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ABSTRACT

Spherical indentation with continuous load and depth measurement is a useful
technique for characterizing thin film mechanical properties.  With this technique, the initial
loading is in the elastic range.  Therefore the elastic-plastic transition can be observed.
However, the calibration of spherical indenters presents special problems.  First, the radius of
the indenter at the point of contact must be determined, and any deviation from a spherical
radius must be evaluated.  The shape of the indenter also causes mounting difficulties that can
create a relatively large and nonlinear compliance in the testing machine.  The calibration of
spherical indenters is further complicated, because asperities on the indenter and surface
roughness add to the uncertainty in locating the surface of the sample.  In addition, spherical
indenters are generally made of anisotropic single crystals, and the calculation of their elastic
responses must include this anisotropy.  To address these issues, a methodology has been
developed for the calibration of spherical indenters, whereby indentation experiments are
conducted on multiple ceramic materials in the elastic range.  The method was used to
determine the local radius of synthetic sapphire spherical indenters.  The accuracy of this
measurement was verified using confocal microscopy.  The method was successfully applied
to an indenter with a nonlinear machine compliance.  Further results involving indentation in
the plastic regime are also presented.  

INTRODUCTION

Nanoindentation has been shown to be a useful technique for characterizing the
mechanical properties of materials and thin films in particular [1-3].  A spherical indenter has
the special feature that the initial loading is in the elastic regime and that the transition from
purely elastic to elastic-plastic deformation can be observed [4, 5].  However, the spherical
shape that permits initially elastic loading presents difficulties in the calibration of the
nanoindentation apparatus.

First, the location of the specimen surface is more difficult for a spherical indenter
because of its relatively large contact area at small loads.  Any asperities on the specimen
surface or the tip of the indenter can give a false location of the surface.  This problem can be
circumvented by using unloading results in the elastic regime to determine the true surface
location for the calibration, since the asperities are generally flattened during loading.

In addition, truly spherical tips with a predetermined radius are difficult to fabricate,
so the actual radius of curvature at the point of contact must be determined in the calibration
procedure.  The mounting of the sphere presents additional manufacturing difficulties, which
may lead to a nonlinear load-displacement response in the assembly.  To complicate the



matter, the indenter radius and the compliance of the apparatus are coupled in the analysis.
The calibration method presented below simultaneously determines the indenter radius and the
compliance of the apparatus (machine compliance) by analyzing the results from two
specimens with substantially different mechanical properties.  A nonlinear machine
compliance can be explicitly accommodated by the method.  

A previous solution by Willis [6] or a recent simplification [7] can be used to account
for anisotropy in the spherical indenter or in the specimens used for calibration.  The
calibration method can be readily applied, and results for a variety of materials are presented.

EXPERIMENT

Nanoindentation experiments were conducted with a 0.16 nm displacement resolution
and a load resolution of 0.3 µN.  The nanoindenter was used in continuous stiffness
measurement mode with a 45 Hertz oscillation of 2 nm peak to peak.  The indenter tips were
fabricated from polished synthetic sapphire spheres with a nominal diameter of 130 µm.  The
spheres were pressed into stainless steel mounts and fixed in place by brazing or with an
adhesive.

Four specimen materials were used in this study: polycrystalline 7075-T6 aluminum,
fused quartz, synthetic sapphire, and silicon.  The elastic moduli of these specimens are listed
in Table 1.  The fused quartz and synthetic sapphire were polished to optical standards.  The
silicon specimen was taken from a polished silicon wafer, and the aluminum specimen was
mechanically polished with 0.1 µm diamond paste.

Table 1. Components of the Elastic Stiffness Matrix (GPa)
Material C11 C12 C13 C14 C33 C44 reference
Aluminum 91 39 - - - - [8]
Fused Quartz 84 17.2 - - - - [9]
Sapphire 496.72 163.40 110.73 -23.49 499.98 147.40 [10]
Silicon 165.78 63.94 - - - 79.62 [11]

THEORY

In indentation experiments, the total measured displacement (h) can be divided into
three parts: the deflection of the specimen surface (hs), the deflection of the indenter surface
(hi) and the deflection of the apparatus (hm), that is:

h = hs + hi + hm . (1)
For a contact that is small compared to the radius of the sphere, the deflections for the elastic
contact of an isotropic spherical indenter and an isotropic flat specimen are given by the
classical Hertz solution as:

hs + hi =
3P
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method only applies for elastic contact, and a large degree of plastic deformation occurred.
The results for aluminum shown in Figure 5 agree with the prediction at moderate contact
depths, but are low at small depths and somewhat high at large depths.  The discrepancies are
still under investigation, but may be due to depth dependent pile-up phenomena [see 12].

Sometimes, the machine compliance of spherical indenters will be nonlinear due to the
way the sphere is mounted.  In that case, the same calibration procedure can be applied by
using a nonlinear curve fit for the machine displacement as a function of load.  An example of a
nonlinear machine compliance is shown in Figure 6.  A cubic polynomial curve fit is used to
match the experimental results for c-axis sapphire using a 57 µm spherical radius for this
indenter.  The results for fused quartz at the same indentation depth agreed with this machine
compliance.  For this indenter, the indentation modulus for fused quartz is shown in Figure 7
to be within 5% of the analytical value and approximately constant with depth.  This indenter
was also examined by confocal microscopy to evaluate deviations from the determined
spherical radius.  The projected surface area of the indenter is shown in Figure 8 to agree with
the ideal result within 2% to a contact depth of 10 µm.

SUMMARY

For a  nanoindentation system using a spherical indenter, a calibration procedure has
been presented.  The method entails performing indentation experiments on two ceramic
materials to the same contact depth.  The experimental results are then used to determine the
radius of the spherical indenter and the machine compliance.  The method has low sensitivity
to surface asperities and was shown to give accurate results on several specimens.  The
calibration procedure was also extended to the case of a nonlinear machine compliance.  For
this case, the accuracy of the spherical radius determined by this method was verified by
confocal microscopy measurements.
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Figure 7. Indentation modulus of fused quartz Figure 8. Projected surface area of a spherical

from spherical indentation, R = 57 µm, indenter measured by confocal microscopy (̊ )
cubic machine compliance from Fig. 6 compared to perfect spheres (lines)
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