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Instrumented Indentation Testing
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INSTRUMENTED INDENTATION TESTING
(IIT), also known as depth-sensing indentation,
continuous-recording indentation, ultra-low-load
indentation, and nanoindentation, is a relatively
new form of mechanical testing that signifi-
cantly expands on the capabilities of traditional
hardness testing. Developed largely over the
past two decades, IIT employs high-resolution
instrumentation to continuously control and
monitor the loads and displacements of an in-
denter as it is driven into and withdrawn from a
material (Ref 1-13). Depending on the details
of the specific testing system, loads as small
as 1 nN can be applied, and displacements of
0.1nm (1 A) can be measured. Mechanical
properties are derived from the indentation
load-displacement data obtained in simple tests.

The advantages of IIT are numerous, as in-
dentation load-displacement data contain a
wealth of information, and techniques have
been developed for characterizing a variety of
mechanical properties. The technique most fre-
quently employed measures the hardness, but it
also gives the elastic modulus (Young’s modu-
lus) from the same data (Ref 8, 11). Although
not as well-developed, methods have also been
devised for evaluating the yield stress and
strain-hardening characteristic of metals (Ref
14-16); parameters characteristic of damping
and internal friction in polymers, such as the
storage and loss modulus (Ref 17, 18); and the
activation energy and stress exponent for creep
(Ref 19-25). IIT has even been used to estimate
the fracture toughness of brittle materials using
optical measurement of the lengths of cracks
that have formed at the corners of hardness im-
pressions made with special sharp indenters
(Ref 13, 26, 27). In fact, almost any material
property that can be measured in a uniaxial ten-
sion or compression test can conceivably be
measured, or at least estimated, using IIT.

An equally important advantage of IIT re-
sults because load-displacement data can be
used to determine mechanical properties with-
out having to image the hardness impressions.
This facilitates property measurement at very
small scales. Mechanical properties are rou-
tinely measured from submicron indentations,
and with careful technique, properties have

even been determined from indentations only a
few nanometers deep. Because of this, IIT has
become a primary tool for examining thin
films, coatings, and materials with surfaces
modified by techniques such as ion implanta-
tion and laser heat treatment.

Many IIT testing systems are equipped with
automated specimen manipulation stages. In
these systems, the spatial distribution of the
near-surface mechanical properties can be
mapped on a point-to-point basis along the sur-
face in a fully automated way. Lateral spatial
resolutions of about a micron have been
achieved. An example of small indentations lo-
cated at specific points in an electronic micro-
circuit is shown in Fig. 1.

The purpose of this article is to provide a
practical reference guide for instrumented in-
dentation testing. Emphasis is placed on the
better-developed measurement techniques and
the procedures and calibrations required to ob-
tain accurate and meaningful measurements.

Testing Equipment

As shown schematically in Fig. 2, equipment
for performing instrumented indentation tests
consists of three basic components: (a) an in-

Small Berkovich indentations located at spe-
cific positions in an electronic microcircuit

Fig. 1

denter of specific geometry usually mounted to
arigid column through which the force is trans-
mitted, (b) an actuator for applying the force,
and (c) a sensor for measuring the indenter dis-
placements. Because these are also the basic
components used in tensile testing, a standard
commercial tensile-testing machine can be
adapted for IIT testing. However, to date, most
IIT development has been performed using in-
struments specifically designed for small-scale
work. Advances in instrumentation have been
driven by technologies that demand accurate
mechanical properties at the micron and sub-
micron levels, such as the microelectronic and
magnetic storage industries. Thus, while the
principles and techniques described in this ar-
ticle were developed primarily using instru-
ments designed for small-scale work, there is
no inherent reason that they could not be ap-

Force
actuator

—_—
To electronics

Force, P

Machine

compliance, C To electronics

| Displacement
sensor

Indenter

ig Schematic representation of the basic compo-
nents of an instrumented indentation testing
system



© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

plied at larger scales using equipment available
in most mechanical-testing laboratories.

Several small-scale IIT testing systems are
commercially available. They differ primarily
in the ways the force is applied and the dis-
placement is measured. Small forces can be
conveniently generated (a) electromagnetically
with a coil and magnet assembly, (b) electro-
statically using a capacitor with fixed and mov-
ing plates, and (c) with piezoelectric actuators.
The magnitudes of the forces are usually in-
ferred from the voltages or currents applied to
the actuator, although in piezoelectrically driven
instruments, a separate load cell is often in-
cluded to provide a direct measurement of the
force. Displacements are measured by a variety
of means, including capacitive sensors, linear
variable differential transformers (LVDTs), and
laser interferometers. The range and resolution
of the instrument are determined by the specific
devices employed.

It is important to realize that as in a commer-
cial tensile-testing machine, the displacements
measured in an IIT system include a component
from the compliance of the machine itself. Un-
der certain circumstances, the machine compli-
ance can contribute significantly to the total
measured displacement, so it must be carefully
calibrated and removed from the load-displace-
ment data in a manner analogous to tension and
compression testing. Specific procedures for
determining the machine compliance in IIT
testing are outlined in this article.

A variety of indenters made from a variety
of materials are used in IIT testing. Diamond
is probably the most frequently used material
because its high hardness and elastic modulus
minimize the contribution to the measured dis-
placement from the indenter itself. Indenters
can be made of other less-stiff materials, such
as sapphire, tungsten carbide, or hardened steel,
but as in the case of the machine compliance,
the elastic displacements of the indenter must
be accounted for when analyzing the load-
displacement data.

Pyramidal Indenters. The most frequently
used indenter in IIT testing is the Berkovich in-
denter, a three-sided pyramid with the same
depth-to-area relation as the four-sided Vickers
pyramid used commonly in microhardness
work. The Berkovich geometry is preferred to
the Vickers because a three-sided pyramid can
be ground to a point, thus maintaining its
self-similar geometry to very small scales. A
four-sided pyramid, on the other hand, termi-
nates at a “chisel edge” rather than at a point,
causing its small-scale geometry to differ from

that at larger scales; even for the best Vickers
indenters, the chisel-edge defect has a length of
about a micron. Although Vickers indenters
could conceivably be used at larger scales, their
use in IIT has been limited because most work
has focused on small-scale testing.

Spherical Indenters. Another important in-
denter geometry in IIT testing is the sphere.
Spherical contact differs from the “sharp” con-
tact of the Berkovich or Vickers indenters in
the way in which the stresses develop during
indentation. For spherical indenters, the contact
stresses are initially small and produce only
elastic deformation. As the spherical indenter is
driven into the surface, a transition from elastic
to plastic deformation occurs, which can theo-
retically be used to examine yielding and work
hardening, and to recreate the entire uniaxial
stress-strain curve from data obtained in a sin-
gle test (Ref 14, 15). IIT with spheres has been
most successfully employed with larger-diame-
ter indenters. At the micron scale, the use of
spherical indenters has been impeded by diffi-
culties in obtaining high-quality spheres made
from hard, rigid materials. This is one reason
the Berkovich indenter has been the indenter of
choice for most small-scale testing, even though
it cannot be used to investigate the elastic-
plastic transition.

Cube-Corner Indenters. Another indenter
used occasionally in IIT testing is the cube--
corner indenter, a three-sided pyramid with mu-
tually perpendicular faces arranged in a geome-
try like the corner of a cube. The center-
line-to-face angle for this indenter is 34.3°,
whereas for the Berkovich indenter it is 65.3°.
The sharper cube corner produces much higher
stresses and strains in the vicinity of the con-
tact, which is useful, for example, in producing
very small, well-defined cracks around hardness
impressions in brittle materials; such cracks can
be used to estimate the fracture toughness at
relatively small scales (Ref 13, 26, 27).

Conical Indenters. A final indenter geome-
try worth mentioning is the cone. Like the
Berkovich, the cone has a sharp, self-similar
geometry, but its simple cylindrical symmetry
makes it attractive from a modeling standpoint.
In fact, many modeling efforts used to support
IIT are based on conical indentation contact
(Ref 28-35). The cone is also attractive be-
cause the complications associated with the
stress concentrations at the sharp edges of the
indenter are absent. Curiously, however, very
little IIT testing has been conducted with cones.
The primary reason is that it is difficult to man-
ufacture conical diamonds with sharp tips,

Table 1 Summary of nominal geometric relationships for several indenters used in IIT
Parameter Vickers Berkovich Cube-corner Cone (angle y) Sphere (radius R)
Centerline-to-face angle, o 68° 65.3° 35.2644°
Area (projected), A(d) 24.504 d? 24.56 d? 2.5981d? na? na?
Volume-depth relation, 8.1681 d3 8.1873 d3 0.8657 d3

V(d)
Projected area/face area, 0.927 0.908 0.5774

AlA;
Equivalent cone angle, y 70.32° 42.28°

70.2996°
Contact radius, a .

"
dtany (2Rd - d?)'?
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making them of little use in the small-scale
work around which most of IIT has developed
(Ref 36). This problem does not apply at larger
scales, where much could be learned by using
conical indenters in IIT experimentation.

A summary of the indenters used in IIT test-
ing and parameters describing their geometries
is given in Table 1.

Measurement of
Hardness and Elastic Modulus

The two mechanical properties measured
most frequently by IIT methods are hardness
(H) and elastic modulus (Young’s modulus)
(E). A simple methodology has been developed
by which these properties can be determined
for isotropic materials exhibiting no time de-
pendence in their deformation behavior, that is,
no creep or viscoelasticity (Ref 11). For materi-
als that do not experience pile-up, which in-
cludes most ceramics, hard metals, and soft
metals that work harden, H and E can be deter-
mined generally within *10%, sometimes
better. The physical principles and models used
to determine H and E from indentation load-
displacement data are now discussed. Many of
the basic principles also apply to the measure-
ment of other properties discussed later in this
article.

General Description of the Indentation
Process. A schematic of the indentation pro-
cess for an axisymmetric indenter of arbitrary
profile is shown in Fig. 3. As the indenter is
driven into the material, both elastic and plastic
deformation processes occur, producing a hard-
ness impression that conforms to the shape of
the indenter to some contact depth, 4. The ra-
dius of the circle of contact is a. As the indenter
is withdrawn, only the elastic portion of the dis-
placement is recovered, which effectively al-
lows one to separate the elastic properties of the
material from the plastic.

A schematic representation of indentation-
load (P) versus displacement (/) data obtained
during one full cycle of loading and unloading
is presented in Fig. 4. The important quantities
are the peak load (P,,), the maximum depth
(hpax)s the final or residual depth after unload-
ing (hy), and the slope of the upper portion of
the unloading curve (S = dP/dh). The parameter
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'
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h
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Flg 3 Schematic representation of a section through
an axisymmetric indentation showing various
quantities used in analysis
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S has the dimensions of force per unit distance
and is known as the elastic contact stiffness, or
more simply, the contact stiffness. The hard-
ness and elastic modulus are derived from these
quantities.

The fundamental relations from which H and
E are determined are:

H=PIA (Eq 1)

where P is the load and A is the projected con-
tact area at that load, and:

n s

E. =YY »

"2 Ja

where E, is the reduced elastic modulus and f is
a constant that depends on the geometry of the
indenter (Ref 1, 11). Equation 1 is a working
definition for the hardness as measured by in-
strumented indentation testing. By this defini-
tion, the hardness is a measure of the load-bear-
ing capacity of the contact computed by
dividing the applied load by the projected area
of contact under load. This should not be con-
fused with the more traditional definition of
hardness: the load divided by the projected
area of contact of the residual hardness im-
pression. These two definitions yield similar
values when plastic deformation processes
dominate and a fully plastic permanent hard-
ness impression is formed. However, they give
very different values when contact is predomi-
nantly elastic, because for purely elastic con-
tact, the residual contact area is vanishingly
small, giving an infinite hardness based on the
traditional definition. This subtle difference is
especially important for indentations made
with spherical indenters, for which purely elas-
tic contact is commonly encountered, and for
sharp indenters at very small depths where tip-
rounding effects can produce predominantly
elastic contact. Under these circumstances, the
traditional definition of hardness yields a
greater value than that obtained by Eq 1.

(Eq2)

A
Pmax
Loading

Q

2 Unloading

o

a
f >
hf hmax

Displacement, h
Fig. 4 Schematic representation of indentation load-

displacement data during one complete cycle
of loading and unloading

A reduced modulus, E,, is used in Eq 2 to ac-
count for the fact that elastic displacements oc-
cur in both the indenter and the sample. The
elastic modulus of the test material, E, is calcu-
lated from E, using:

1 1-v? 1“’12

E. E E,

(Eq3)

where v is the Poisson’s ratio for the test mate-
rial, and E; and v; are the elastic modulus and
Poisson’s ratio, respectively, of the indenter.
For diamond, the elastic constants E; = 1141
GPa and v; = 0.07 are often used (Ref 11, 37).
While it may seem counterintuitive that one
must know the Poisson’s ratio of the material in
order to compute its modulus, even a rough es-
timate, say v = 0.25 £ 0.1, produces only about
a 5% uncertainty in the calculated value of E
for most materials.

Equation 2 is founded in elastic contact the-
ory (Ref 28, 29, 31) and holds for any indenter
that can be described as a body of revolution of
a smooth function (Ref 38). Because the equa-
tion was derived for an axisymmetric indenter,
it formally applies only to circular contacts, for
which the indenter geometry parameter is § =
1. However, it has been shown that the equation
works equally well even when the geometry is
not axisymmetric, provided that different val-
ues of P are used (Ref 39-41). For indenters
with square cross sections like the Vickers pyr-
amid, B = 1.012; for triangular cross sections
like the Berkovich and the cube-corner indent-
ers, B = 1.034 (Ref 39).

Very recent work has shown that yet another
small correction factor to Eq 2 may be needed
in very precise work (Ref 31, 42-45). Pending
further development and verification, this cor-
rection is not considered in the procedures out-
lined here.

Determining the Contact Stiffness and
Contact Area. From Eq 1 and 2, it is clear that
in order to calculate the hardness and elastic
modulus from indentation load-displacement
data, one must have an accurate measurement
of the elastic contact stiffness (S) and the pro-
jected contact area under load (A). One of the
primary distinctions between IIT and conven-
tional hardness testing is the manner in which
the contact area is derived. Rather than by im-
aging, the area is established from an analysis
of the indentation load-displacement data.

The most widely used method for establish-
ing the contact area was developed by Oliver
and Pharr (Ref 11), which expands on ideas
suggested by several others (Ref 7, 8). The
Oliver-Pharr method begins by fitting the un-
loading portion of the load-displacement data
to the power-law relation:

P=BA(h—hp)™ (Eq4)
where B and m are empirically determined fit-
ting parameters, and A is the final displace-
ment after complete unloading, also deter-

mined from the curve fit. The contact stiffness
(S) is established by analytically differentiat-
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ing Eq 4 and evaluating the result at the maxi-

mum depth of penetration, & = h,, that is:

s = (%Jmm = Bim(hpay — b )" (Eq5)

Experience has shown that Eq 4 does not al-
ways provide an adequate description of the en-
tire unloading curve, especially for films on
substrates. In this case, using curve-fitting pa-
rameters based on all of the unloading data can
lead to unacceptable errors in the contact stiff-
ness computed from Eq 5. It is thus prudent
practice to determine the contact stiffness by
fitting only the upper portion of the unloading
data; moreover, the value of S determined from
this fit should be checked by comparing the
curve fit to the data. Fitting the upper 25 to
50% of the data is usually sufficient.

The next step in the procedure is to determine
the contact depth (h,), which for elastic contact
is less than the total depth of penetration (/,,,,)
as illustrated in Fig. 3. The contact depth is es-
timated using:

he=h— ag (Eq6)

where € is a constant that depends on the in-
denter geometry. Eq 6 is derived from an elas-
tic contact analysis that shows that for spheri-
cal indenters € =0.75 and 2 ./ h = 0.5, and for
conical indenters € =0.72 and & ./ h =2/% (Ref
11). Curiously, experiments with Berkovich in-
denters have shown that Eq 6 also works well
for elastic-plastic indentation using € = 0.75
(Ref 11). This observation has recently been
explained using elastic-plastic contact analysis
and finite element simulation (Ref 46). Note
that Eq 6 does not account for the phenomenon
of pile-up because its derivation is based
strictly on elastic contact in which sink-in al-
ways occurs. The consequences of this assump-
tion, which are important for materials in
which pile-up is prevalent, are discussed later.

As a last step in the analysis, the projected
contact area is calculated by evaluating an em-
pirically determined indenter area function A =
f(d) at the contact depth h; that is:

A=f(hy) (Eq7)

The area function, A = f(d), also known as the
shape function or tip function, relates the
cross-sectional area of the indenter (A) to the
distance (d) from its tip. An experimental pro-
cedure for determining the area function is pre-
sented later in this article.

Once the projected contact area and contact
stiffness are known, the hardness and elastic
modulus follow from Eq 1 and 2.

Dynamic Stiffness Measurement. An im-
portant alternative for measuring the contact
stiffness is offered by dynamic measurement
techniques. Dynamic methods allow for the
continuous measurement of stiffness as the in-
denter is driven in during loading (Ref 11,
47-49). The measurement is accomplished by
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superimposing a small force oscillation on the
primary loading signal and analyzing the result-
ing displacement response by means of a fre-
quency-specific amplifier. The success of this
technique relies on an accurate model for the
dynamic response of the indentation system to
allow for isolation of the material response.
With dynamic stiffness measurement, one can
obtain the hardness and elastic modulus as a
continuous function of depth from a single in-
dentation experiment. The technique is particu-
larly useful for thin films, for which trends in H
and E with depth provide important information
about substrate influences on properties (Ref
50). For time-dependent materials, dynamic
methods can also be used to explore rate sensi-
tivity in the frequency domain (Ref 17, 18).

Influences of Pile-Up. The procedures out-
lined here for measuring hardness and elastic
modulus are based entirely on elastic models of
indentation contact. However, when sharp in-
denters like the Berkovich or Vickers are em-
ployed or when spherical indenters are used at
larger loads, indentation is both elastic and
plastic, and the plastic component sometimes
has important consequences that cannot be ex-
plained by elastic models alone.

The most important plastic phenomenon is
pile-up, where material plastically uplifts
around the contact impression in a manner de-
picted schematically in Fig. 5. Pile-up does not
occur in all materials. However, when it does,
the contact area is larger than that predicted by
elastic contact theory (material sinks in during
purely elastic contact), and both H and E are
overestimated because their evaluation de-
pends on the contact area deduced from the
load-displacement data (Eq 1, 2) (Ref 31, 51).
Finite element simulation of indentation with
conical indenters having the same depth-to-area
relation as the Berkovich and Vickers has
shown that the hardness can be overestimated
by as much as 60% and the modulus by up to
30% (Ref 30, 31). The modulus is less se-
verely affected because it is proportional to
1/ A (Eq 2), whereas the hardness depends on
1/A (Eq 1).

The types of materials and conditions for
which pile-up is most likely to occur have been
examined in finite element simulation (Ref 30,
31, 52). The fundamental material properties
affecting pile-up are the ratio of the yield stress
to modulus ((Sy/ E) and the work-hardening be-
havior. In general, pile-up is greatest in materi-
als with low ¢,/E and little or no capacity for
work hardening, that is, “soft” metals that have
been cold worked prior to indentation. The

Elastic (sink-in)

Fig. 5 sink-inand pile-up during indentation

ability to work harden inhibits pile-up because
as material adjacent to the indenter at the sur-
face hardens during deformation, it constrains
the upward flow of material to the surface.

Finite element simulations for conical indent-
ers with half-included angles of 70.3° (the an-
gle giving the same depth-to-area relation as
the Berkovich and Vickers indenters) have
shown that pile-up is not significant, irrespec-
tive of the work-hardening behavior, when
Gy/E > 0.03 (Ref 31). Unfortunately, because
one usually does not know the value of 6, /E
for the material being tested, this parameter is
of little practical value in assessing the poten-
tial for pile-up. However, finite element simu-
lations have also shown that there is a strong
correlation between 6 /E and h¢/hy,,, the ratio
of the penetration depth upon unloading to the
depth at maximum load. Because the latter pa-
rameter is directly measurable in an IIT test, it
provides a useful means for determining when
pile-up can be determined unimportant (Ref
31). Simulation results for a 70.3° conical in-
denter have shown that pile-up is minimal
when he/h,,, < 0.7; otherwise, pile-up may or
may not be significant depending on the
work-hardening behavior. Typical materials for
which h¢/h,, < 0.7 are ceramics and the
harder metals. A similar approach based on the
ratio of the slopes of the loading and unloading
curves (a quantity that can be measured contin-
uously during loading using dynamic stiffness
measurement) has also been developed (Ref
53).

As a practical matter, if there is suspicion
that pile-up may be important based on the
value of hg/h,,, and/or other independent
knowledge of the properties of the material, in-
dentations should be imaged to examine the ex-
tent of the pile-up and establish the true area of
contact. Light microscopy, scanning electron
microscopy (SEM), and atomic force micros-
copy (AFM) are all useful imaging techniques.
For Berkovich or Vickers indenters, the edges
of piled-up indentations have a distinct appear-
ance; the sides of the residual hardness impres-
sion are bowed outwards as shown in Fig. 6. If
pile-up is large, accurate measurements of H
and E cannot be obtained using the contact area
deduced from the load displacement data;
rather, the area measured from the image
should be used in Eq 1 and 2.

Thin Films. As mentioned in the introduc-
tion, one area in which IIT offers distinct ad-
vantages is in the measurement of thin-film me-
chanical properties. The measurement of films
is more difficult than monolithic materials be-

Elastic-plastic (pile-up)
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cause the load-displacement data depend in
complex ways on the properties of the film and
the substrate on which it resides. Thus, obtain-
ing absolute measurements of film properties is
often difficult and requires careful data analysis.

The most common approach for isolating the
film properties is to make measurements at
depths that are such a small fraction of the film
thickness that the behavior is essentially that of
the material in bulk form. An often-used guide-
line is that the properties of the film may be
evaluated independently of the substrate as
long as the indentation depth is less than 10%
of the film thickness (Ref 54). In actuality, the
depth at which substrate-independent measure-
ments are obtained depends in a complex way
on the elastic and plastic properties of the film
and substrate; thus, the guideline must be used
with caution. The dynamic stiffness measure-
ment technique is an especially useful tool for
establishing the depth at which the measured
properties are substrate independent. Because
this method yields both the elastic modulus and
the hardness as a continuous function of in-
denter penetration, the depths at which sub-
strate influences are significant are often evi-
dent in dynamic stiffness data. For example,
Fig. 7 shows the depth dependence of the hard-
ness of a 1000 nm film of aluminum deposited

B T‘: e L TT“;I;
Bt

Hardness, GPa

0 100 200 300 400

Depth into surface, nm

Flg 7 Hardness versus indenter displacement for a

1000 nm aluminum film on silicon. The data
indicate that the substrate influences the measured hard-
ness at depths greater than 250 nm.
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on silicon as measured by the dynamic stiffness
technique. The constant hardness at depths be-
low 250 nm indicates a true film hardness of
about 1.4 GPa.

There are many measurement applications
for which the film is so thin that substrate influ-
ences cannot be avoided at depths at which use-
ful load-displacement data can be obtained.
Under these circumstances, one must estimate
the film properties from measurements of the
composite structure. There are many empirical
and analytic expressions for the composite hard-
ness and elastic modulus that model the depth
dependence of the composite film-substrate
properties so as to allow extrapolation to the
small depth limit (Ref 8, 33, 39, 55-63). How-
ever, most have not been tested using a broad
range of materials. In one notable exception, a
number of models were compared to an exten-
sive set of experimental data for film-substrate
systems (Ref 64). It was found that a model de-
veloped by Gao et al. works particularly well in
predicting the depth dependence of the com-
posite elastic modulus (E,) of a film-substrate
system with film thickness #; (Ref 61). In this
model, E, is related to the modulus of the film
(Ep) and the modulus of the substrate (E,)
through:

E, =(E; —E\)D+ E (Eq 8)

where @ is a weighting function that depends
on the ratio of contact radius to film thickness
(x = alty) and Poisson’s ratio (assumed to be the
same for the film and substrate), through:

C[>=%arctanl+;
b x 2n(l-v)
r 1 2 X 1
1-2v)=In(1 -
[( V)x nira) 1+ x2J (Eq9)

Given the linear form of Eq 8, a plot of E_
versus @ has a slope of (E; — E,) and an inter-

(2) Al/Glass.

cept of E,, which can be used to deduce the
modulus of the film if the modulus of the sub-
strate is known. The conclusion that the model
works well is based only on a comparison of
the experimental data with the mathematical
form of Eq 8 and 9; the model is yet to be fully
evaluated using systems for which the modulus
of the film and substrate are known independ-
ently of the indentation measurements.

Another promising technique for extracting
film properties combines finite element simula-
tions with experimental load-displacement data
(Ref 35). To use this technique, one must inde-
pendently know the elastic modulus, yield
stress, and work-hardening behavior of the sub-
strate. It is also necessary to know the thickness
of the film and have a reasonable guess of the
work-hardening behavior of the film. With this
information, the film yield stress and modulus
are guessed and adjusted in the finite-element
code until the simulated load-displacement data
match experiment. While subject to a number
of potentially limiting assumptions, the tech-
nique is quite promising and merits further de-
velopment.

Lastly, it should be noted that the pile-up
and sink-in behavior of film-substrate systems
can be very different from that of bulk materi-
als in a manner that has important implica-
tions for IIT measurements. Recent experi-
ments and finite-element simulations have
shown that pile-up is significantly enhanced in
soft films deposited on hard substrates due to
constraint imposed on plastic deformation in
the film by the substrate (Ref 58, 59, 65, 66).
In addition, sink-in can be enhanced in hard
films deposited on soft substrates due to yield-
ing and plastic flow in the substrate (Ref 67).
Examples of enhanced sink-in and pile-up are
shown in Fig. 8. The limited available data
suggest that the enhancements are greatest at
penetration depths close to the film thickness.
An important consequence is that the method
for determining the contact area from Eq 5 to 7
breaks down in a manner that depends on the
depth of penetration relative to the film thick-

(b) NiP/Cu

Fig g Examples of sink-in and pile-up enhancement for thin films on substrates. (a) Soft aluminum on hard glass.
* 7 Source: Ref 65. (b) Hard NiP on soft copper. Source: Ref 67
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ness. For soft films on hard substrates, the
enhancement of pile-up leads to an overesti-
mation of H and E, just as it does for bulk soft
metals with little or no work hardening. Such
behavior is responsible for anomalously high
elastic modulus measurements for soft alumi-
num films (H = 0.7 GPa) on hard glass sub-
strates (H = 6.7 GPa) (Fig. 8a) (Ref 65). For
hard films on soft substrates, sink-in is en-
hanced beyond what it would be for purely
elastic contact, and the analysis overestimates
the true contact area (Fig. 8b). This is the ori-
gin of smaller-than-expected elastic moduli
measured for films of hard NiP (H = 7.5 GPa)
deposited on soft annealed copper (H = 0.7
GPa) (Fig. 8b) (Ref 67).

For Berkovich indenters, clues to whether the
enhancement of pile-up or sink-in occurs can
be found in the shapes of hardness impressions.
Enhancement of pile-up is evidenced by con-
tact impression edges that bow outward due to
a nonuniform distribution of the pile-up, which
is greatest at the centers of the faces and small-
est at the corners (Fig. 8a). Enhancement of
sink-in produces the bowed-in appearance seen
in Fig. 8(b). Collectively, these observations
suggest that very complex elastic-plastic inter-
actions occur in film-substrate systems, and
that extreme care must be exercised in measur-
ing their properties. To minimize these compli-
cations, measurements should be made, when
possible, at small fractions of the film thick-
ness, and the contact area and shape should be
confirmed by imaging.

Time-Dependent
Materials and Properties

All of the discussion so far has assumed that
the material response to indentation contact is
instantaneous, or nearly so, as is the case for
most metals and ceramics tested at room tem-
perature. In general, however, indentation de-
formation can be time-dependent, with the ex-
tent and nature of the time dependence strongly
influenced by temperature. Time dependence
is the rule rather than the exception in poly-
mers—the viscoelastic behavior of polymers at
room temperature is well known—and time-de-
pendent creep is an important phenomenon in
metals and ceramics at elevated temperatures.
Methods for probing and characterizing the time-
dependent phenomena, although not nearly as
well developed as methods for measuring H
and E, are now examined.

Influences on the Measurement of H and
E. One important aspect of time-dependent
behavior is an experimental complication aris-
ing in the measurements of hardness and modu-
lus. Time-dependent creep and/or visco-
elastic deformation can cause the indentation
displacement to increase even as the indenter
is unloaded, giving abnormally high contact
stiffnesses that adversely affect the measure-
ment of hardness and modulus. This is com-
monly encountered, for example, when testing
soft metals, such as aluminum, with sharp
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indenters like the Berkovich. In some cases, the
time-dependent portion of the displacement can
be large enough to produce an unloading curve
with a negative slope. When creep is observed
or suspected, holding the load constant for a pe-
riod of time prior to unloading, which allows
the creep displacements to dissipate, can help
alleviate the problem, at least in materials with
short-lived creep responses.

Measurement of Creep Parameters. For
materials in which the creep response is domi-
nant, IIT can be used to characterize and quan-
tify important creep parameters. For conven-
tional creep tests conducted in uniaxial tension,
the temperature and stress dependence of the
steady state creep rate (€) are often described
by the relation:

¢=00"exp(—Q,/RT) (Eq 10)

where o is a material constant, G is stress, 7 is
the stress exponent for creep, Q. is the activa-
tion energy, R is the gas constant, and 7 is tem-
perature. Values of n ranging from 3 to 5 are
typical for many metals. By analogy, an equiv-
alent expression can be developed for indenta-
tion creep conducted, for example, by applying
a constant load to the indenter and monitoring
its displacement as a function of time. The ex-
pression follows by defining an indentation
strain rate as €, = h/ h, that is, the normalized
rate of indentation displacement (Ref 19, 24,
25). This definition is appropriate for cones
and pyramids (Ref 9, 68). Noting that the
equivalent of stress in an indentation test is the
mean contact pressure H = P/A, the analog of
Eq 10 for an indentation creep test is:

& =0, H " exp(-Q, /RT) (Eq 1)

where 0y is a material constant.

Equation 11 has been found to adequately de-
scribe creep behavior of some but not all mate-
rials (Ref 19, 21-25, 68, 69). When it does, a
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Fig. 9 Room-temperature indentation creep data for

indium obtained by loading the indenter at a
constant rate (10 mN/s) to a peak load and holding for an
extended period of time. Source: Ref 25

log-log plot of the indentation strain rate versus
hardness produces a straight line with a slope
that gives the stress exponent, n. Interestingly,
such a plot can often be constructed from data
obtained in a single indentation test. As an ex-
ample, consider the indentation creep data in
Fig. 9 for indium, a material that creeps at room
temperature by virtue of its relatively low melt-
ing point (Ref 25). The data were obtained by
loading a Berkovich indenter at a fixed rate of
loading and then holding at a maximum load
while monitoring the indenter displacement as
a function of time. As the indenter penetrates,
the contact area increases (thereby reducing the
contact pressure), and the rate of displacement
decreases correspondingly. In a test like this, it
is not unusual to obtain creep data over several
orders of magnitude in €. The stress exponent
deduced from the data, n = 6, is very close to
the value derived using conventional creep test-
ing techniques.

To date, indentation creep tests have been
limited largely to the low-melting metals that
exhibit creep at room temperature. In some
cases, the stress exponent measured by indenta-
tion techniques has been close to that deter-
mined in conventional tests, but in others it has
not. One important reason for the difference
concerns the influence of transients on the
creep response. For an indentation creep test,
the stresses in the vicinity of the contact vary
with time and position as the indenter pene-
trates the specimen. Thus, transient effects (pri-
mary creep) and stress-induced changes in
microstructure can influence the behavior in a
manner that is not observed in uniaxial creep
testing, for which the stress is relatively uni-
form and invariant with time. Carefully con-
ducted indentation creep tests have shown that
when €, varies significantly during the test,
transient effects do indeed affect the results and
are particularly important at high strain rates
(Ref 25). It has been suggested that better re-
sults can be obtained by performing a series of
tests over a range of €, in which the indentation
strain rate in any one test is held constant. This
is easily achieved in a displacement-controlled
machine by maintaining h/ h constant. Under
conditions for which the deformation is pre-
dominantly steady state, a constant indentation
strain rate can be obtained in a load-controlled
system by holding the normalized loading rate
(P/P)constant (Ref 25).

The effect of temperature on creep, as quanti-
fied by the activation energy (Q.) has been in-
vestigated only to a very limited extent (Ref 23,
25, 68, 69). Such tests are challenging due to
inherent difficulties in measuring small dis-
placements at elevated temperatures. When the
specimen and/or testing apparatus are heated,
the measured displacements are often domi-
nated by thermal expansions and contractions
of the machine, which are difficult to separate
from the data.

Viscoelasticity. In addition to creep, inden-
tation techniques have also been developed to
characterize the time-dependent properties of
viscoelastic materials like polymers. Dynamic
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stiffness measurement techniques offer distinct
advantages here. Using the amplitude and
phase of the force and displacement oscilla-
tions, the storage modulus (E”), characteristic
of elasticity, and the loss modulus (E”), char-
acteristic of internal friction and damping, can
both be measured (Ref 17, 18). In its simplest
form, the analysis follows by modeling the con-
tact as a spring of stiffness S in parallel with a
dashpot with damping coefficient Cow, where ®
is the angular frequency of the dynamic oscilla-
tion. Provided the dynamic response of the test-
ing system is well known, § and Cw can be
measured from the amplitude and phase of the
load and displacement oscillations. The storage
modulus is related to S by Eq 2; that is:

g s

26 VA

(Eq 12)

and by analogy to this equation, it has been sug-
gested that the loss modulus is related to Co
through:

E,,_«/EC(;)

2B Ja

(Eq13)

Other models for the dynamic response of the
specimen-indenter contact can be used to give
similar results.

Although quite promising, the technique has
yet to be rigorously tested on a variety of mate-
rials. Thus far, only materials with exception-
ally high damping, like natural rubber, have
been examined.

Good Experimental Practice

As in any experimental work, accurate mea-
surements can be obtained only with good ex-
perimental technique and practice. A discus-
sion of some of the factors that should be
considered in making high-quality measure-
ments follows. Emphasis is placed on those that
are common to many measurement procedures
and independent of the specific apparatus used
to make them.

Choosing an appropriate indenter requires
consideration of a number of factors. One con-
sideration is the strain the tip imposes on the
test material. Although the indentation process
produces a complex strain field beneath the in-
denter, it has proven useful to quantify the
field with a single quantity, often termed the
characteristic strain (€) (Ref 70, 71). Empirical
studies in metals have shown that the character-
istic strain can be used to correlate the hard-
ness to the flow stress in a uniaxial compres-
sion test (Ref 70). For sharp indenters, such as
self-similar cones and pyramids, the character-
istic strain is constant regardless of the load or
displacement, and is given by:

€=0.2 cot () (Eq 14)



© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

238 / Hardness Testing

where W is the half-included angle of the in-
denter for cones; for pyramids, y is the half-
included angle of the cone having the same
area-to-depth relationship (Ref 70, 71). Thus,
the sharper the cone or pyramid, the larger the
characteristic strain. For the two most com-
monly used pyramidal indenters, the Berko-
vich and Vickers, the characteristic strain is
about 8%, and the measured hardness is about
2.8 times the stress measured at 8% strain in a
uniaxial compression test.

The use of sharper pyramidal indenters
(smaller centerline-to-face angles), such as the
cube-corner, is required when one wishes to pro-
duce larger strains. For example, cube-corner
indenters are preferred to Berkovich indenters
when investigating fracture toughness at small
scales by indentation-cracking methods be-
cause the larger strain induces cracking at
much smaller loads (Ref 13, 26, 27). There are
problems, however, in obtaining accurate mea-
surements of hardness and elastic modulus with
cube-corner indenters (Ref 43-45). Although
not entirely understood, the problems appear to
have two separate origins. First, as the angle of
the indenter decreases, friction in the speci-
men-indenter interface and its influence on the
contact mechanics becomes increasingly im-
portant. Second, as mentioned earlier, recent
analytical work has shown that Eq 2 is not an
entirely adequate description of the relation
among the contact stiffness, contact area, and
reduced elastic modulus (Ref 42-45). Correc-
tions are required, and the magnitude of the
correction factor depends on angle of the in-
denter. The correction is relatively small for the
Berkovich indenter, but much greater for the
cube-corner indenter. Future measurement of H
and E with cube-corner indenters will require
methods for dealing with these complications
(Ref 45).

For spherical indenters, the characteristic
strain changes continuously as the indenter
penetrates the material, as given by:

€=02a/R (Eq 15)

where a is the radius of contact and R is the ra-
dius of the indenter (Ref 71). Thus, spheres can
be used when one wishes to take advantage of
the continuously changing strain. In principle,
one can determine the elastic modulus, yield
stress, and strain-hardening behavior of a mate-
rial all in one test. However, because plasticity
commences well below the surface (Ref
70-73), the point of initial yielding can be dif-
ficult to detect experimentally. Specific meth-
ods for exploring the stress-strain curve with
spherical indenters are described elsewhere
(Ref 14-16, 70).

It is important to note that in order to mea-
sure a value for the hardness that is consistent
with the traditional definition—that is, the in-
dentation load normalized by the area of the re-
sidual hardness impression—the contact must
be fully plastic. For spherical indenters, full
plasticity is achieved in elastic-perfectly-plastic

materials when E.a/6,R > 30 (Ref 71). Thus,
the contact radius (a) and, therefore, the pene-
tration depth at which full plasticity is achieved
are smaller for spherical indenters with smaller
radii (R). This is one important reason that
sharp pyramids, such as the Berkovich, are of-
ten preferred to spheres for small depth testing.
The tip radii on precision-ground Berkovich
indenters are usually no greater than 100 nm—
often better—implying that fully plastic contact
is achieved at very small depths. Table 1 pro-
vides useful information on indenter geome-
tries commonly used in IIT testing.

Environmental Control. To take full advan-
tage of the fine displacement resolution avail-
able in most IIT testing systems, several pre-
cautions must be taken in choosing and prepar-
ing the testing environment. Uncertainties and
errors in measured displacements arise from
two separate environmental sources: vibration
and variations in temperature that cause ther-
mal expansion and contraction of the sample
and testing system.

To minimize vibration, testing systems
should be located on quiet, solid foundations
(ground floors) and mounted on vibration-iso-
lation systems. Thermal stability can be pro-
vided by enclosing the testing apparatus in an
insulated cabinet to thermally buffer it from its
surroundings and by controlling room tempera-
ture to within +0.5 °C. If the material is ther-
mally stable (i.e., not time dependent), one can
account for small thermal displacements using
procedures described later. However, for
time-dependent materials, extra care must be
taken in providing thermal stability, because
separation of the thermal displacements from
the specimen displacements is virtually impos-
sible and, therefore, introduces large uncertain-
ties into the displacement data.

Surface Preparation. Surface roughness is
extremely important in instrumented indenta-
tion testing because the contact areas from
which mechanical properties are deduced (for
instance, using Eq 5-7) are calculated from the
contact depth and area function on the pre-
sumption that the surface is flat. Thus, the allow-
able surface roughness depends on the antici-
pated magnitude of the measured displace-
ments and the tolerance for uncertainty in the
contact area. The greatest problems are encoun-
tered when the characteristic wavelength of the
roughness is comparable to the contact diame-
ter. In this case, the contact area determined
from the load-displacement data underesti-
mates the true contact area for indentations re-
siding in “valleys” and overestimates it for in-
dentations on “peaks.” The magnitude of the
error depends on the wavelength and amplitude
of the roughness relative to the contact dimen-
sions. Thus, one should strive to prepare the
specimen so that the amplitude of the rough-
ness at wavelengths near the contact dimension
is minimized. For metallographic specimens, a
good guide for surface preparation is ASTM E
380 (Ref 74). One can normally determine
whether roughness is an issue by performing
multiple tests in an area and examining the
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scatter in measured properties. For a homoge-
neous material with minimal roughness, scatter
of less than a few percent can be expected with
a good testing system and technique.

Testing Procedure. To avoid interference,
successive indentations should be separated by
at least 20 to 30 times the maximum depth
when using a Berkovich or Vickers indenter.
For other geometries, the rule is 7 to 10 times
the maximum contact radius. The importance
of frequently testing a standard material cannot
be overemphasized. For reasons explained in
the calibration section, fused quartz is a good
choice for such a standard. It is good practice to
routinely perform 5 to 10 indents on the stan-
dard; when the measured properties of the stan-
dard appear to change, the user is immediately
alerted to problems in the testing equipment
and/or procedures.

Detecting the Surface. One very important
part of any good IIT testing procedure is accu-
rate identification of the location of the surface
of the specimen. This is especially important
for very small contacts, for which small errors
in surface location can produce relatively large
errors in penetration depth that percolate
through the calculation procedures to all those
properties derived from the load-displacement
data (Ref 75). Schemes for detecting the sur-
face are frequently based on the change in a
contact-sensitive parameter that is measured
continuously as the indenter approaches the
surface. For hard and stiff materials, such as
hardened metals and ceramics, the load and/or
contact stiffness, both of which increase upon
contact, are often used. However, for soft, com-
pliant materials, like polymers and biological
tissues, the rate of increase in load and contact
stiffness is often too small to allow for accurate
surface identification. In these situations, a
better method is sometimes offered by dynamic
stiffness measurement, for which the phase
shift between the load and displacement oscil-
lations can potentially provide a more sensitive
indication of contact, depending on the dynam-
ics of the testing apparatus and the properties of
the material (Ref 48, 49).

Calibrations

The accurate measurement of mechanical
properties by IIT requires well-calibrated test-
ing equipment. While load and displacement
calibrations are usually provided by the manu-
facturer using procedures specific to the ma-
chine, a number of calibrations must be rou-
tinely performed by the user. These calibrations
are discussed in an order that roughly reflects
the frequency of their necessity; that is, ther-
mal-drift calibration is performed most often.
With minor modifications, the procedures are
essentially those developed by Oliver and Pharr
(Ref 11).

Many of the calibrations require that a cali-
bration material be indented during the proce-
dure. One material commonly used for this pur-
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pose is fused quartz. This relatively inexpensive
material is readily available in a highly pol-
ished form that gives repeatable results with
very little scatter. Due to its amorphous nature,
it is highly isotropic, and its relatively low elas-
tic modulus, (£ = 72 GPa) and high hardness
(H =9 GPa), facilitate calibrations that are best
served by a large elastic recovery during un-
loading, such as area-function calibrations. Pile-
up is not observed in fused quartz, and because
it is not subject to oxidation, its near-surface
properties are similar to those of the bulk and
do not depend to a large degree on the depth of
penetration. Fused quartz also exhibits essen-
tially no time dependence when indented at
room temperature, so there are no complica-
tions in separating thermal drift from time-de-
pendent deformation effects.

Thermal-Drift Calibration. Thermal drift
calibration seeks to adjust the measured dis-
placements to account for small amounts of
thermal expansion or contraction in the test ma-
terial and/or indentation equipment. Good tech-
nique requires that it be performed individually
for each indentation because the drift rate can
vary in relatively short time spans. In fact, the
calibration is best achieved by incorporation di-
rectly into the indentation test procedure itself.
A procedure that works well for materials ex-
hibiting little or no time-dependent deformation
behavior (metals and ceramics tested at room
temperature) is based on the notion that dis-
placements observed when the indenter is
pressed against the sample surface at a small,
fixed load must arise from thermal drift. This
can be implemented in an indentation experi-
ment by including a period near the end of the
test during which the load is held constant for a
fixed period of time (about 100 seconds is usu-
ally sufficient) while the displacements are
monitored to measure the thermal-drift rate. A
small load is preferred to minimize the possibil-
ity of creep in the specimen; a good guideline
for this load is 10% of the maximum indenta-
tion load. Displacement changes measured dur-
ing this period are attributed to thermal expan-
sion or contraction in the test material and/or
indentation equipment, and a drift rate is calcu-
lated from the data. All displacements mea-
sured during the indentation test are then cor-
rected according to the time at which they were
acquired. For example, if the measured thermal
drift rate is +0.05 nm/s, then a displacement ac-
quired 10 s into the experiment must be cor-
rected by —0.5 nm.

Figure 10 shows displacement-versus-time
data acquired during a constant load period
near the end of a test in fused quartz. In this
case, the drift rate was fairly high, about 0.31
nm/s. Figure 11 shows the effect of applying
this correction to the indentation load-displace-
ment data. The shift in the corrected load-dis-
placement curves has important consequences
for the calculated contact area by affecting the
maximum depth of penetration and the contact
depth. Although not quite as obvious, the ther-
mal drift also affects the contact stiffness deter-
mined from the slope of the unloading curve.

If the test material exhibits significant time-
dependent deformation, as might be the case
for polymers or metals tested at a significant
fraction of their melting point, thermal drift
correction should not be used because it is not
possible to distinguish the thermal displace-
ments from time-dependent deformation in the
specimen. Under such circumstances, thermal
drift should be minimized by precisely control-
ling the temperature of the testing environment
and allowing samples to thermally equilibrate
for long periods of time prior to testing.

Machine Compliance (Stiffness) Calibra-
tion. Determination of the machine compliance
(C,) or equivalently, the machine stiffness
(K, = 1/C,,) allows one to determine that part
of the total measured displacement (h,) that oc-
curs in the test equipment and correct the in-
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dentation data for it. If C, or K, is known, then
the displacement in the machine at any load (P)
is simply h, = C P = P/K,, and the true dis-
placement in the specimen is given by:

h=h,~C,P=h—PIK,, (Eq 16)

To determine C,, or K, the machine and con-
tact are modeled as springs in series whose
compliances are additive. Thus, the total mea-
sured compliance (C) is given by:
C=C+C, (Eq 17)
where Cj is the elastic compliance of the in-

denter-specimen contact. Because C, is just the
inverse of the total measured stiffness (S,), and
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C, is the inverse of the elastic contact stiffness
(S5), Eq 2 and 17 combine to yield:

= Vg; 441, +'(jn
2BE, VA

Thus, the intercept of a plot of C, versus A=1/2
gives the machine compliance (C,) and the
slope of the plot is related to the reduced modu-
lus (E,). Because extrapolation of the data to
A~12 = 0 is required, the best measures of C,,
are obtained when the first term on the right is
small, that is, for large contacts.

A convenient procedure for determining C,
is based on the assumption that the area func-
tion of the indenter at large depths is well de-
scribed by the ideal area function, that is, the
area function under the assumption that the in-
denter has no deviations from its perfect geo-
metric shape. For pyramidal and conical in-
denters, the ideal area function is given by:

c, (Eq 18)

A=Fd* (Eq 19)
where the constant F; follows from geometry.
Values of F; for several important indenters
are included in Table 1. For spherical indent-
ers, the ideal area function depends on the di-
ameter of the sphere (D) through:

A=7d(D - d) =-rnd* +rnDd (Eq 20)
which, for small penetration depths relative to
the sphere diameter (d < D), simplifies to:

A=nDd=F,d (Eq21)
where F, = ntD.

The specific calibration procedure used to
determine the machine compliance is an itera-
tive one that uses data from a calibration mate-
rial such as fused quartz. Indentations are made
at several large depths for which the ideal area
function is expected to apply. Assuming first

that C, = 0, the load-displacement data are cor-
rected for the machine compliance according to
Eq 16 and analyzed according to Eq 4-7 to de-
termine the contact area at each depth. The in-
tercept of a plot of C, versus A-1/2 then gives a
new estimate of C.. After correcting the
load-displacement data for the new C,,, which
affects the values of A~1/2, the procedure is
iteratively repeated until adequate convergence
in C,, is obtained. As a check on the procedure,
the slope of the final C, versus A=1/2 plot should
be within a few percent of V1t /(ZBEr ), as indi-
cated in Eq 18. If not, one must question
whether the assumed ideal geometry is correct
and carefully inspect the indenter to check on it.

Accurately knowing C,, and K, becomes in-
creasingly important as the contact stiffness ()
approaches the machine stiffness (K). Be-
cause S increases with \/Z, machine stiffness
corrections are most important for larger con-
tacts. For example, Fig. 12 shows the effect of
K., on load-displacement data for relatively
small and large indentations in fused quartz ob-
tained with a Berkovich indenter. In each plot,
the data have been reduced in two ways: (a) us-
ing K, = 1 x 1030 N/m, that is, an essentially
infinite machine stiffness; (b) using the correct
value, K, = 6.8 x 10° N/m. The data in Fig.
12(a) are largely unaffected by the machine
stiffness correction because the small load
(Pphax = 7 mN) is associated with a small con-
tact stiffness; in this case, the contact stiffness
is less than 1% of K. In Fig. 12(b), however,
the machine stiffness correction is much more
important because the contact stiffness at the
larger peak load, 600 mN, is approximately
10% of the machine stiffness. One sure symp-
tom of an incorrect K is a steady change in E
with depth in a sample that should have
depth-independent properties. Assuming all
else is correct, if one uses a value of K that is
too large, E will be correct at small depths, but
will steadily decrease at larger depths; the con-
verse is also true.

Area-Function Calibration. Although the
ideal area function sometimes provides an ac-
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curate description of the contact geometry, es-
pecially at larger contact depths, deviations
from geometrical perfection near the indenter
tip, even when subtle, must be properly taken
into account when measurements are to be
made at small scales. For pyramidal indenters
and cones, variations from the ideal self-similar
geometry are produced by tip blunting. For
spherical indenters, knowledge of the precise
tip shape is important because small deviations
from perfect spherical geometry can have large
effects on the measured contact area. There
may also be circumstances for which the ideal
area function is not known, as in the case of a
pyramidal indenter not ground precisely to the
appropriate face angles. In each of these situa-
tions, the area function must be determined by
an independent method. A general procedure
for calibrating area functions without having to
image the indenter or contact impressions fol-
lows.

The area function is determined by making a
series of indentations at various depths in a cal-
ibration material of well-known elastic proper-
ties. The data can also be acquired using dy-
namic stiffness measurement, which has the
advantage of being able to obtain all the neces-
sary data in a few tests. The basic assumption is
that the elastic modulus is independent of
depth, so it is imperative that a calibration ma-
terial be chosen that is free of oxides and other
surface contaminants that may alter the
near-surface elastic properties. It is also imper-
ative that there be no pile-up, because the pro-
cedure is based on Eq 4-7, which do not ac-
count for the influences of pile-up on the
contact depth. For these reasons, fused quartz is
a good choice, although because of its rela-
tively high hardness (H = 9 GPa), the upper
limit on the achievable depth is somewhat re-
stricted. For the specific procedure outlined
here, the machine compliance must also be
known from the procedures outlined in the pre-
vious section. In cases for which this is not pos-
sible, as when the ideal area function is not
known or suspected to be inaccurate, an alter-
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native procedure must be adopted in which the
machine compliance and the area function are
determined simultaneously in a coupled, itera-
tive process. This procedure, which is consider-
ably more complex, is described in detail else-
where (Ref 11).

To implement the area-function calibration, a
series of indentations is made at depths span-
ning the range of interest, usually from as small
as possible to as large as possible, so that the
area function is established over a wide range.
Correcting for machine compliance, the load-
displacement data are reduced and used to ob-
tain the contact stiffnesses (§) and the contact
depths (h,) by means of Eq 5 and 6. From these
quantities and the known elastic properties of
the calibration material, the contact areas are
determined by rewriting Eq 2 as:

AT S
4\ BE,

When fused quartz is used as the calibration
material (E = 72 GPa; v = 0.17) and the in-
denter is diamond (E = 1141 GPa; v = 0.07),
the reduced modulus in the above expression is
E,.=69.6 GPa. A plot of A versus h, then gives
a graphical representation of the area function,
which can be curve fit according to any of a
number of functional forms. A general form
that is often used is:

2

(Eq22)

A=Cd? +Cyd+Cyd'? + Cpd'*

+CydB 4 .. (Eq23)

where the number of terms is chosen to provide
a good fit over the entire range of depths as as-
sessed by comparing a log-log plot of the fit
with the data. Because data are often obtained
over more than one order of magnitude in
depth, a weighted fitting procedure should be
used to assure that data from all depths have
equal importance. Note that the first term in the
expression represents the ideal area function
for a pyramidal or conical indenter provided C,
= F in Eq 19. Thus, for pyramidal and conical
indenters for which the ideal area function is
known, it is often convenient to fix C; = Fj.

10"% T AN

10°

e
o
©
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Area, nm?
)
>,
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10° -z —
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Flg 13 Calibrated area functions for three indenters.
Although the ideal area function, A =24.5d2,

is nominally the same for each, the area functions differ

due to different degrees of tip rounding. Source: Ref 36

Similarly, inspection of Eq 20 shows that for
spherical indenters of known diameter D, one
may wish to set C; =—m and C, = D. Fixing the
values of these constants is particularly impor-
tant when areas greater than those achievable
in the calibration material are to be determined
by extrapolating the area function to larger
depths. Such extrapolations should be used
with caution and only when there is confidence
that the ideal area function applies at large
depths. At depths greater than those included in
the calibration, it is usually best to use the ideal
area function of the indenter.

Figure 13 shows area functions determined
with these procedures for three separate dia-
mond indenters: Berkovich, Vickers, and a
70.3° cone (Ref 36). All three have nominally
the same ideal area function, A = 24.5 d 2, and
tend to this function at large depths. However,
the data show that there is indeed tip blunting
for all three indenters, the conical diamond
having the most and the Berkovich the least.
The data corroborate the claim that the sharpest
diamonds are those with the Berkovich geome-

try.

Future Trends

Instrumented indentation testing is a dy-
namic, growing field for which many new de-
velopments can be expected in the near future.
From an equipment standpoint, one can expect
that conventional microhardness testing equip-
ment will be adapted to expand its capabilities
in the manners afforded by IIT. This will lead
to a new generation of relatively inexpensive
IIT testing systems that operate primarily in the
microhardness regime. Integration of atomic
force microcopy with IIT will become increas-
ingly more commonplace, allowing one to ob-
tain three-dimensional images of small indenta-
tions to confirm contact areas and to examine
pile-up phenomena. New displacement mea-
surement methods based on laser interferome-
try can be expected to improve displacement
measurement resolution and reduce the influ-
ences of machine compliance and thermal drift
on measured properties. Laser interferometry
will also facilitate testing at nonambient tem-
peratures.

One can also expect new developments in
techniques for measurement and analysis. Fi-
nite-element simulation may become an inte-
gral part of property measurement, accounting
for the influences of pile-up and aiding the sep-
aration of film properties from substrate influ-
ences. Finite-element techniques may also
prove useful in establishing tensile stress-strain
behavior from experimental data obtained with
spherical indenters. New methods and analyses
based on dynamic measurement techniques can
be expected to expand the characterization of
the viscoelastic behavior of polymers over a
wide range of frequency.

One of the great challenges in IIT is to de-
velop equipment and techniques for measuring
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the properties of ultra-thin films, such as the
hard protective overcoats used in magnetic disk
storage, some of which are only 5 nm thick. At
these scales, surface contaminants and surface
forces due to absorbed liquid films severely
complicate contact phenomena and analyses.
New methods for obtaining and analyzing such
data will be required.
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