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depths (<90 nm).

We estimate effective radii of a spherical nanoindenter at various indentation depths using Hertz elas-
tic contact theory for the fully elastic contact region and AFM profiling residual indentation marks for
the elastoplastic contact region. Using frame compliance measured as a function of indentation depth
and the concept of infinitesimal deformation of a spherical nanoindenter, we introduce a profile of
indentation-depth-dependent frame compliance that successfully explains the variation in frame com-
pliance over the entire contact region. After using this indentation-depth-dependent frame compliance,
we evaluated more consistent indenter radii from Hertz elastic contact theory at shallow indentation

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanoindentation has been widely used to evaluate the mechan-
ical response of materials at small scales. The advantage of
nanoindentation is that the contact area is determined without
needing to observe residual indentation marks. Two factors that
should be taken into account in determining contact area are cor-
rections for imperfect indenter geometry and frame compliance.
Oliver and Pharr introduced corrections for imperfect indenter
geometry by using area functions and frame compliance correc-
tions in a series of nanoindentations on a standard sample with
known elastic modulus and Poisson’s ratio [1-5]; these methods
have been in general use to date. In these methods, the following
equation is used to derive frame compliance:

1 1 JT
= Cframe + 57 = Cframe + ﬁv
r c

sample
where S;o, is the initial unloading stiffness from the indentation
force-depth curve, Ciame is frame compliance, Sgample is sample
stiffness, E; is reduced elastic modulus, and A. is contact area. Crame

is determined from the intercept of 1/Sia and 1/4/Ac curve on
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the condition of constant Cg,me and E regardless of indentation
depth [1]. The methodologies are also valid for spherical indenters
as well as sharp indenters such as the Berkovich indenter. By using
the definition of hardness (H = Pmax/Ac), Eq. (1) is rewritten as

1 c . JavH
= Yframe T T ——>
2E; AV Pmax

where Pmpax is the maximum indentation force. The frame com-
pliance is determined from the intercept of 1/S;ta and 1/4/Pmax
curve on the condition of constant Cgame, Er, and H regardless
of indentation depth. This method is valid only for sharp inden-
ters, which evaluate constant hardness independent of indentation
depth, because it has a geometrical self-similarity (note that this
method is also valid only with no indentation size effect).

The sharp indenter obtains invariant hardness with a single
indenter by varying indentation depth. So the sharp indenter, espe-
cially the Berkovich indenter, is widely used to evaluate hardness
and elastic modulus in nanoindentation. Unlike sharp indenters,
the spherical indenter is not geometrically self-similar, and this
makes it possible to derive the various stress-strain fields under-
neath it by varying indentation depths. This enviable feature of the
spherical indenter, along with progress in manufacturing spher-
ical indenters at small scales, is accelerating its applications in
nanoindentation as well as at micro- and macro-scales [6-10].
Research on calibrating the indenter imperfection of spherical
indenter on macro- to nanoscale [4,11-14] and the variation of
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frame compliance in spherical indenter has been performed at
the macroscale [4,5]. However, the frame compliance for spheri-
cal indenter remains unexplored at nanoscale. Because calibrating
indenter geometry and frame compliance mutually affect each
other, systematic investigation of both the variation of frame
compliance and indenter imperfection is required for spherical
indentation at nanoscale.

The radius of a spherical indenter can be measured on the
force-depth curve in the fully elastic regime by using the Hertz
equation, given by

P= gErJEh3/2 (3)

where P is the indentation force, R is the indenter radius, and h
is the indentation depth [14,15]. This method is valid only in the
fully elastic regime. In the elastoplastic deformation regime, a resid-
ual impression corresponding to plastic deformation remains after
unloading. Profiling this residual impression makes it possible to
measure the radius of spherical indenter using the simple geomet-
rical relation

_ (Ac/m)+ ht

R e

(4)

where h, is the contact depth of the residual indentation mark [4].

Here we discuss the issues of indenter geometry and frame
compliance in spherical nanoindentation, and suggest novel
methodologies to correct these factors quantitatively. We compare
indenter radii measured by two methodologies: fitting the Hertz
equation to the force-depth curve in the fully elastic regime, and
profiling the residual impression in the elastoplastic regime. We
also investigate frame compliance due to deformation of the spher-
ical indenter, which was found to vary with indentation depth.
It is also shown that the variation in frame compliance affects
the determination of indenter geometry when one uses the Hertz
equation-fitting method. Finally, we propose calibrations of the
functional frame compliance to determine coherent indenter radii
in the two methodologies.

2. Experiments

We prepared a diamond spherical indenter (Micro Star
Technologies Inc., TX, USA) made by blunting a conical inden-
ter. The nominal indenter radius, 5um, was estimated by
analyzing the side-view TEM image of the indenter. We
conducted a series of nanoindentations with the spherical
indenter on the fused silica with elastic modulus 72 GPa and Pois-
son’s ratio 0.17 at maximum indentation depth of 90 nm using
the Nanoindenter XP (Agilent, USA). We confirmed that loading
and unloading curves are identical up to an indentation depth of
90 nm, and that the curves are irreversible by plastic deformation
at indentation depths greater than 90 nm. To measure the indenter
radius at indentation depths greater than 90 nm, we profiled resid-
ual indentation marks in 3D using atomic force microscopy (AFM),
the SIS Nanostationll AFM. To verify frame compliance, we prepared
four metal samples, Al, Cu, Ni, and SCM4, of elastic moduli 70, 125,
200 and 210 GPa, respectively, as measured by an ultrasonic pulse-
echo technique using a two-channel digital real-time oscilloscope.
The surfaces were electropolished after mechanical polishing with
0.05 wm diamond powder. We evaluated the constant frame com-
pliance using Eq. (2) by performing a series of nanoindentation on
fused silica with indentation depth from 1500 nm to 1800 nm with
a Berkovich indenter, whose holder was the same as the spherical
indenter.

3. Results and discussion

Fig. 1a shows the effective radius as measured from the Hertz
equation for indentation depth less than 90 nm (red dotted lines),
and from direct AFM profiling of the residual indentation marks
for indentation depths greater than 90nm (solid dots). Fig. 1b
shows the indentation force-depth curve with maximum inden-
tation depth of 90 nm. Fitting Eq. (3) to the force-depth curve as
shown in Fig. 1a suggests that the effective indenter radius for
indentation depths between 0 and 90 nm is 3.36 +0.09 um, which
is substantially smaller than the nominal radius of 5 wm. Itis impor-
tant to note that in obtaining the indentation force-depth curve, we
used a constant frame compliance 123.46 nm/N determined with
the Berkovich indenter in the same apparatus by the Oliver-Pharr
method. Fig. 1c shows a typical profile of residual impression with
maximum indentation depth of 690 nm. The effective radius can be
directly measured from the profiling by using Eq. (4). The measured
effective radius of the spherical nanoindenter is 4.84+0.20 um
(from 4.66 to 5.10 wm) for indentation depths between 250 and
700 nm, which is closer to the nominal value of 5um than that
determined at shallow indentation depths by the Hertz equation.

At greater indentation depths, the effective radius measured by
the Hertz equation for shallow indentation depths are quite differ-
ent from that found by direct AFM profiling. We suspected that this
difference could be due to incorrect frame compliance, since we
used a constant frame compliance determined with the Berkovich
indenter in the apparatus described above. While frame compli-
ance does not affect the effective radius measured by 3D profiling
of the residual impression because it does not use the indentation
force-depth curve but instead directly profiles the residual impres-
sion, an incorrect correction for frame compliance directly affects
the evaluated effective indenter radius evaluated from the Hertz
equation since it utilizes indentation force-depth data.

To verify this presumption quantitatively, nanoindentation tests
were performed with the spherical indenter on the Al, Cu, Ni, and
SCM4 at seven different indentation depths from 50 to 1500 nm.
Elastic moduli were calculated by the following relations:

T
E = L Ssample’ (5)
24/Ac
1 (-1, (-1}
E - E + E (6)

where E and v are the elastic modulus and Poisson’s ratio of the
sample, and E; and v; are the elastic modulus and Poisson’s ratio
of the indenter [1-6,16,17]. Fig. 2a shows the elastic modulus as
a function of indentation depth as measured by nanoindentation
at each depth. Note that when calculating contact areas, we used
the Oliver-Pharr method with nominal effective radius 4.84 um
for relative comparison of elastic moduli at various indentation
depths. Though the effective radius was 3.3 wm evaluated by the
Hertz method below 90 nm indentation depth, we also used aradius
of 4.84 wm for those shallow indentation depths due to concerns
about frame compliance. Even when using this directly measured
effective indenter radius instead of a constant nominal radius, the
elastic modulus increases gradually with increasing indentation
depth in these four materials. This observation is consistent with
previous spherical nanoindentation and macro-indentation testing
using a sharp indenter [4,18].
By rewriting Eq. (1), frame compliance can be expressed as

c 1 JT
frame = c—— — ———-
P Storal  2E, /A

We calculated frame compliances from Eq. (7) by using elas-
tic moduli measured with ultrasonic pulse-echo techniques and

(7)
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Fig. 1. (a) Effective radii of spherical indenter at each indentation depth evaluated by the two different methods; (b) fitting the Hertz equation to force-depth data for
indentation depths less than 90 nm and (c) AFM profiling of the residual impression for indentation depths greater than 90 nm. (For interpretation of the references to color

in this text, the reader is referred to the web version of this article.)

stiffness and contact area from the indentation force-depth curve.
Fig. 2b shows the equivalent frame compliance, which is addition-
ally required frame compliance for the actual sample elastic moduli
using Eq. (7) for the four samples at various indentation depths.
Because the modulus and compliance are inversely proportional,
as shown in Eq. (7), and the measured elastic modulus increases
gradually with increasing indentation depth, the equivalent frame
compliance in Fig. 2b decreases with increasing indentation depth.
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Fig. 2. (a)Elastic moduli of four metals, Al, Cu, Ni, and SCM4, analyzed using constant
frame compliance, and (b) frame compliances of indenter derived from true elastic
moduli and infinitesimal cylindrical frame model.

To understand the deviation of frame compliance, we introduce
in Fig. 3 the concept of infinitesimal deformation of the inden-
ter itself. In this framework, the boundary between the indenter
and the frame is the contact area; i.e. only the indenter below the
contact area is the effective indenter, and the remaining indenter
and machine frame above the contact area are the effective frame.
Frame compliance is expressed by summation of frame compliance
of remaining indenter (Cipgenter) and machine frame (Cyp) as

(8)

The boundary of machine frame part is independent of indenta-
tion depth, so Cp is constant. As indentation depth increases, on
the other hand, Cigenter decreases because the frame boundary as
well as the contact boundary increases with increasing indenta-
tion depth. In previous spherical macro-indentation work [4], we
describe the spherical indenter as a summation of infinitesimal
cylindrical frame as shown in Fig. 3, and the frame compliance can
be derived from the following relation:

Cframe = Cindenter + Co.

1 I-h. 1
Cindenter = E T lim 2
t 2R (h+ (qu)l(lfh)) _ (h+ (k—lrjl(l—h))

ﬂ n—o00.
1 ! 2R
Lom—t (4
2R “(2R—1)<h )

k=1
where [ is the total height of the spherical indenter and k is the
number of parts [4]. This equation relies only on the geometry and
elastic modulus of the indenter, and thus is not expected to depend
on the response of the sample.

Fig. 2b shows the expected frame compliance of indenter from
Eq. (9), with R=4.84 um, [=500nm, and E;=1050GPa from the
geometry and elastic modulus of the indenter. Average values
of effective indenter radius from 250 to 700 nm were used. The
expected frame compliance of indenter in Fig. 2b shows a trend
similar to the experimental data, implying that frame compliance
should not be taken as constant but should be calibrated as a func-
tion of indentation depth, especially for spherical nanoindentation.
Here we found negative frame compliance of the indenter above
500 nm indentation depth. This unexpected result is believed to
arise from the estimation of frame compliance at the machine frame
Co. In the experimental evaluation of Cipgenter, We used Cy derived
from a Berkovich indenter as a constant frame compliance. As the
indentation depth is close to the indenter length during evaluation
of Cy, Cgp is believed to be close to the machine frame compliance by
neglecting frame compliance of the Berkovich indenter [1]. How-
ever it is not possible fully to exclude the effect of frame compliance
of the Berkovich indenter, and thus Cy is expected to be an overesti-
mate. Therefore Cjqenter Of @ spherical indenter is underestimated

1
n

(9)
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Fig. 3. Infinitesimal deformation and frame compliance in spherical nanoindentation.

and has negative values over 500 nm. From the results in Fig. 2b,
the effect of frame compliance of Berkovich on Cy is not dominant
because the relative values and trends are close to the estimated
values. Frame compliance directly affects indentation force and
depth, which are the fundamental measured data in nanoinden-
tation. Because contact depth and compliance are correlated, we
introduced an iteration between them:

h* = hO — f(h"~1). PO (10)

where h9 and PP are the initial measured indentation depth and
force, h" is the nth calibrated indentation depth, and h"-! is the
contact depth calculated from the (n-1)th calibrated indentation
depth [4].

Iteration using Eq. (10) and frame compliance function f(h)
from Eq. (9) yields a convergent indentation force-depth curve
in the fully elastic region. Fig. 4 shows indentation force-depth
data as analyzed using constant and indentation-depth-dependent
frame compliances. We reevaluated the effective radius using the
Hertz equation fitting to indentation force-depth data analyzed
by indentation-depth-dependent compliance, and found it to be
4.75 pm. This value is consistent with the nominal radius and
that directly measured at large indentation depths by profiling
the residual impression as shown in Fig. 1a, suggesting that the
large difference in apparent effective radius at small indentation
depths probably arises from the use of constant frame compli-
ance. Handling frame compliance as a function of indentation depth

o Constant frame compliance
*  Functional frame compliance
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Fig. 4. Indentation force-depth curve as analyzed using and constant frame com-
pliance and indentation-depth-dependent frame compliance and effective radius
analyzed by Hertz equation.

is especially important at small indentation depths, as described
above.

To verify the real indenter geometry with indentation depths
below 90 nm, we directly scanned on the tip using XE-100 AFM
(Park Systems, Korea) for a 2 um x 2 wm area including the tip of
the spherical indenter. Fig. 5a shows the top view of scanned area.
From the AFM scanning results, we calculated the effective indenter
radius. The data points in Fig. 5b indicate the effective radius as
evaluated by fitting the radius to profiles ranging to the distance
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Fig. 5. Direct measurement of spherical indenter geometry with AFM: (a) top-view
of scanning image and (b) evaluated effective radii with distance from tip of the
spherical indenter.
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from the tip of the spherical indenter, from which we could evaluate
average effective radius as 4.40+£0.11 pm for distances between
10 and 80 nm (except for the initial contact range with distance
less than10 nm). This result supports a nominal radius closer to the
4.75 p.m evaluated by functional frame compliance method than to
the 3.36 wm evaluated by the Hertz method.

4. Conclusions

We investigated calibration issues in real indenter geometry and
frame compliance in spherical nanoindentation. We compared two
different methodologies; fitting the Hertz equation to force-depth
data for indentation depths less than 90 nm and profiling the resid-
ual impression for indentation depths greater than 90 nm, which
led to a large discrepancy in effective radii. We investigated the
variation in frame compliance of the spherical indenter. Calculation
of frame compliance for the indenter showed that frame com-
pliance in spherical nanoindentation is not constant but rather a
function of indentation depth. The variation in frame compliance
was significant at shallow indentation depths because it depends
inversely on the logarithmic scale of indentation depth. The func-
tional frame compliance was calculated to obtain real indenter
radii using the Hertz equation. We suggest iterative analysis
of convergent force-depth data by indentation-depth-dependent
frame compliance, since this yields more reasonable indentation
force-depth curves. We obtained more consistent indenter radii in
the elastic region with the Hertz equation than by profiling resid-
ual impression method. We verified the consistent indenter radius
evaluated by indentation-depth-dependent frame compliance with
direct profiling indenter geometry by AFM.
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