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We find that the indentation size effect (ISE) occurs during spherical indentation on nanoporous gold (np-Au).
The hardness increases as the indenter radius decreases at a fixed representative strain. We prepare np-Au sam-
ples with a ligament size of 26 nm by free-corrosion dealloying and perform multiple spherical nanoindentations
with nominal indenter radii of 4, 12, and 50 um. A nanomechanics model for the ISE during spherical indentation
is developed, and the model accurately describes the hardness depending on the indenter radius. We also corre-
late the ISE trends of spherical and Berkovich indentations along with their differences in terms of the represen-
tative strain and the indentation work.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Spherical indentation has been widely studied because unlike geo-
metrically self-similar sharp indenters, spherical indenters introduce
various stress-strain fields depending on the indentation depth. Kim
etal. [1] proposed a representative stress-strain method using spherical
indentation to determine the tensile properties of metals with
Hollomon-type strain-hardening behavior. They used the actual contact
depth while considering plastic pile-up, derived a representative stress
using Tabor's approach [2] by introducing a plastic constraint factor, and
optimized the representative strain using a tangent function of the con-
tact angle between the spherical indenter and the sample surface.
Pathak and Kalidindi [3] correlated the indentation stress to the inden-
tation strain and the mean pressure on the projected area to the ratio of
the contact radius to the indenter radius (a/R). They investigated the ef-
fects of experimental conditions such as continuous stiffness measure-
ment (CSM), pop-in events, indenter size, and polishing on the
evaluated indentation stress and strain. They also introduced orienta-
tion imaging microscopy and Raman spectroscopy combined with
spherical indentations to analyze changes in the microstructure of in-
dents. Swadener et al. [4] found that the indentation size effect (ISE)
for spherical indentation depended on the indenter radius and not on
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the indentation depth as in the case of sharp indentation. This indicates
that the ISE for the spherical indenter radius must be considered when
spherical nanoindentation is carried out at small scales. To explain the
ISE for spherical indentation, geometrically necessary dislocations
(GNDs) were assumed to form to accommodate the spherical indent.
They developed the following spherical ISE model based on the Nix-
Gao model [5]:

H_ LR (1)

where H and Hy are the hardness and the macroscopic hardness, respec-
tively; R* is the characteristic constant for the spherical ISE; and R, is the
indent radius after spherical indentation. This equation could success-
fully describe the trends in spherical indentation hardness for annealed
iridium and oxygen-free copper samples. Spary et al. [6] performed fi-
nite element simulations on materials with different yield strengths to
show that the ISE for spherical indentation is related to dislocation gen-
eration rather than to dislocation interaction.

Nanoporous gold (np-Au) has recently attracted interest because of
its outstanding chemical and physical characteristics, easy fabrication
and applications [7-16]. Most investigations on the mechanical behav-
ior of np-Au have been conducted using nanoindentation [17-23] for
convenience in sample preparation and experiment execution, consid-
ering that np-Au is brittle unlike solid gold. One such finding established
by employing nanoindentation is that the strength or hardness of np-Au
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is strongly dependent on the relative density and the ligament size; this
finding is in line with the “smaller is stronger” phenomenon observed in
gold nanopillars [24,25]. For np-Au, the hardness has been reported to
increase as the indentation depth decreases when using a Berkovich in-
denter [20,26]. Recently, the present authors suggested an ISE model for
np-Au when using a sharp indenter [27]. The ISE model for np-Au is an
inverse function of the indentation depth; the function is derived by as-
suming that the indentation work is consumed in the plastic collapse
of np-Au caused by compressive and shear forces. Spherical
nanoindentations have been carried out to investigate mechanical be-
havior of np-Au [26]. As mentioned above, spherical indentations pro-
vide hardness for various representative strains. However, it has not
been studied the ISE behavior in spherical indentation depending on in-
denter radius, R. It is important to understand ISE behavior in spherical
indentation when measuring macroscopic hardness of np-Au by using
spherical indenter.

Here, we investigate the ISE for spherical indentation on np-Au. To
exclude the effect of the ligament size and relative density of np-Au
on spherical nanoindentation, np-Au samples with a single ligament
size of 26 nm are fabricated using the free-corrosion dealloying process.
Nanoindentations are performed on the np-Au samples using three
spherical indenters with nominal radii of 4, 12, and 50 pm. The ISE for
spherical nanoindentation on np-Au is found to depend on the indenter
radius, implying that the hardness for spherical nanoindentation de-
creases as the indenter radius increases at the same representative
strain. A nanomechanics model for spherical indentation on np-Au is
developed by assuming that the total indentation work is consumed
by the plastic collapse in two loading modes represented by normal
and shear forces. We investigate the correlation of the ISEs for spherical
and sharp (Berkovich) indentations in terms of strain hardening and in-
dentation work.

Np-Au samples with a ligament size of 26 nm were prepared based
on the authors' previous work [27]. AusgAg;o precursor alloys were fab-
ricated using pure Au and Ag pellets by melting. After homogenization
at 800 °C for 72 h under N, environment, the precursor alloys were
pressed into discs with a thickness of approximately 1 mm using a
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universal testing machine (Instron 5982), and both sides of the discs
were gently polished using a diamond suspension with a particle size
of 0.25 um. To release possible internal stress in precursor alloys in-
duced by mechanical pressing and polishing, the precursor alloy discs
were annealed in a tube furnace in a N, environment at 800 °C for
24 h. Nanoporosity was generated by free-corrosion dealloying in a
70% HNOj3 solution for 72 h at room temperature. Ligament sizes were
measured by averaging the neck diameters at the centers of ligament
connects, which are possibly the thinnest parts in the scanning electron
microscope images.

Spherical nanoindentations were created using diamond
spheroconical indenters with nominal tip radii of 4, 12, and 50 um. We
measured the effective radius, R, and the effective indentation depth
of each spherical indenter by observing the side views using an optical
microscope; the radii were 3.68 (4-0.07) pm for the 4 um nominal radi-
us, 11.42 (£0.11) pm for the 12 um nominal radius, and 54.99 (4-0.39)
um for the 50 um nominal radius. These effective radius values were
used as the indenter radius, R. The effective indentation depth was the
maximum height from the tip depth at which the indenter geometry
was described by one value of the effective radius (Fig. 1(a)). The max-
imum indentation depths were less than this effective indentation
depth. Spherical nanoindentations were created using the XP module
of a G200 nanoindenter (Keysight) with a maximum load capacity of
500 mN in the CSM mode at an indentation strain rate of 0.05s™ .

The typical spherical indentation force-depth curves for np-Au are
presented in Fig. 1. Fig. 2 shows the hardness as a function of the contact
radius, a, when a/R = 0.142, where R is the indenter radius. a/R = 0.142
corresponds to the compressive yield strain, which is discussed in detail
below. The hardness and the contact radius were calculated by the Oli-
ver-Pharr method [28]. Fig. 2 shows that the hardness increases as the
contact radius decreases; this behavior is similar to the ISE for spherical
indentation of solid materials [4]. The hardness values in Fig. 2 were av-
eraged from at least 15 reproducible indentation force-depth curves.

To analyze the ISE for spherical nanoindentation on np-Au, we de-
veloped a nanomechanics model based on the authors' previous work
[27]. As shown in Fig. 3(a), from the indenter view, the spherical
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Fig. 1. (a) Schematic diagram of contact morphology, and typical nanoindentation force-depth curves for nominal indenter tip radii of (b) 4, (¢) 12, and (d) 50 pm.
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Fig. 2. Relationship between hardness and contact radius for spherical nanoindentation on
np-Au.

indenter is regarded as a set of infinitesimal thin flat punches, and from
the np-Au view, the total indentation work is considered to be depleted
in the plastic collapse of the unit cells of np-Au caused by normal and
shear forces. The unit cell D is defined as the length scale and is the
sum of one ligament [ and one pore (here, the pore size is simply as-
sumed to be 2/, i.e., D = 3I). The indentation force is equal to the
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differential of the total indentation work:

_ aw _ Wiotal

_aw _ Weomp + Wshear
dh D ’

D

P

Here, the work dissipated by compressive and shear forces is

Weomp = O -Tr% - D,

3)
(4)

where o and 7 are the compressive and shear strengths of np-Au, re-
spectively, and kg is a proportional constant indicating the number of
cells deformed along the loading direction by the shear force at the pe-
rimeter 2nr- D when the indentation depth increases by D. As shown in
Fig. 3(a), the contact radius a can be described as R sin 6, where 6 is the
contact angle between the specimen plane surface and the indenter sur-
face. Combining Eqs. (2)-(4) with Tabor's relation 0 = Hy/V¥ yields
Kg

(+27m)

where Hy and ¥ are the macroscopic hardness and the plastic constraint
factor, respectively, and

Wehear = T - 211 - D - kgD,

H_1

v (5)

T ZkR

Ke =G sing’

(6)

Unlike the ISE model for a sharp indenter [27], in which hardness is a
function of the normalized indentation depth, Eq. (5) shows that in the
spherical indentation on np-Au, the hardness depends on the indenter
radius normalized by the unit cell size of np-Au, R/D.
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Fig. 3. Schematics for (a) nanomechanics model for spherical nanoindentation on np-Au and (b) initial contact of indenter on ligaments of np-Au.



Y.-C. Kim et al. / Scripta Materialia 143 (2018) 10-14

This equation, when fitted to the experimental values (the solid
black line in Fig. 2(a)), properly describes contact-radius-dependent
hardness. The characteristic constant Kz and the macroscopic hardness
Hpin Eq. (5) are found to be 2026 and 117.6, respectively, when a plastic
constraint factor ¥ of 2.65 is used [29,30]. A kg value of 339 was evalu-
ated in Eq. (6) by using 7/0°= 0.42 and sin § = 0.142 (which equals a/R).
For the same np-Au sample, k of 2.56 was evaluated for the Berkovich
indenter [27]. kg for the spherical indenter and k for the Berkovich in-
denter have the same physical meaning: the number of cells deformed
along the loading direction by the shear force at the perimeter 2nr-D
when the indentation depth increases by D. Here, the contact angle for
spherical indentation, 8.16°, is considerably less than that for Berkovich
indentation, 19.7° (from the effective cone angle of 70.3°), which means
that during spherical indentation, more cells are deformed along the in-
plane direction by penetration as much as D than Berkovich indentation.

Nanoindentation results are analyzed by the Oliver-Pharr method
assuming that the initial contact occurs at the flat surface of solid mate-
rials. However, in the schematic for the initial contact shown in Fig. 3(b),
ligaments and pores are irregularly distributed on the surface, produc-
ing surface roughness. The depth difference, ho, between the two
cases, i.e., contact at the top of the ligament and in the middle of two lig-
aments, can be described as

l

ho =R+ 5=/ (R+ 2D (R=1). (7)

Because the hardness values in Fig. 2(a) are averaged from at least 15
reproducible indentation force-depth curves, the average contact depth
is simply taken as half of ho. The possible deviation in hardness that can
be attributed to the surface roughness is approximately 0.4%, 0.04%, and
0.002% for the indenters with nominal radii of 4, 12, and 50 pm, respec-
tively. The deviation in Eq. (7) is shown in Fig. 2(a) as red and blue dot-
ted lines. These lines are almost coincident with the solid black line,
which represents the average indenter-size-dependent hardness pre-
dicted by Eq. (5). This implies that unlike in the case of Berkovich inden-
tation [27], the effect of the np-Au surface roughness on the results of
spherical nanoindentation is negligible.

In contrast to a Berkovich indenter with geometrical self-similarity,
the representative strain increases as the indentation depth increases
for the spherical indenter. In compression testing, Np-Au shows strain
hardening during the plastic collapse stage (Fig. 4(a)), which can affect
the ISE for spherical indentation. Swadener et al. [4] also found this cou-
pling in the ISE for spherical indentation on solid materials. They com-
pared the hardness values measured by different spherical indenters
at the same representative strain, i.e., the same a/R value. In the present
study, uniaxial compressive tests were performed on np-Au samples
and 0.142 was determined as the a/R value (2.84% representative strain)
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to compare the hardness of indenters with nominal radii of 4, 12, and 50
pum. As shown by the compressive stress-strain curve in Fig. 4(a), 2.84%
representative strain corresponds to the compressive yield strain, which
represents the onset of global plasticity and is expected to minimize the
strain-hardening effect in spherical indentation hardness.

Swadener et al. [4] correlated the ISEs for Berkovich and spherical
indentations based on the concept of the total length of GNDs in solid
materials because GND density is the primary mechanism for the ISE.
Following their work, we correlated the ISEs for Berkovich and
spherical indentations of np-Au by taking into consideration the in-
dentation work caused by shear force, Wgpeqr. According to the math-
ematics in Eq. (5), the ISE for spherical indentation on np-Au can be
attributed to the fact that Kk, which originates from the indentation
work caused by shear force, is not zero. The indentation work caused
by shear force is the primary mechanism for the ISE during spherical
indentation of np-Au. We calculated the indentation work caused by
shear force as Wgpeqr = 7-2mh(tan®) ~ - D- kD for a Berkovich indenter
and Wgpeqr = T-21mRsin6-D- kgD for a spherical indenter. Considering
these two work expressions to be the same yields R = 0.149h. Anoth-
er aspect to be considered in correlating the ISEs for Berkovich and
spherical indentations on np-Au is the strain-hardening behavior in
the compression of np-Au (Fig. 4(a)). The typical compressive
stress-strain curve of porous materials has three stages: linear elas-
ticity, plateau during plastic collapse of ligaments, and sharp in-
crease in stress by densification [31]. While strain hardening is
negligible in the plateau stage for porous materials with very low rel-
ative densities and uniform ligament sizes, our np-Au sample shows
linear strain hardening due to the irregularity of np-Au in terms of
the ligament size, shape, distribution with respect to the loading di-
rection, and so on. The difference between the flow stresses corre-
sponding to a representative strain of 7% for a Berkovich indenter
and 2.84% for a spherical indenter is 38.5 MPa as shown in Fig. 4(a).
This difference is presented on the right and left axes of Fig. 4(b),
and R = 0.149h, which is derived above, is presented on the top
and bottom axes of Fig. 4(b). Fig. 4(b) shows that the ISEs for the
Berkovich and spherical indentations on np-Au show similar trends.
Based on this correlation, the trend in the ISE for spherical indenta-
tions on np-Au is evaluated by that for Berkovich indentations, and
vice versa.

We investigated the ISE for spherical indentation on np-Au samples
using three different indenters. The indentation depth was set depend-
ing on the indenter radius so that the same representative strain was
used for consistency in geometrical similarity. We developed a
nanomechanics model for the ISE during spherical indentation on np-
Au based on two forms of work expended in the plastic collapse caused
by the pressing and shearing of internal cells. According to the experi-
mental and modeling results, ki is considerably greater than k for
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Fig. 4. (a) Typical compressive stress-strain curve of np-Au sample with ligament size of 26 nm that is enlarged one from entire curve presented as inset and (b) hardness correlation
between spherical and Berkovich indentations in terms of contact radius and indentation depth.
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Berkovich indentation; this might be because more in-plane cells are
deformed by the shear force along the loading direction during penetra-
tion because of the lower contact angle of the spherical indenter. We
correlated the ISEs for the spherical and Berkovich indentations by com-
paring the strain-hardening behavior in the compressive stress-strain
curve in terms of the representative strain and indentation work caused
by shear force for each indenter.
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