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In this study, we have investigated the indentation size effect (ISE) of single crystalline tungsten with
low defect density. As expected, the hardness shows a pronounced increase with decreasing indentation
depth as well as a strong strain rate dependence. For penetration depths greater than about 300 nm,

the ISE is well captured by the Nix-Gao model in the context of geometrically necessary dislocations.
However, clear deviations from the model are observed in the low depth regime resulting in a bilinear
effect. The hardness behavior in the low depth regime can be modeled assuming a non-uniform

spacing of the geometrically necessary dislocations. We propose that the bilinear indentation size effect
observed reflects the evolution of the geometrically necessary dislocation density. With increasing strain
rate, the bilinear effect becomes less pronounced. This observation can be rationalized by the activation

of different slip systems.

The indentation size effect (ISE) describes the observation that
the hardness of a material increases as the size of an indent
decreases [1]. The ISE has been known for many years, mostly
noticed in crystalline materials with low defect density indented
with pyramidal indenters, and becomes particularly important
at depths below 1 um. It has indeed been observed for a range
of different materials, e.g., Cu, Ag, I, MgO and W [2-10]. Those
experimental reports indicate that the ISE is neither related to
the crystal structure, nor alloying elements, but rather caused
by the pronounced strain gradients in the stress field under the
indenter tip at small indentation depths [1]. However, while the
overall trend in experiments is comparable, different character-
istics of the ISE in particular in the low depth regime have been
reported. Several models were suggested that describe the ISE
mathematically [4, 9, 11-13], among which the Nix-Gao model
[11] is probably the most widely discussed one. In the following,
we will briefly summarize its main ideas.

The plastic flow in the indented region does not solely

depend on the strain state but also on the gradients of strain,
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which are associated with the geometrically necessary dislo-
cations (GNDs) that arise from the geometry of the indenter
tip as it penetrates into the sample. Since strain gradients are
inversely proportional to a length scale [14, 15], i.e. the depth of
indentation, the influence of strain gradients (and of the GNDs)
becomes more pronounced when the indentation depth is
reduced. For higher depths, the strain gradients in the deformed
volume decrease and become insignificant. By contrast, the sta-
tistically stored dislocations (SSDs) are usually randomly dis-
tributed in a material and formed through uniform straining,
e.g., during processing of the material.

Based on the Taylor relation [16], the hardness H of a mate-
rial is proportional to the flow stress o, which can be expressed
by the following equation [11, 16] relating H to the dislocation
density p:

H =30 = 33auby/p, (1)
with o as a constant characteristic of the dislocation structure,
1 the shear modulus and b the magnitude of the Burgers vector
of a material. According to strain gradient plasticity [14, 15], the
increased size-dependent hardness value should be ascribed to
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the increased density of GNDs, while the depth-independent,
macroscale hardness value Hy would be related to the constant
density of the SSDs. Therefore, Eq. (1) can be rewritten as [11]

H =30 = 3v3aub/ps + pG, )
where ps and pg are the densities of the SSDs and GNDs,
respectively.

Based on strain gradient plasticity, Nix and Gao assumed
that the GNDs are concentrated uniformly beneath a conical
indenter tip in a hemispherical volume V = 2/374’, the size
of which is defined by the contact radius a of the indenter tip.
Based on these assumptions, the total length of the dislocation
loops and the dislocation density can be determined. In order to
calculate the GND density, Nix and Gao assumed a hemispheri-
cal volume, in which the GNDs are closely packed [11] and the
distribution of the dislocation loops in the deformed volume is
assumed as homogeneous. Thus, the spacing between the slip
steps is constant. The GND density pg is described [11] as:

A 3h 3

2
= — = = — { 0. 3
PC=V = b2~ 26n " S

with 6 as the contact angle of the indenter tip and 4 the indenta-
tion depth.

The Nix—-Gao model describes a linear relation between the
square of the hardness H? and the inverse indentation depth
1/h [11]

*

h
H? = Ho* + Hy* - T (4)

with the depth-independent hardness

Hp = 3+/3aub/ps (5)

and the material characteristic length scale

W = 81ba2tan29(“)2. (6)
2 Hy

The Nix-Gao model has been applied to various materials and
has been demonstrated to capture the ISE over depths ranging
from several micrometers to some hundred nanometers [1, 11].
However, with the improvement of the nanoindentation instru-
mentation, even lower indentation depths became accessible,
and the classic model revealed some shortcomings when the
indentation depths were reduced to < 300 nm [1, 4, 9]. At such
small depths, the Nix—-Gao model overestimates the hardness
values of several materials, as shown in Fig. 1. The experimen-
tal results of a number of studies [2-10, 17] are summarized
and compared with the Nix-Gao model [11]. Focusing on the
“break-down” of the Nix-Gao model [1], some modifications of

the model were suggested [4, 9, 12, 13].
In this study, we focused on understanding the ISE of single-

crystalline tungsten. While single-crystalline tungsten serves as
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Figure 1: The ISE has been observed for a wide range of different
materials [2-10, 17]. In the higher depth regime, the plot of the
experimental results according to the Nix-Gao model [11] shows in
general good agreement with the model prediction (dashed lines, Eq. 4).

a model material, tungsten and tungsten alloys are also of high
technological relevance. They have outstanding mechanical and
physical properties at high temperatures [18, 19], and there-
fore, great potential as structural materials in high-temperature
energy conversion systems. However, as the brittle-to-ductile
transition temperature of tungsten is fairly high [20, 21], the
brittleness at room temperature limits its applicability. Further-
more, the mechanical behavior of tungsten is strongly affected
by its microstructures, i.e. the crystal orientations, the grain size,
and the shape of the grains [20, 22-28]. Thus, a comprehensive
understanding of the deformation mechanisms at room tem-
perature on the microscale and in particular of material size
effects is indispensable both with regard to the application and
our fundamental understanding of deformation.

Here, (001) tungsten was comprehensively characterized
using different indentation methods and indentation strain rates
with a particular focus on the low depth regime. The data was
analyzed in the context of the Nix-Gao model assuming that
the dislocation spacing in the deformed volume is no longer
uniform. The implications of this description on the deforma-

tion mechanisms and the ISE will be discussed.

Indentation behavior of single-crystalline tungsten

The indentation behavior of single-crystalline W was deter-
mined using different nanoindentation methods over a range
of indentation strain rates. Typical load-displacement curves of
(001) W are shown in Fig. 2. Both quasi-static and dynamic
indentation experiments were performed and the load-displace-

ment curves show good agreement.
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Figure 2: Typical load-displacement curves of (001) W obtained using
quasi-static and dynamic testing methods. The pop-ins at indentation
depths < 50 nm indicate the transition from elastic to plastic
deformation, shown in greater detail in the inset. No difference in pop-in
behaviors was observed for different test methods used.

The hardness values of the (001)-oriented single crystal
are shown in Fig. 3, together with the results of previous stud-
ies of tungsten [8, 9]. Since we are not analyzing the transition
from elastic to plastic deformation shown as pop-ins in the
load-displacement curves (Fig. 2) , e.g. [9], the hardness data
are only shown in the depth regime from 100 to 2000 nm in
Fig. 3.

11 . T . : . . :
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—— Dynamic nanoindentation (G200 XP)
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Both the hardness values of this work and the literature data
show a pronounced ISE following the same trend. The different
indenter modules, i.e. XP and DCM II heads, do not affect the
hardness values, indicated by the overlap of the blue and green
bands.The dynamic and the quasi-static hardness data reveal
the same trend of the ISE, while the quasi-static hardness data
are lower (green symbols in Fig. 3). The lower hardness val-
ues can be explained by a reduced effective strain rate of the
quasi-static measurements [29]. This effect can also be seen in
the data set of the quasi-static and dynamic data of [8] shown
as grey squares and grey line in Fig. 3, respectively. The effec-
tive strain rate was determined as 0.033 s~! [8], which results in
the smaller hardness values compared to the other data at the
indentation strain rate of 0.05 s~ [8, 9]. In Fig. 3b, all data sets
reveal a significant bilinear behavior of H2 vs. 1/h; the hardness
in the low depth regime (<300 nm) cannot be described by the
Nix-Gao model, as indicated by the red line. A transition regime
occurs in the bilinear hardness behavior at depths around 300
nm, which is independent of the indenter module or indenta-
tion method. Similarly, bilinear behavior with a transition at
comparable depths was observed on some other materials [2-4,
6-9, 17], as shown in Fig. 1. In this study, such bilinear indenta-
tion behavior did not only occur at the indentation strain rate of
0.05s L 1In Fig. 4, the hardness data determined at nine different
strain rates are shown as H versus h and H2 versus 1/h exhibiting

similar behaviors.
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Figure3: Indentation size effect of (001) W: (a) Hardness vs. displacement, and (b) Nix-Gao plot H2-1/h. The blue and green lines represent the averaged
hardness of the dynamic measurements using the G200 XP and DCM II. Results from the quasi-static indentation experiments are denoted by the
green squares. The standard deviations are shown as blue- and green-shaded areas. Note, that the different size of the data sets, i.e. 20 for XP and 6 for
each DCM Il measurement series may cause differences in the standard deviations. The red line is the model prediction of the dynamic data. From the
intercept with the ordinate, the Hy is determined [11]. For comparison, hardness data of previously published studies [8, 9] have been added and are

shown as grey lines and symbols.
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Figure 4: The hardness of the (001) W single crystal exhibits a pronounced strain rate dependence: (a) Hardness vs. displacement at nine different
indentation strain rates, and (b) the corresponding Nix-Gao plot H2 — 1/h. The mean values are shown as solid lines with the standard deviations as
gray shaded areas. The color density of the lines decreases with decreasing strain rate.

Generally, the hardness values increase with increasing
strain rate, which is expected due to the strain rate sensitivity
of single crystalline tungsten [8]. A significant ISE is observed
in all the experimental data sets. At the maximum depth of ~
2000 nm, the depth-independent hardness values Hyp have not
yet been reached. Therefore, the depth-independent hardness Hy
is determined from an extrapolation of the fitted curve (see red
line in Figure 3). For the different strain rates, the Hy values are
in the range from 3.98 GPa to 5.10 GPa, showing good agree-
ment with the literature [9, 10].

The bilinear behavior of H2 versus 1/h is visible at all strain
rates varying from 0.005 to 0.5 s~! (Fig. 4b). However, the higher
the strain rate, the less pronounced the bilinear effect. In all
indentation data sets, the transition of the two depth regimes
occurs at a similar depth around 300 nm (see the red dashed
line in Fig. 4b), while the transition depth appears to be shifted
towards smaller depths when the strain rate increases. Further-
more, the curves at the different strain rates are not parallel. For
example, the difference of the hardness values at two strain rates
at the highest depths is smaller than the difference in the low
depth regime, for instance at 200 nm. Such bilinear behavior was
confirmed for a (112) tungsten single-crystal (data not shown

here), which will be discussed further below.

Modeling of the bilinear indentation size effect

As shown in Figs. 3 and 4, our experiments revealed a clear

bilinear behavior and an overestimation of the hardness values

©The Author(s) 2021

using the Nix-Gao description. Such an overestimation in the
low depth regime could be related to the dynamic measurement
[30-32] or a blunt tip [9]. However, the same effect was observed
for quasi-static indentation experiments (Fig. 3), and the transi-
tion regime at a depth of ~300 nm is not affected by a blunt tip
since the pop-ins, i.e. the transition from a Hertzian contact
to the Berkovich indentation, was observed at a depth of ~20
nm. A non-linear ISE has indeed been observed for bcc metals
before [13] and was suggested to be related to the non-negligible
internal friction stress, namely the Peierls stress [13]. However,
accounting for the Peierls stress within the framework of strain
gradient plasticity, the relation of H2-1/h becomes parabolic,
instead of linear [13], which does not capture the bilinear behav-
ior observed in this study.

The Nix-Gao model is based on two fundamental assump-
tions [11]: (1) the GNDs are concentrated in a hemispherical
volume of the same radius a as the projected contact area, and
(2) the GNDs are distributed uniformly and close-packed in the
volume resulting in a constant dislocation spacing s. These two
assumptions, though, can hardly be fulfilled at the same time
[1, 7]. Therefore, either the GND volume needs to be extended,
or the GND density needs to change continuously over the
volume during the indentation process from the maximum to
approximately zero. For the case of the extended GND volume,
Durst et al. [4, 9] assumed a factor fto describe the extension of
the plastic zone. This factor f, however, needs to be determined
from the hardness data, and cannot describe the bilinear ISE. By
contrast, a gradient of GND density distribution underneath the
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indents was indeed observed in transmission electron micros-
copy and electron backscatter diffraction studies [33-37].

In the following, we assume that the GND spacing s(r) is non-
uniform and depends on the position r away from the center of the
indent as schematically shown in Fig. 5a. In addition, we assume
that s(r) reaches the minimum at the center of the indent, and is
equal to the constant dislocation spacing s of the Nix-Gao model
(shown schematically in Fig. 5¢). Accordingly, the density of GNDs
in Fig. 5a would decrease from the center to the edge of the indent.
Therefore, s(r)/s should fulfill the following boundary conditions:

s(r) 1, for r =0,
= _ @
s +o0, forr=a
Assuming the increase of s(r) is continuous,
s(r) a
— = (8)
s a—r

and by substituting the constant s = b/ tan 0 into the last equa-

tion, Eq. (8) can be rewritten as

a b

s(r) = (a—r)tanf

9)

It should be noted that Eq. (9) is the same as Eq. (22) in the
original paper by Nix and Gao [11], in which a constant strain
gradient was assumed already noticing the potential limitations
of the original assumptions. According to [11], the dislocation
spacing would no longer be uniform, when a constant strain
gradient would be sustained.

The total length of the injected dislocation loops A(r) with
respect to the position-dependent dislocation spacing can be cal-

culated as

wha

, a " dr
/L(T) = A d)v(r) = ./0 27'[1’@ = g

Analogous to the Nix—Gao model, dA(r) is the length of the
loop located between the position r to r + dr. The diluted GND
density according to this adapted model is then determined as:

(10)

1tan®6
i = —— 11
PG, diluted 2bh ( )
(a) (b) (c)
fo fo
B -_J s(r)_L- —;' S_L—_' B —;' S_|<—_| B

Figure 5: Schematic of the GND distribution from the (a) low depth
regime to (c) the high depth regime. In (a), the GND distribution

fulfills the adapted model describing the diluted GND density while

(c) illustrates the classic Nix-Gao model. A combination of these two
behaviors is shown in (b). In this case, the saturated volume is described
by the radius ro.

©The Author(s) 2021

Compared to the original Nix-Gao model, the GND density
of this adapted model is reduced to one-third of pg in Eq. (3).
Accordingly, the material characteristic length scale is also

reduced:

(12)

27, 5. 2 [t 2
diluted = —ber” tan G(E

Thus, the slope of the H?-1/h behavior predicted by the adapted
model should be one third of the prediction of the Nix-Gao
model.

The description above, describes a GND volume that is not
yet saturated. The assumption of non-uniformity does not only
yield a reduced GND density, but the description of GND dis-
tribution might also be more realistic for the low depth regime,
where the deformation zone is significantly affected by the
elastically deformed material and full contact has not yet been
achieved. With increasing depth more material in the center
has to deform to adapt to the tip geometry until full contact is
achieved. The central part underneath the indent will be filled
with GNDs eventually and the saturated state will be reached
fulfilling the description of the Nix-Gao model. In Fig. 5, such
an evolution process of the GND distribution in the different
depth regimes is schematically illustrated. Such a dynamical pic-
ture was recently shown experimentally for tungsten [38]. Javaid
etal. [38] compared the GND structures beneath the indents to
different loads using high resolution electron backscatter diffrac-
tion. They observed a gradual decrease of the GND density from
the indent center to the edge at a lower load, i.e. a smaller depth,
while the GND density appeared more evenly distributed at a
higher load. Also wedge indentation of tungsten single crystals
in combination with transmission Kikuchi diffraction analysis
of cross sections through indents revealed differences in the dis-
location structures [39].

Assuming the transition between the two depth regimes
occurs at the depth of hy, the bilinear model can be mathemati-

cally described as:
o = H()2 + HOZ . % - , when h > hg
H02+H02-%~%+H02~%-7 when h<fzo)
13

with #* the same as in the Nix-Gao model shown in Eq. (6).

Validation of the bilinear ISE model

The bilinear model will be validated by comparing the experi-
mental data of two tungsten single crystals, i.e. (001) and (112)
orientations. The mean values of H-1/h of both orientations are
shown in Fig. 6 determined at the indentation strain rate of 0.05
s~ L. The suggested bilinear model in Eqs. (13) and (6) has been
fitted to the experimental data and is indicated by the dashed

red lines. For the (001) crystal, the dislocation core parameter o
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Figure 6: The ISE was observed for both (a) the (001) and (b) the (112) W single crystals. The Nix-Gao plots reveal the bilinear ISE, which can be
described by the model in Egs. (13) and (6). The average hardness values of 20 indents for each crystal orientation are shown. For the (001) W crystal, Ho
and ho were determined as 4.39 GPa and 303 nm, respectively, and for the (112) crystal as 4.43 GPa and 286 nm.

was assumed as 0.5 [4, 9, 11]. For the (112) orientation, « = 0.44
resulted in a better match of the model to the experimental data.
Other parameters, such as the Burgers vector b, shear modulus
1 and equivalent tip angle 6 are constant and determined by the
material and tip geometry. The parameters Hy, h* and kg in Egs.
(13) and (6) were determined as follows: hardness data in the
high depth regime from 500 nm to 2000 nm were fitted by the
original Nix-Gao model, yielding Hy. Then, h* was calculated
according to Eq. (6). Subsequently, iy was estimated using the
hardness data in the low depth regime from 100 nm to 200 nm
using Eq. (13). The ISE as described by the bilinear model is
shown as H2 versus 1/h in Fig. 6 (red dashed line). It captures the
experimental behavior of both crystal orientations. The transi-
tion between the two depth regimes occurs at /iy (green dashed
lines in Fig. 6a and b).

The experimental results of the (001) and (112) oriented
single crystals can be well described by the bilinear ISE model.
However, one might argue that the transition of the two depth
regimes of the (001) crystal can rather occur in a depth range
than a certain depth. As shown in Fig. 6a, the transition regime
ranges from ~250 nm to ~350 nm. Near the transition depth hy,
the two regimes have to overlap since the deformed volume is
occupied by dislocations gradually when the deformation pro-
ceeds, and the predominant GND mechanism has to change, as
illustrated in Fig. 5b.

In the mixed state of two GND mechanisms, however, the
effects of the diluted (Fig. 5a) and saturated GND distributions

©The Author(s) 2021

(Fig. 5¢) should not be neglected. This mixed state can be
described assuming a smaller hemispherical volume of radius rgy
in which the GNDs are closely packed surrounded by a GND dis-
tribution following the description in Fig. 5a. For h>hy, the dense

GND volume starts to dominate. Thus:

h — hy

~
~

=tané.

(14)

SHE

o

From r = 0 to ry, the GND spacing is equal to s, and the total
length of dislocation loops /; is

1o —_
A= / oy & _ T —ho)ro
0 S

b (15)

while from r to g, the dislocation spacing s, (r) is non-uniform,
and can be described as

s2(r)
s a—ry— (r—rp) a—r

a—r a—r1y

(16)

Therefore, the length of the loops 4, (r) from ry to a is calculated

as

(r) = /a 2rr a
Ty a
(17)

Defining n = ro/a for the proportion of the saturated vol-

_rﬁ

— 19 ab

_ nw(h—hp)

b (a2 + arg — 2r02)
0

ume to the total GND volume and according to Eq. (14),
n = (h — hg)/h. The total dislocation length is then calculated:
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h—h 2
Amixed = A1 4+ A2(r) = u (70 + @ + a)
3 ”

m(h—hoa (n F14 l)
n

3b (18)

=M
R R

The GND density for the mixed state is

1tan? 6 2
PG, mixed = —— M +n+1)

2bh (19)

and the material characteristic length scale

27 2
¥ xed :71)012 tan” 6 (Hi) (n*+n+1)
X 0 (20)
=gh*(n2 +n4+1).

*

Note, that the slope in the transition regime equals to Ho* - k. 4

and is described as a function of i, asn ~ (h — hg) /h. Therefore,
the model introduced in this section, captures the ISE over the
whole depth range after the pop-in. As can be seen in Eq. (20), if
ro approaches zero, i . .

the small depth regime. By contrast, when the volume filled with

4 gives the same result as in Eq. (13) for

*
mixed

the saturated GND density is large and ry approaches a, h
approaches the description of the high depth regime in Eq. (13).

In Fig. 7, the bilinear model including the mixed state of the
two GND mechanisms has been applied to the hardness values
of the (001) single crystal. In the depth range from 230 nm to
370 nm, the gradual transition between the two depth regimes
can be be well characterized.

The transition regime of the ISE behavior becomes more
pronounced, when the strain rate increases (Fig. 4) and the
bilinear behavior is therefore less apparent. In Fig. 8, the bilinear
model in Egs. (13), (6) and (20) is compared with the experi-
mental data at three strain rates, i.e. 0.5 571, 0.05 s7}, and 0.005
s™L

With increasing strain rate, the bilinear behavior becomes
less significant. The ISE at the lower strain rates, i.e. 0.05 s land
0.005 s~ can be well described by Egs. (13) and (6) (Fig. 8).
While the ISE behavior at the highest strain rate of 0.5 s~ ! still
appears bilinear, the behavior in the low depth regime is better
described by Egs. (13) and (20) considering the occurrence of
the two GND mechanisms as depicted in Fig. 5b.

In addition, as shown in Fig. 4, the H2-1/h curves at the
different strain rates are not parallel. The slope of the H2-1/h
behavior increases with increasing strain rate, in both the low
and high depth regimes. The slope of the H2-1/h behavior A
can be written as:

81
A =Hy? h* = ?boc2 tan? O 12 (21)

©The Author(s) 2021
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Figure 7: Indentation size effect of (001) tungsten single crystal. The
average of 20 indents is shown together with the bilinear model
described by Egs. (13) and (6). In addition, the transition regime of

the mixed state is considered and described by Egs. (13) and (20). The
transition regime was determined over the depth ranging from 230 nm
to 370 nm.
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Figure 8: Bilinear ISE at three different strain rates. Average data of
20 indents at each strain rate are shown together with the ISE model
described by Egs. (13), (6) and (20).

which does not depend on the depth-independent hardness Hy>.
The other quantities, i.e. the Burgers vector b, the contact angle
0 and the shear modulus i are independent of the strain rate,
which indicates that the the parameter « depends on the strain
rate. According to the literature [11, 40, 41], o describes the dis-
location core structure. For single-crystalline tungsten, when the
crystal orientation or the indentation strain rate varies, « may
vary as the dislocation structures might be different. Evidence
can be seen in Fig. 6, which shows that rather « = 0.44 than
0.5 describes the indentation behavior of the (112) orientation.

The proper values of the parameter « at the nine indentation
strain rates are determined from the experimental data in the
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depth range from 500 nm to 2000 nm, according to Eq. (21).
The values are plotted over the strain rate in Fig. 9. With the
indentation strain rates increasing from 0.005 s~ !t0 0.5 s, the
«a values of (001) W increase slightly in the range from 0.4 to
0.6. For the strain rate of 0.05 s~ the fitted « of 0.50 coincides
with the literature value [9, 11]. The strain rate dependence of
« is likely related to the activation of different slip systems or a
variation of the dislocation types involved.

Nanoindentation experiments were conducted on (001) and
(112) tungsten single crystals using different indentation meth-
ods to study the indentation size effect. Both crystal orienta-
tions exhibit a significant bilinear behavior of H? versus 1/h,
which was observed over a range of different indentation strain
rates. The increase of the hardness with decreasing depth can-
not be described by the Nix-Gao model [11] over the full depth
range. The overestimation of the Nix-Gao model in the low
depth regime can be resolved using the assumption of a diluted
GND distribution at low indentation depth. We suggest that the
bilinear behavior reflects the development of the GND structure
from a non-uniform distribution or diluted density to the satu-
rated state captured by the Nix-Gao model. In this picture, the
transition region in the H? versus 1/h curves between the two
depth regimes would be related to the combination of the two
behaviors. With increasing strain rate the bilinear behavior is
less obvious. At the higher indentation strain rates, the mixed
state of the two GND mechanisms has to be taken into con-
sideration and explains the transition regime observed. As the
parameter «, which is characteristic of the dislocation structures,

is strain rate dependent, we argue that the effect of the strain

0.7 T T
0.6 e
X
X X
3 0.5 X X _
X
x X
X
04 e
0.3 L L
0.01 0.1 1

indentation strain rate, dP/dt/P (s™)

Figure 9: The value of « of the (001) single crystal over indentation strain
rates from 0.005 to 0.5 s~ . Note the logarithmic scale of the x axis.
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rate on the bilinear behavior is related to a change of the glide
systems involved. This is corroborated by the change of « for

different crystal orientations.

Single-crystalline tungsten with two different out-of-plane ori-
entations was studied. The samples were mechanically ground
and polished using SiC paper and diamond suspensions down
to a grain size of 1 um. The final mechanical polishing step was
conducted using OP-A (acidic alumina) with 0.06 pm grain size.
Finally, the samples were electrolytically polished (LectroPol,
Struers GmbH, Willich, Germany) using 2 wt% NaOH solu-
tion with a voltage of 10 V for 30 s. The preparation procedure
resulted in a final surface roughness R, of 0.009 pm, measured
over an area of ~2.5 x 2.5 um? using a laser scanning confocal
microscope (VK-9710K, Keyence Corporation, Osaka, Japan).
The out-of-plane orientations of the single crystals were con-
firmed as (001) and (112) by electron backscatter diffraction
[42].

The nanoindentation experiments were conducted using
a Nanoindenter G200 (Agilent/Keysight Technologies, Inc.,
California, USA) equipped with a diamond Berkovich tip. Both
dynamic and quasi-static indentation experiments were per-
formed to detect a potential effect of the indentation method on
the hardness values [29, 43]. Constant strain rate (CSR) experi-
ments to a depth of 2000 nm were conducted at nine different
indentation strain rates ranging from 0.005 to 0.5 s~! using the
XP head of the G200. At each strain rate, 20 indents were per-
formed. Here, the indentation strain rate ¢ is defined as [44]:

. P
E=3 (22)
with P as the load on the sample.

In the low depth regime (up to 500 nm), in addition, 6
indents under each condition were conducted using the DCM II
head. For the dynamic measurements, frequency and displace-
ment amplitude were set to 45 Hz and 2 nm for the XP head and
75 Hz and 1 nm for the DCM head, respectively.
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