is
obtained by other materials characterization techniques (e.g., Raman-spectroscopy
maps on bone [55], back-scattered electron images).
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