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The phenomena of pile-up and sink-in associated with nanoindentation have been found

to have large effects on the measurements of the indentation modulus and hardness of
copper. Pile-up (or sink-in) leads to contact areas that are greater than (or less than) the
cross-sectional area of the indenter at a given depth. These effects lead to errors in the
absolute measurement of mechanical properties by nanoindentation. To account for these
effects, a new method of indenter tip shape calibration has been developed; it is based on
measurements of contact compliance as well as direct SEM observations and measurements
of the areas of large indentations. Application of this calibration technique to strain-hardened
(pile-up) and annealed (sink-in) copper leads to a unique tip shape calibration for the diamond
indenter itself, as well as to a material parameterwhich characterizes the extent of pile-up

or sink-in. Thus the shape of the indenter tip and nature of the material response are separated
in this calibration method. Using this approach, it is possible to make accurate absolute
measurements of hardness and indentation modulus by nanoindentation.

I. INTRODUCTION indentation loads and displacements. Typically the varia-

Indentation experiments have led to well-establishedionS Of contact area with depth are treated as indicating
methods for determining the mechanical properties of€ Shape of the diamond indenter itselfThis approach

materials in small volumes? The availability of depth- t© calibrating the shape of the indenter is not generally
valid as it mixes the actual shape of the diamond indenter

sensing indentation instruments with capabilities for*® ; ; ;
measuring displacements on the order of nanomete ith the elastic-plastic response of the material used for

now makes it possible to study mechanical propertied® tiP shape calibration. Naturally such a “combined”
of thin films and other finely structured materials tip shape calibration will return accurate contact areas

where small volumes need to be probédResearch only if the material being subsequently studied exhibits
on nanoindentation has shown that elastic modtfitc  the same pile-up or sink-in behavior as the material used

hardnes$?® and time-dependent deformation effééts for the calibration experiments.

can be measured, provided the area of contact between " this paper we develop a new technique for de-
the indenter and the test material is known. Indeedt€mining the indenter tip shape using both indentation

determining the contact area from the indentation/02ds and displacements and direct scanning electron
forces and displacements is central to the study (;rnlcroscopy (SEM) images of the impressions left by

mechanical properties of materials in small volumes&9€ indentations. The indenter tip shape found by this
by nanoindentation. method represents the actual cross-sectional area of the

It is widely known that the contact area at a par_indenter as a function of the distance from the tip.

ticular depth of indentation depends not only on the!NiS Neéw tip shape calibration can then be used in

shape of the indenter (diamond) but also on the elastidd@noindentation studies of other materials, regardless of
plastic response of the material being indented. In somi'€ir Pile-up or sink-in behaviors. For the determination

cases the volume of material displaced by the indentatiof’ contact area, the extent of pile-up or sink-in must be

pushes out to the sides of the indenter and forms a pile-ufieasured for each material by making direct observa-
ons of the impressions made by large indentations. In

of material, making the projected contact area larger thaf]~, he | o sh librati
the cross-sectional area of the indenter at that depth. F4RIS Way we separate the indenter tip shape calibration

other materials, the displaced volume is accommodatefivhich needs to be done only once) from the pile-up or
mainly by far-field elastic displacements, producing whaSink-in response of the material (which must be done
is called a sink-in effect. In this case the contact are£ach time a new material is studied).
is less than the cross-sectional area of the indenter at
that depth. A. Background

Although the pile-up and sink-in effects are widely Here we describe some of the basic quantities and
known, they are not explicitly considered in any of analytical relations that are used in nanoindentation to
the current methods for determining contact areas frondetermine contact areas from the measured loads and dis-
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placements. Because the displacements during unloadiriyy expressing the total measured displacemegt | as
are elastic, the relationship between the unloading curvthe sum of the elastic surface displacemeén) and the
and the elastic modulus of the material being tested caoontact depth. It then follows that = h,.x — k. Two
be described by elastic contact theory. Pharr, Oliver, anchodels that have been widely used to determine contact
Brotzer¥ have shown that the compliance of the contactdepth are those of Doerner and Nixyho model the
between any axisymmetric indenter and an elasticallyndenter as a flat punch and assume initial unloading to

isotropic half-space is given by be linear, and Oliver and Phariho treat the indenter
dh 11 as a paraboloid of revolution and describe the unloading
C, = — = vm 11 (1) curve by a power law.

-~ dP 2 JAE’

where E, is a reduced modulus described by the relaB. Indenter-tip calibration

tionship To make accurate measurements by indentation ex-
_ 2 _ 2 periments, the contact areas of the indentations must be

1 1—v 1 —v . - :
T Z ot Z . , (2)  precisely known. As noted above, it is standard practice
r specimen indenter to assume that the area of contact for an indentation of a

and whereE and » are Young’s modulus and Poisson’s specified depth is the cross-sectional area of the diamond
ratio, respectively. Heré: is the displacement of the indenter tip at that depth. In this practice the geometry
indenter relative to the specimef, is the load, andt  Of the tip is described by an area functidrs.) and
is the projected area of contact between the specimeffiis function is used to determine the contact area of an
and the indenter. Equations (1) and (2) can also b#&dentation made to a prescribed depth.
generalized for elastically anisotropic materials; if the ~ One method for determining the area function of a
indentation modulus is properly defined, the basic forntip involves imaging the indentations. The calibration is
of these equations does not chaA®y¥ To account for made by fitting the imaged areas at known depths to an
elastic displacements of the load frame of the instrumen@rea function. However, optical imaging of submicron
the machine compliance(,,, must be added to the indentations is difficult, and SEM imaging does not
contact compliance(., to obtain the overall or total provide sufficient contrast to discern the area of contact
compliance of the testing system, for shallow indentation. Doerner and Nixdescribed
an indenter-tip calibration using transmission electron
Coist = Cp + Co = C,y + NS L_ 3) microscopy (TEM) images of indentation replicas, but
2 E JA this method is somewhat inconvenient, being both ex-
pensive and time-consuming.
Currently, the most popular method for calibrating
e shape of the indenter tip is the one introduced
y Oliver and Pharf. It is based on the measurement

The linear relationship betweef, and A~'? for
indentations of several depths is used to determine t
machine compliance, which is simply the intercept ofb

this curve. The contact compliance is then the dif“ferenc%f contact stiffness and requires no imaging of the

bet\_/veen the measgred total .compllanpe and the Sfndentations. The method involves first making large
perimentally determined machine compliance. Once th dentations in a soft material such as aluminum and

g?T;aecgggé?nating:r:sbgngg&I;T:d'ndentatlon mOdumSassuming that the tip exhibits ideal Berkovich geometry,
In the usual way we define the hardness of thedescrlbed by the area function

material to be the mean pressure exerted by the indenter A(h,) = 24_5;,5, (5)
at maximum load,
P where k. is the indentation contact depth determined
— (4) by the method of Oliver and PharrThen from the

A plot of Cy. versusA~"2, an initial estimate of the
where P.x is the maximum load applied during the machine compliance can be determined from the two
indentation andi is, again, the projected area of contactlargest indentations, using literature values mfand
between the indenter and the specimen. v for aluminum and diamond. Contact areas for all

The measurements of indentation modulus and hardhe depths are then calculated from Eq. (3), and the

ness depend on knowing the contact area of the indata are fitted to a polynomial functioa(s.). Since
dentations. The contact area is determined from a tiphe new area function yields a new value @f,, the
shape functionA(h..), that expresses the indenter’s cross-process is iterated until convergence is achieved. To
sectional area in terms of the contact depth and must ba@etermine the tip geometry at shallower depths, a similar
determined for each indenter tip used in an experimeninethod involving indentations in fused quartz is used,
The contact depth (or plastic displacement) is determinedssuming the same machine compliance as measured

H =

J. Mater. Res., Vol. 13, No. 5, May 1998 1301


https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/JMR.1998.0185

Downloaded from https://www.cambridge.org/core. Harvard University, on 20 Jul 2020 at 19:40:38, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/JMR.1998.0185

K.W. McElhaney et al.: Determination of indenter tip geometry and indentation contact area

in the aluminum experiments. This area function isis necessary to obtain accurate measurements of contact
assumed to describe the tip geometry completely, andreas and, correspondingly, accurate determinations of
thus it yields the contact area of any indentation madéwardnesses and indentation moduli.

to a known depth. In this approach the cross-sectional

area of the tip and the contact area of the indenter anl. EXPERIMENTAL

the specimen, at a given depth, are treated implicitly ag, Description of indentation experiments

if they are the same. i ) i
Indentation experiments were conducted using a

Nanoindentet, a low-load, displacement-sensing inden-
) ) ) ) tation system manufactured by Nano Instruments. Ex-
The strain-hardening properties of a material carheriments were done using two samples of copper, one
affect its behavior underneath the indenter tip. (Segnatwas strain-hardened and one that had been annealed.
Fig. 1 for a schematic representation of these effects)rne strain-hardened sample was polycrystalline with a
A Well-annealed s_oft metal that eXthItS. a high strain-grain size that was large compared to the size of the
hardening rate will tend to show far-field plasticity. |arge indentations, so of the indentations were made in
Strain hardening near the indenter tip will cause plasticsing|e grains. The annealed sample was a single crystal
deformation to occur fqrther and _further away from the ¢ copper with the (111) orientation. The samples were
contact, causing material to be displaced far away fronprepared by successive grinding steps with sandpaper
the indentation and resulting in sink-in behavior. Thisgown to 600 grit, and polishing steps withudn diamond

sinking-in of the surface causes the actual contact areggste on nylon cloth and 0.06m colloidal silica on
to be less than the cross-sectional area of the indentgsayyve O,

at that depth. By contrast, strain-hardened materials and  Experiments consisted of arrays of thirty-six inden-

metallic glasses that exhibit a low strain-hardening ratqations, each array spanning six different depths. Two
will fjeform more locally, creating a pl.le—u_p of material arrays were made for each of four depth ranges, which
against the sides of the indenter. This displacement Cgpanned the entire testing range of 20 nm ter@. The
material near the indentation results in a significaniyata from each of the twelve indentations made to the
increase in contact area at a given depth.. ~ same depth were averaged. A typical loading sequence
Figure 2 shows SEM images of two indentationsgng the corresponding load-displacement curve for the
made to the same depth in different samples of coppegxperiments is shown in Fig. 3. A curve fit in the form
The pile-up and sink-in behaviors are evident in thegs 5 power law was made to the upper 60% of the
images. That the areas of indentations made to thgna| unloading data, and contact compliance and contact
same depth with the same indenter can be so differeffepth were calculated from this fit using the method
indicates that a distinction must be made between thgs ofiver and Pharf. Experiments in a single sample
area of the diamond indenter and the actual contact ar€gere done without changing the sample mounting and
of the indentation. Although an area function may begn, the same area of the sample to ensure that the machine

obtained that describes the geometry of the indenter, fagompliance would remain constant from experiment to
materials that show large pile-up or sink-in effects, agyperiment.

distinction must be made between the contact area and

reduced modulus

C. Pile-up and sink-in

pile-up sink-in To determine the machine compliance, the largest
six indentation depths were imaged by SEM, and their

% % areas were determined by tracing all twelve indenta-
h . original surface / h tions at those depths onto transparency film and weigh-
N\

ing the cut-outs. Precise magnification of the SEM

1333;;‘3 csggialcr; images was determined by measuring the distances be-
area area__ tween indentations on the sample with the Nanoindenter
a indenter T and then comparing them with the distances on the
— cross—sec}{ional —— micrographs. The total measured compliance was plotted
area, Aj

versus the reciprocal square root of the measured contact
areas; the machine complianc€,,, was determined
from the intercept of this plot, and the reduced modulus,
E,, from the slope. Figure 4 is a compliance versus
FIG. 1. A schematic representation of pile-up and sink-in effectsContact area plot showing the machine compliance in
during indentation. these experiments to be about 2.1/mmN. The moduli
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FIG. 2. SEM micrographs of 1500 nm deep indentations in (a) strain-hardened copper (pile-up) and (b) annealed copper (sink-in).

determined for these copper samples agree with thosehus, the cross-sectional area of the indenter can be

calculated by Vlassak and Nik(see Table 1). calculated using the measured contact compliances at
all the indentation depths, provided the correction factor
C. Determination of tip area function a is known at each depth. If indenter geometry is self-

similar at all depthsg should be independent of depth

To distinguish between the contact area of the m—(%?r a homogeneous material.

dentation and the cross-sectional area of the indenter
that depth, we again used the SEM images, but took
the indenter area to be that of the triangle defined byll. RESULTS AND DISCUSSION

the indentation corners. In doing this, two assumptions  The calibration procedure outlined above was per-
are made: (i) that the sides of the diamond indenter argyrmed on each of the two copper samples. Figure 5
flat, so the cross section of the diamond at any depth ishows a logarithmic plot of the final area function as
indeed represented by a triangle, and (ii) that little pile-determined by experiments in each sample. Their agree-
up or sink-in occurs at the sharp edges of the indenteiment further corroborates the validity of the assumption

so that most of the material displacement occurs againghat the sharpness of the edges of the indenter produces
the flat sides of the diamond. The second assumption I®tle pile-up or sink-in behavior at the corners of the

verified by the observation that the “triangular areas” ofingentation.

indentations made to the same depth in the two materials The tip calibration method of Oliver and Pharr is

were almost exactly equal. _ _ ~ based entirely on the measurement of contact compli-
A parameter describing the ratio of the indentationance; it does not make use of or require direct obser-

contact area to the triangular area was then determineghtions of any of the indentations. Provided that the

for each set of indentations: material used for the calibration shows neither pile-up
A, nor sink-in effects, an accurate tip shape calibration
a=_. (6)  can be found. However, such a tip shape calibration

cannot be used without modification for the study of
Here A, refers to the indentation projected contact areapther materials if they show either pile-up or sink-
andA; to the cross-sectional area of the indenter, the arem effects. Significant errors in the contact area will
of the triangle marked by the corners of the indentationproduce correspondingly large errors in the measurement
For an indentation where pile-up has occurred> 1;  of indentation modulus and hardness. Also, Baker and
for sink-in, « < 1. Rearranging Eq. (1) and substituting Nix'® have reported that the machine compliance can
Eq. (6), the diamond tip area can then be determinedary significantly from sample to sample, and can even

from the measured contact compliances using depend on the location of indentations in a single sample.
If the machine compliance is not accurately known,
1 = 1 1 ) . o
A = — T (7)  convergence of the iterative process may be difficult
a r C

to achieve. For this reason to it is preferable to com-
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i 1 2.1 nnymN.
80 [ ]
= I deep indentations, which were in contact with soft,
g 60 [ ] strain-hardenable material. In this case, it was necessary
et i to determine a functiom = «(h). This was done by
S L fitting a quadratic polynomial to the observadsersush
40 i 7] data and extrapolating the curve to shallower depths. The
i 1 uncertainty of the pile-up (or sink-in) behavior of the
20 - material at shallow depths makes the annealed sample a
i ] less suitable choice for tip calibration experiments and
ol probably explains the slightly better agreement of the

s WO S K T SN ST SR AN T ST FOU SN AN ST S £ M S R
0 560 1()'00 1500 2000 calibrations at large depths than at shallow depths.
Although a tip calibration can be obtained in the
manner described above, it is still insufficient to make
(b) accurate measurements of materials that show signifi-
FIG. 3. (a) A typical indentation load-time sequence. (b) Correspondcant strain-hardening effects. For materials that exhibit
ing load-displacement curve for an indentation in strain-hardenedextensive pile-up or sink-ing must be determined as
copper. a material constant or as a function of contact depth.
If the modulus of the material is not known, it may be
bine the measurement of contact compliance with direchecessary to image indentations to precisely characterize
observations of the indentations. its pile-up (or sink-in) behavior. If the elastic constants
Figure 6 shows a plot ofr as a function of depth E andv are well known for a material, however, and the
for the strain-hardened and the annealed copper samplesdenter tip shape is well known, it may be possible to
Note that for the strain-hardened specimen, the value afalculate the parameter from the measured modulus,
«a is constant over the entire range of depths, indicatingvithout having to image the indentations.
that the amount of strain-hardening in the sample is It is important to note that a large error would result
independent of depth. This sample is a suitable materiaf the indentations were analyzed without accounting
in which to perform a tip calibration, for it is homo- for the difference between the actual contact area and
geneously strain-hardened, and its pile-up behaviothe cross-sectional area of the indenter. The measured
remains constant throughout. For the annealed crystalhdentation modulus and hardness would be too high in
however, « increases significantly with decreasingthe case of pile-up and too low in the case of sink-in.
depth. The most probable cause of this behavior idf the o for a particular sample is known, the correct
that the surface of the annealed crystal was strainreduced modulus can be calculated from Eq. (7), and the
hardened during the metallographic preparation. Thushardness will be given simply b..../aA;. A plot of the
shallow indentations are more likely to pile-up thanhardnesses of the samples calculated with and without

Displacement (nm)
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TABLE |. Experimental and theoretical indentation moduli.

Material Without correction parametex, (GPa) With correction parametex, (GPa) Vlassak and NIR (GPa)
Strain-hardened Cu 155 139 129-1341
Annealed Cu (111) 138 140 141

Values are theoretical predictions for the (100) and (111) surfaces, respectively.

the correction parameter is shown in Fig. 7, and the contact area between the indenter and the sample to
moduli of the samples calculated with and withaut be greater than or less than, respectively, the cross-

are compared in Table I. sectional area of the indenter. To account for these
effects, a new indenter tip shape calibration technique
IV. SUMMARY has been developed, based on both measurements of

ontact compliance and direct SEM measurements of the
reas of large indentations. The indenter cross-sectional
reas at large depths were determined from the area of
the triangle defined by the indentation corners. The ratio

of the contact area to the indenter area characterizes the

Nanoindentation studies of strain-hardened and an®
nealed samples of copper have revealed significant piI@
up and sink-in effects, thereby causing the projecte

10° E T SRR 3 extent of pile-up and sink-in for the material and can be
- TIP AREA CALIBRATION 1 used to evaluate the indenter area for depths at which
& 108 L 1 the indentations cannot easily be imaged. Thus, this
g p° calibration procedure makes a clear distinction between
= F ] . X R .
D o annealed e »° 1 indentation contact area and indenter cross-sectional
o 1071 @6§ 4 area. Furthermore, by determining the area correction
< QQQ i parametera for a material from direct observation of
-E‘ 1051 ggg 1 indentations and knowing the tip shape function of the
= 3 I 3 diamond indenter tip, it is possible to make absolute
% o ] determinations of indentation modulus and hardness.
e 10°L q8% i
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FIG. 7. Hardness versus depth as calculated from indenter cross-
FIG. 6. The correction paramete#, as a function of contact depth sectional area and contact area for strain-hardened and annealed
for the strain-hardened and annealed copper samples. copper.
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