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Nanoindentation for probing themechanical behavior
ofmolecular crystals–a reviewof the technique and
how to use it

Upadrasta Ramamurty*ab and Jae-il Jang*c

Nanoindentation is a technique which can be used to measure the mechanical properties of materials

with high precision, even when they are only available in small quantities. As a result of this, nanoindentation

has gained the attention of the crystal engineering community, who are not only interested in

measuring the properties of single crystals of organic, inorganic and hybrid structures, but also wish

to correlate the measured responses with the underlying structural features and intermolecular

interactions. Keeping this emerging interest in view, a brief overview of the technique, with particular

emphasis on the procedures for conducting experiments and analyzing the resulting data, is presented

in this Tutorial style Highlight. The precautions that need to be taken and the properties that one can

measure using nanoindentation are highlighted. This paper ends with a brief summary of the recent

additional features that have been added to this technique and an outlook for nanoindentation within

the context of crystal engineering.
1. Introduction

The indentation test for measuring the hardness of solids is
one of the oldest among all the mechanical testing tech-
niques and is routinely used as a quality control tool in met-
allurgical industries. The scientific concepts associated with
this test are typically referred to as ‘contact mechanics.’ The
fundamentals of elastic contact were first examined in the
late nineteenth century by Boussinesq1 and Hertz.2 The first
widely accepted and standardized indentation test was pro-
posed in 1900 by Brinell3 who used a hardened steel ball for
indentation, and defined the Brinell hardness as the applied
load, P, divided by the surface area of the impression created,
A. In 1908, Meyer4 suggested a more technically correct defi-
nition of hardness; P divided by the ‘projected area’ of the
impression, this has now become the standard method for
estimating hardness, H. Later, other alternatives including
the Vickers, Knoop and Rockwell hardness tests, which
employ indenters of different geometries, were developed
and standardized.5

Instrumented indentation tests, wherein P and the corre-
sponding depth of penetration, h, are continuously measured
and subsequently analyzed, were first developed in Russia in
the 1970s.6 These tests are also referred to as either load- or
depth-sensing indentations. With these, it is possible to esti-
mate the elastic properties – in addition to H – of the mate-
rial being indented. The advent of instruments in the early
1980s which could produce submicron-sized indentations,
with the capability for high precision measurement of P and
h, led to development of the ‘nanoindentation’ technique,
which has proven to be a powerful tool for measuring the
mechanical properties of materials that are available in only
small volumes.7,8 Examples of such materials are thin films
deposited on a substrate, coatings and small crystals. Unlike
conventional hardness tests, nanoindentation measures
mechanical properties by analyzing the P–h responses that
are recorded during entire loading and unloading sequences.
This alleviates the necessity to image the indentations, which
would be a difficult task since the indents are very small in
size (typically sub-micron in length, or width, or both) and
hence are not easy to locate for post facto imaging. The Inter-
national Standards Organization (ISO, standard no. 14577
Part 1–4)9 as well as the American Society for Testing of Mate-
rials (ASTM Standard no. E2540)10 prescribe the standard
methods for conducting nanoindentation tests.

In the recent past, nanoindentation has been employed
by chemists for evaluating the mechanical properties of crys-
tals of organic, inorganic and metal–organic framework
(MOF) materials.11–15 It has been shown that factors like
anisotropy in the molecular interactions of saccharin, the
shear stability of aspirin and caffeine polymorphs, molecular
layer sliding and migration in layered organic donor–
oyal Society of Chemistry 2014
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acceptor complexes, the stiffness of different types of
bonds in MOFs and elastic modulus alternation in
alkanedicarboxylic acids, can be explored with the aid of
this technique (summarized in a recent review).14 An addi-
tional advantage of nanoindentation is the ability to position
the indenter at specified locations on the materials being
tested, which facilitates probing of the properties of micro-
structural constituents, and in turn, assessment of structural
inhomogeneities such as intergrowth of secondary phases
or polymorphs, for example in aspirin.16 This makes
nanoindentation a technique which can complement others,
like X-ray diffraction, for development of new insights into
phenomena like polymorphism, which are of immense inter-
est to crystal engineers. In keeping with the growing interest
in nanoindentation, we provide here an overview of the tech-
nique with particular emphasis on how it can be utilized by
a researcher who is interested in using it in his/her research
for the first time.

This paper is organized as follows: in the next section
(section 2) we give details on how to select an instrument
and then conduct nanoindentation experiments, this is
followed by procedures for analyzing the results so as to
obtain different mechanical properties (section 3), recent
advances in instrumentation for additional testing options
are briefly discussed in section 4 before the summary.

2. Nanoindentation experiments
2.1. Instrument choices and selection

The nanoindentation apparatus is a fairly sophisticated
instrument and several commercial instrument makers, who
employ differing design principles, manufacture it. When
making a choice between these, basic features like the maxi-
mum load and displacement ratings, the resolution and pre-
cision of the measurements, machine stiffness, stability (in
terms of thermal drift), noise floor, and most importantly
user friendliness and cost, need to ascertained. Significant
progress has been made by manufacturers of nanoindenters
in the last two decades, which means most of the aforemen-
tioned features are broadly similar across different instru-
ments, but subtle differences do exist. There are many
additional capabilities – such as high temperature
nanoindentation – being developed and offered, which vary
from instrument to instrument.

An important consideration during the selection of an
instrument is its capability for imaging the indents, which
often becomes essential, either to judge the validity of an
experiment or to examine whether there is any pile-up or
cracking of the material around the indents. In some instru-
ments, the same indenter tip can be employed to scan the
indent with a reasonable degree of resolution, whereas in
others an atomic force microscope (AFM) can be attached
which works in tandem with the instrument for imaging pur-
poses. Once a suitable instrument has been procured, it is
important to locate it in a vibration, dust and thermal-
fluctuation free environment.
This journal is © The Royal Society of Chemistry 2014
The standard tip used for nanoindentation is a Berkovich
tip, but tips with different geometries can be mounted rela-
tively easily. Generally the tips are made of diamond, but for
specific purposes tips made of Zircon, boron-doped diamond,
hardened steel and tungsten can be utilized. The tips –

especially sharp ones – tend to wear with usage and become
blunt in the process, hence they are the only ‘consumables’
associated with this technique.
2.2. Sample sizes and surface preparation

A common assumption – stemming from the fact that ‘nano’
is in the technique’s name – is that nano-dimensional speci-
mens in particulate, film, tube or rod form can be tested.
This is not correct, and in reality a stand-alone specimen
should at least be 0.1 × 0.1 mm2 in cross-section and a few
hundred nm thick. The latter, as a general rule, should be at
least ten times (in the case of hard and stiff materials) or
twenty times (for compliant and soft materials) the maximum
depth of penetration, hmax. Satisfying this condition means
that the substrate does not influence the stress and strain
fields of indentation, and the measured response is exclu-
sively that of the material being probed. Since sub-micron
thick specimens are difficult to handle, they can only be
tested in a thin film form (deposited on a rigid substrate). If
free-standing specimens are to be tested, they need to be at
least sub-mm in size and should have flat surfaces. Some-
times, it may be possible to disperse micron-sized specimens
in a matrix. In such a scenario, one has to ensure that the
matrix’s mechanical properties are far superior, i.e., stiffer
and harder, to those of the material being tested.

Preparation of the test surface which is to be probed with
the nanoindenter is an extremely important first step, as the
final surface finish can exert significant influence on the
results obtained. There are two important points to keep in
mind here. Firstly, the surface should be as smooth as possi-
ble, because (a) loading should be normal to the surface and
(2) the effective contact area is estimated assuming that the
surface is flat. Thus, if the amplitude of the surface rough-
ness is comparable to the contact diameter, indentations
at ‘valleys’ or ‘peaks’ will result in underestimation or
overestimation, respectively, of the true contact area. Sec-
ondly, surface preparation should be performed in such a
way that possible alteration of the surface in terms of its
mechanical properties (due to heat or work hardening gener-
ated upon polishing) or chemistry (due to absorption of
chemicals in the polishing media, evaporation of elements in
the sample, and/or hydration/dehydration) are minimized.
While electrolytic polishing is preferred to mechanical
polishing for obtaining a good surface finish in metals and
alloys, such a method may not be suitable for organic/inor-
ganic crystals. In these cases, even gentle polishing may
induce surface defects. The best way, perhaps, would be to
find flat regions on the surface of the crystals and indent
there. Usually, the major faces of crystals tend to be smooth,
so obtaining a flat surface may not be a problem. In cases
CrystEngComm, 2014, 16, 12–23 | 13
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where the natural facets are not smooth enough for indenta-
tion, careful polishing after cold mounting, as described by
Tan et al.,12e may be performed. In some instances, cleaving
the crystal with a sharp blade may create a sufficiently
smooth surface. Some small crystals tend to attach to the sur-
face of large crystals during solution synthesis; these need to
be removed using an appropriate method (such as ultrasonic
cleaning of the crystal in paraffin oil).

Another important aspect with respect to specimen prepa-
ration is that the sample must be held rigidly for indentation,
ensuring that the displacement that is measured is the true
depth of penetration. (If the crystals are not held rigidly or if
a compliant substrate is utilized, the measured h may include
other displacements, such as that associated with the
substrate deformation.) For crystals, this means using an
appropriate, strong adhesive for mounting. In such cases,
only a thin layer of adhesive should be applied and care
should be taken to cure it sufficiently, ensuring that it is as
hard as possible.

2.3. Thermal drift and other effects

Since the depth sensor of a nanoindenter is highly sensitive –

a necessity given that it has to measure with sub-nm
resolution – thermally-induced displacement drift due to
ambient temperature fluctuations is a major factor which
could influence the results in a substantial manner. Two
types of drift due to thermal expansion or contraction can
occur; the first is displacement within the test sample, and
the second is a change in the dimensions of the instru-
ment. To minimize thermal drift, the instrument should be
held at a constant temperature during the course of the
test, or the displacement drift should be accounted for.
Typically, one should not start a nanoindentation test until
the thermal drift is lower than 0.05 nm s−1, and care
should be taken to maintain this status during the test. A
hold period at the maximum load or at near-completion of
unloading may also be used to estimate drift in any given
experiment, allowing the measured P–h data to be
corrected accordingly.

Another factor to keep in mind, particularly in the context
of testing organics, is the hydration level of the sample as
well as the ambient humidity. Many organic materials tend
to dehydrate in dry environments, whereas some organics
may absorb moisture in a very humid environment. Such
changes in the water content of the sample can exert a signif-
icant influence on its measured mechanical properties.17–19

Hence, it is important to keep track of the relative hydration
levels in the specimen as well as the humidity in the
nanoindenter chamber, and make sure that the tests are
performed without an inordinate delay between synthesis of
the crystals and their testing.

2.4. Controllable testing parameters

One may need to carefully choose the testing parameters,
such as the maximum load (Pmax) or the maximum
14 | CrystEngComm, 2014, 16, 12–23
displacement (hmax), and the rate at which the indentations
are performed. Just as in uniaxial tensile tests,
nanoindentation experiments can be performed either in
load- or displacement-control. In the former, the loading and
unloading rates (dP/dt) and Pmax are prescribed. In displace-
ment control mode, which has been developed somewhat
recently, dh/dt and hmax are fixed, and the indentation rate is
set as the displacement rate; i.e., the depth variation is kept
as constant as possible by the feedback indenter position
controller for every indentation segment. If the deformation
behavior of the material is homogeneous, the P–h curves
obtained under both the modes will be identical. However, in
the case where deformation is either inhomogeneous or
intermittent, the measured P–h responses will depend on the
mode of control. For example, while one may note discrete
displacement bursts (so-called ‘pop-ins’, which will be
discussed in the next section) in the P–h curves obtained in
load control, the same bursts will be reflected as load-drops
in tests performed under displacement control.

In either mode, one has to ensure that hmax is less
than 10% of the test piece thickness, while ensuring that
it allows for collecting sufficient amounts of data for a
meaningful curve. In addition, at very shallow depths, and
for nanoindentation with a sharp indenter, the hardness
H increases significantly as h (or P) decreases, which is
referred to as the indentation size effect.20–22 Thus, the
nanoindentation hardness may not be comparable in a
one-to-one fashion to the macro-scale hardness measured
from conventional hardness tests. The rates of loading,
dP/dt or dh/dt, and the indentation strain rate given by
h−1(dh/dt) are another set of important experimental vari-
ables, and one should consider the rate effects carefully as
they affect the test results markedly. If the rates are very
high, the hmax at Pmax decreases (and thus H increases) due
to material inertial effects and the possibility that some
portion of plastic flow could be delayed into the subse-
quent load-hold at Pmax. On the other hand, very low rates
are not desirable either, due to (1) thermal drift effects and
(2) the occurrence of dynamic creep (i.e., time-dependent
deformation in the specimen during the loading sequence).
The mechanical behavior of many materials is rate sensi-
tive, so one can investigate such a behavior by conducting
a systematic study with the loading rate as an experimental
variable. In fact, it may be possible to extract fundamental
information like the activation energy and volume of defor-
mation from such studies.

3. Extraction of properties

The three basic attributes of a material – in terms of its
mechanical behavior – are its stiffness, strength and tough-
ness. These properties reflect, broadly, the resistance offered
by the solid to elastic and plastic deformations, and cracking,
respectively. The elastic modulus, E, hardness, H, and inden-
tation fracture toughness, Ki, are the respective properties,
indicative of these resistance behaviors, which can be
This journal is © The Royal Society of Chemistry 2014
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measured using the nanoindentation technique as detailed
below.

3.1. Hardness and Young’s modulus

The typical goal of a nanoindentation experiment is to esti-
mate the H and E of a material from its P–h curve (a typical
example is shown in Fig. 1), recorded during testing. The
most popular method for doing this is proposed by Oliver
and Pharr23 according to which, H (which is equal to the
mean contact pressure, pm) is defined as:

H P
A

 max

C

ð1Þ

where AC is the projected contact area. AC is a geometrical
function of the contact depth, hC. For an ideal Berkovich tip,
AC = 24.5hC

2. However, even fresh tips tend to have a finite
radius (typically around 50 nm) and get more and more blunt
as a function of usage. Hence, the tips need to be calibrated
from time to time to evaluate the functional relationship
between AC and hC. Oliver and Pharr23 proposed that the con-
tact depth can be given by:

h h P
SC  max
max ð2Þ

where ω is a geometric parameter; ω = 0.72 for a cone, 0.75
for a rounded tip, and 1 for a flat punch. Note that ω = 0.75
for the Berkovich tip, which is a three-sided pyramid (some-
what analogous to a cone) and is the tip most widely used in
nanoindentation experiments. The unloading stiffness, S, is
the initial slope of the unloading curve (see Fig. 1) and is esti-
mated as follows. First, the unloading curve is fitted to the
power-law relation, P = B(h − hf)

m where B and m are fitting
parameters, and hf is the final displacement after complete
unloading (also determined by curve fitting). Then, S is
Fig. 1 Typical example of a load–displacement curve recorded during
instrumented indentation.

This journal is © The Royal Society of Chemistry 2014
determined by differentiating this relation and setting h =
hmax such that S = dP/dh|h=hmax

.
From S and AC, it is also possible to determine the

reduced modulus, Er, (which is also referred to as the effec-
tive modulus) of the indented material, through the elastic
contact theory: 23,24

E
S

A
r

C


1

2
 ð3Þ

where β is a constant that depends on the indenter geometry.
Note that the proper value of β is known only for the com-
monly used Berkovich indenter (1.034), and the dependency
of β on the indenter angle is still unclear, which may lead
miscalculation of H for other pyramidal indenters with differ-
ent included angles (e.g. a cube-corner indenter). Er accounts
for the fact that elastic deformation during indentation
occurs in both the specimen and the indenter, given by

1 1 12 2

E E Er

s

s

i

i





  ð4Þ

where ν is Poisson’s ratio, with the subscripts, s and I, indi-
cating the sample and the indenter. For a diamond indenter,
Ei = 1141 GPa and νi = 0.07 (ref. 23 and 25) and hence Es ≈ Er
for relatively complaint organic crystals. Although eqn (3) was
originally derived for a conical indenter, Pharr et al.26 verified
that it can be applied to any indenter which can be described
as a body of revolution of a smooth function. It is important
to highlight here that Es is estimated from the unloading seg-
ment of the P–h curve as it reflects the elastic unloading of
the material underneath the indenter. Thus, if phase trans-
formation or cracking occur during the loading segment, the
estimated modulus may reflect that of the transformed or
cracked solid. In the latter case, since cracking induces con-
siderable compliance in the specimen, the estimated Es is
likely to be substantially lower than the actual value, and
hence is not valid. Another factor to consider is that the anal-
ysis presented above is for isotropic materials and single crys-
tals naturally tend to be anisotropic. Thus, the value of ν,
which is typically assumed to be in the range of 0.3 to 0.4,
may also be directionally-dependent.

There are many issues to be considered in the estimation
of the hardness H. Among them, the effect of ‘pile-up’ is the
most relevant in the current context.† When the material
underneath the indenter deforms extensively, plastic flow
occurs against the indenter faces and piles-up around inden-
tation impression (see Fig. 2 for images of pile-up around the
indenter and images without any pile-up). Such pile-up is not
taken into consideration in the Oliver–Pharr method, which
can induce an overestimation of the calculated H. In such
† In certain materials, which have high modulus and strength, another
phenomenon known as sink-in could occur. In such cases, the indentation
impressions will appear similar to those of pinned cushions, with the edges
concaving inwards.

CrystEngComm, 2014, 16, 12–23 | 15
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Fig. 2 (Top left) Plan view and (top right) the corresponding 3D AFM image of the (011) face of a sodium saccharin crystal indented with a
cube-corner tip, illustrating pile-up due to plastic flow around the indenter. (Bottom left) Plan view and (bottom right) the corresponding 3D AFM
image of the residual indent obtained on the (020) face of 1 : 1 complexes of 1,2,4,5-tetracyanobenzene (TCNB) with phenanthrene, showing no
pile-up around the indent. (Images courtesy of MSRN Kiran.)
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cases, a simple and direct way to estimate H is by dividing
Pmax by the area of the indent, the latter obtained from the
scanned images, if available. In the absence of indent
images, the methodologies proposed in ref. 27–29 can be
explored.

3.2. Fracture toughness

Even before the advent of nanoindentation, indentation test-
ing was widely used to measure the fracture toughness of
brittle materials, such as glasses and ceramics.30 This
method is attractive largely because of its simplicity, as the
preparation of specimens, whose sizes are large and geome-
tries are often complex, for conventional fracture toughness
testing is circumvented. To measure Ki, materials are
indented with a sharp pyramidal tip such that cracks
emanate from the corners of the indent. (It is important
to note here that if the solid does not crack, which would be
16 | CrystEngComm, 2014, 16, 12–23
the case in ductile materials, estimation of Ki is not
possible. Hence, Ki can only be estimated for brittle and
semi-brittle solids using nanoindentation.) In the early
1980s, Lawn and colleagues31,32 suggested a relation for esti-
mating Ki through Vickers indentation, based on the half-
penny crack configuration:

K E
H

P
ci 









1
2

3 2/
ð5Þ

where c is the radial crack length from the indentation center
to the crack tip, and α is a constant for a given indenter.
Although a multitude of other formulae have been pro-
posed,30,33 eqn (5) remains the most popular. Pronton and
Rawlings34 examined 19 different Vickers indentation tough-
ness equations, and found that most of them have an accuracy
of the order of 30%withminor variations.
This journal is © The Royal Society of Chemistry 2014
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With the development of nanoindentation, it was revealed
that eqn (5) could also be applied to the commonly used
three-sided Berkovich indenter, even though there is an
important difference – in terms of symmetry – between the
Vickers and Berkovich indenters.35 A particular advantage of
nanoindentation is that E and H can be measured with the
same set-up. (It is important to note that the estimation of E
has to be carried out with a separate test where Pmax is kept
below that required for cracking.) However, due to the fact
that very small loads are applied in nanoindentation, crack-
ing may not occur even in the most brittle materials. To over-
come this difficulty, the use of a sharper indenter is
recommended whose centerline-to-face angle ψ (such as the
one illustrated in Fig. 3) is smaller than 65.3°, typical of the
Berkovich indenter. For example, the cube-corner indenter,
with ψ = 35.3°, was found to be extremely effective for radial
crack initiation at very small loads and is now popular for
use in toughness estimation in small volumes and thin
films.36 Fig. 4 shows the indentation made in soda-lime glass
with an indenter that had ψ = 55°. When three-sided pyrami-
dal indenters with other angles are employed in the cracking
Fig. 3 Schematic illustration of the centerline-to-face angle for a three-
sided pyramidal indenter.

Fig. 4 An indentation in soda-limeglass showingwell defined radial cracks.

This journal is © The Royal Society of Chemistry 2014
studies, the theoretical value of the proportionality coefficient
α in eqn (5) can be estimated using the following relation:36




th  
0 0352
1

2
3.

( )
(cot ) . ð6Þ

While Ki measurement using nanoindentation is quite
effective, it is pertinent to note that some important ques-
tions, two of which are listed below, remain unanswered. (a)
How can a half-penny-shaped crack system be operative for
three-sided pyramidal indentation despite the difference in
symmetry? (b) Is there a more precise expression for the
stress intensity factor for three-sided pyramidal indentation?

3.3. Stress–strain responses

While H is a good indicator of a material’s resistance to plas-
tic deformation, it is only qualitative, and hence cannot be
utilized for engineering design. For such design, parameters
including the yield strength, σy, and work hardening expo-
nent, n, would be essential. Estimation of these parameters is
an easy task for data measured through uniaxial tensile or
compression tests, where the stress state is uniform through-
out the specimen gage-section. However, deciphering the
indentation data is complicated due to the inhomogeneous
nature of the stress distribution underneath the indenter.37,38

Consequently, several attempts have been made, many of
which are based on the well-known relationship between
hardness, H, and flow stress, σf, which is the stress at a char-
acteristic or representative value of the plastic strain, εR, orig-
inally suggested by Tabor:39,40

H ¼ Cθ·σf ð7Þ
where Cθ is the ‘constraint factor’ which not only depends on
the half-angle of a conical indenter, θ, but also on the level of
plasticity attained underneath the indenter. In the ‘fully plas-
tic’ regime, Cθ ranges between 2.6 and 3.0, but in cases where
plasticity is pressure sensitive, it can be higher than 3.41–43

Under certain circumstances, there can be a significant influ-
ence from the (E/σy) ratio on Cθ. Johnson

44 showed that when
deformation is not fully plastic, i.e., in the elastic–plastic
transition range, Cθ increases as E/σy increases (Fig. 5), and
decreases as the indenter angle increases according to the
relation:

C
E

 
  























2

3
1 ln cot

y

ð8Þ

Additionally, he estimated – by employing the expanding
cavity analogy for the stress-fields underneath the indenter –
εR for conical indenters as

εR ¼ 0:2·cot θ: ð9Þ

To apply eqn (9) to the triangular pyramidal indentation
data, it is useful to make the normal assumption that similar
CrystEngComm, 2014, 16, 12–23 | 17
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Fig. 6 Nanoindentation load–displacement curves showing: (a) perfectly
elastic behavior below the first pop-in load; and (b) pop-in during
loading and permanent deformation after unloading.

Fig. 5 Constraint factor vs. non-dimensional strain during spherical
indentation.
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behavior is obtained when the angle of the conical indenter
gives the same area-to-depth ratio as the three-sided-pyramid
indenter, which gives the relation between θ and the

centerline-to-face angle ψ as  












tan tan1 3 3


; e.g., a ψ

of 65.3° in Berkovich or Vickers indenters corresponds to a θ

of 70.3°. Therefore, εR ≈ 0.072 for a Berkovich or Vickers
indenter (Tabor suggested it to be 0.08).39 In the case where
a spherical tipped indenter is used, cot θ in eqn (9) can be
replaced by a/R (where a is the contact radius and R is the
radius of the tip).44

Thus, with the values estimated from eqns (7) and (9), one
may be able to extract the uniaxial elastic–plastic constitutive
behavior of a solid from the instrumented indentation data.
While attempts at this were made from the data obtained by
using only one sharp indenter,45 it was shown that there are
associated uniqueness issues, as materials with different
combinations of elastic–plastic properties can yield identical
P–h curves.46 Consequently, the use of dual (or plural) sharp
indenters has been suggested to circumvent this problem.47–50

However, this is still an unresolved issue in the contact
mechanics literature.51

While obtaining the full stress–strain response may not be
straightforward, it is possible to obtain the critical shear stress
for the onset plasticity, i.e., yielding, by employing a spherical
or any other blunt indenter followed by careful analysis of the
measured P–h curves.52–54 Fig. 6(a) shows an example of a P–h
curve recorded during spherical indentation of a single crystal
at a relatively low peak load. The loading part of the curve is
completely reversed upon unloading, indicating that the defor-
mation is perfectly elastic. This elastic P–h behavior can be
described by Hertzian contact theory using:44,52

P E R h 
4
3

3
2

r
ð10Þ

The value of R can be verified using eqn (10) by
performing indentations on a sample with a known Er (such
as fused silica or tungsten). Note that the manufacturer-
18 | CrystEngComm, 2014, 16, 12–23
quoted R value can change due to wear of the tip upon
repeated usage.

Fig. 6(b) shows a P–h curve recorded at a somewhat higher
load than the load for Fig. 6(a). A sudden displacement excur-
sion or ‘pop-in’ is observed during the loading sequence, and
upon unloading, the displacement was not fully recovered,
thus suggesting that the pop-in corresponds to the elastic–
plastic transition, i.e., yielding and the onset of plasticity. It
has been reported that the higher the pop-in load, the larger
the pop-in displacement,53,55 which suggests that, at the pop-
in event, the indenter displacement jumps from purely elastic
Hertzian contact to a P–h curve more representative of elas-
tic–plastic contact, and that, for a given R, the physical
nature of the elastic–plastic transition does not vary with the
load level or loading rate.

Since the first pop-in event is caused by the elastic–plastic
transition, the maximum shear stress, τmax, at pop-in
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Representative P–h curve obtained on the (100) face of single
crystal Si, obtained using a three sided pyramidal indenter. Pop-out
during unloading is identified by the arrow.
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represents the critical shear yield strength, σc. For Hertzian
contact, the maximum shear stress occurs at a distance
approximately half of the contact radius directly below con-
tact on the axis of symmetry. The magnitude of this shear
stress is given by44,52

max . . .  





 









0 31 0 31

3

2
0 31

6
0

2

3 2

1

3

p p
E

R
Pm

r


ð11Þ

where p0 and pm are the maximum and mean pressures of
the contact, respectively. The estimated values in the litera-
ture are often of the same order as the theoretical shear
strength of a defect-free material, which is typically estimated
as G/2π or G/10.5,56 In such cases, it has been suggested that
the first pop-ins are indeed associated with the homogeneous
nucleation of dislocations rather than the activation of pre-
existing ones. It is noteworthy that the shear yield stress
values generally exhibit wide fluctuations due to the natural
inhomogeneities in a material. Thus, statistical analyses of
the data may indeed throw more light on underlying defor-
mation mechanisms.57,58

In organic and MOF crystals, the magnitudes of pop-ins,
Δhpop-in, often follow a systematic pattern (see Fig. 7 for a rep-
resentative P–h curve with several pop-ins). Hence, Δhpop-in
often tends to be an integer multiple of some underlying
structural parameter and a geometric parameter, which
relates the indentation direction with the plane and direction
of the crystallographic shear. Such correlations along with
knowledge of the close packed planes and directions allow
for inferences to be made towards which slip system is opera-
tive during plastic deformation of the crystals. In some cases –
such as in aspirin – one may also be able to understand the
stability of various polymorphic forms under the applied
loads.16 If the material is susceptible to pressure-induced
phase transformations, one could observe a phenomenon
known as ‘pop-out’ in the unloading part of the P–h curve as
Fig. 7 Representative P–h curve obtained on the (100) face of Form I
Aspirin, obtained using a three sided pyramidal indenter, showing several
pop-ins, which are indicated by arrows. (Plot courtesy of MSRN Kiran.)

This journal is © The Royal Society of Chemistry 2014
shown in Fig. 8.59 Here, just as in pop-ins, a sudden dis-
placement jump at constant load (in the load-controlled
tests) occurs. These pop-outs occur due to sudden changes
in the volume of the material – associated with stress
induced phase transformations – and careful analysis of the
load at which these pop-outs occur could throw light on the
pressure at which such transformations occur.

3.4. Time-dependent properties

The time-dependent ‘plastic’ deformation of a material, often
referred to as creep, can also be examined using
nanoindentation. The steady-state creep strain rate, ss, is
sensitive to the applied stress, σ, and varies according to the
equation: ss = ζ(σ)n. Here, ζ is a material and temperature
dependent factor, and n (= ∂ ln /∂ ln σ) is the creep stress
exponent. The value of n often indicates the rate-controlling
deformation mechanism.5 Since the stress and strain states
during indentation are not single-valued, the strain rate, ,
and σ are estimated in an approximate fashion. While σ is
obtained from the hardness with the aid of eqn (9),  for a
sharp indenter is given by:60

�
�

  
1
h
h
t

h
h

d
d

ð12Þ

The creep behavior of a material can be examined using
the nanoindentation technique by keeping any of the follow-
ing experimental parameters constant during the test: maxi-
mum displacement, loading-rate, strain-rate or maximum
load.61–66 Amongst these, the constant load test is the most
popular due to its close resemblance to the conventional uni-
axial creep test. In this method, the sample is quickly loaded
to a predetermined peak load, then the load is held constant
and the increase in h with hold time, t, is monitored. From
the h vs. t data, the change in σ with t can be estimated. To
estimate the displacement rate (dh/dt), which is required
CrystEngComm, 2014, 16, 12–23 | 19
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for computing , the h–t data is fitted with an empirical
equation:67

hðtÞ ¼ h0 þ Etκ þ Φt ð13Þ

where h0 is the indentation depth at t = 0, and E, Φ, and κ

are fitting constants. Finally, by plotting σ vs.  on a
log–log scale, n can be obtained.

However, certain limitations of the nanoindentation tech-
nique for evaluating creep, especially when a sharp tip is uti-
lized, should be kept in mind. Firstly, the characteristic
indentation strain εchar (that is the strain comparable to uni-
axial flow strain) is defined by eqn (9), and for a sharp tip, β,
and thus the strain is fixed and independent of creep dis-
placement due to the geometrical self-similarity of the
indenter, while the creep strain vs. time curve is the key data
in uniaxial creep tests. Secondly, from the continuum plastic-
ity viewpoint, the characteristic stress underneath a given
sharp tip is unique, which makes it virtually impossible to
plot the change in strain rate as a function of stress. There-
fore, in the constant load method, the change in h during a
load-hold sequence is used for calculating the stress varia-
tion. In uniaxial creep tests, the σ for calculating n is not the
varying stresses in the load-hold sequence but the initial
stress at the onset of creep, and thus a large number of tests
at different initial stress levels are required for determining
the n value. This concept cannot be applied to the constant-
load sharp indentation creep method unless multiple tips
with different angles are used for the experiments. Thirdly,
the unique characteristic stress must be plastic due to the
singularity issue of the tip (if the tip is not blunted). This
may induce a difference from the uniaxial creep data, for
which applied stress is elastic. Fourthly, high stress under-
neath the indenter can induce a much higher strain rate than
that observed during conventional uniaxial creep. This makes
it difficult to find a proper creep mechanism. One of the pos-
sible ways to overcome some of the above-mentioned prob-
lems is to perform the constant-load nanoindentation creep
tests using a spherical indenter.67,68 In spherical indentation,
the εchar as well as the σ (i.e., H) at the onset of creep can be
systematically varied by simply changing the applied peak
load, Pmax (with a fixed r). Thus, one can study the material’s
response in elastic, elasto-plastic, and then fully-plastic
regimes.

4. Additional options and possibilities

A number of options – in addition to those discussed in
section 3 – that make the nanoindentation technique more
versatile for probing a material’s behavior are now becom-
ing available. These are briefly mentioned below.

Micro-pillar compression experiments

As mentioned already, the stress state underneath an
indenter is inhomogeneous and complex, and hence
deciphering the test results is not always straightforward.
20 | CrystEngComm, 2014, 16, 12–23
Therefore, uniaxial compression or testing is preferable. This
is easy if sufficient material is available. If the material is
only available in small volumes, specimens which resemble
micro-pillars can be synthesized, either through techniques
such as focused ion beam (FIB) milling or through direct syn-
thesis. These micron or sub-micron sized pillars can then be
compressed with a nanoindenter equipped with a flat punch
tip. This technique – known as micropillar compression –

has become popular in the recent past, especially for
assessing the effects of size on the strength of a wide variety
of materials.69–72

Mechanical property measurement with the aid of an atomic
force microscope (AFM)

It is possible – sometimes – to utilize an AFM equipped with
a sharp and stiff tip to probe the mechanical properties of mate-
rials (see Chow et al.’s recent review73 on this topic). Since
AFM is intrinsically built to measure force as a function of dis-
placement, this appears to be a natural consequence. One of
the great advantages of the AFM-indentation technique is that
it can be utilized on much smaller and softer samples for
which nanoindentation would be ‘too coarse’ a technique.
However, this technique suffers from the fact that AFMs are
typically built such that the load-train is extremely compliant,
which allows for large displacements of the tip with varying
electro-static attractive and repulsive forces experienced by the
tip and the material being probed. Thus, in the indentation
mode, the measured displacement is more than likely to con-
tain a substantial amount of displacement associated with
deformation/deflection of the instrument. This makes accurate
estimation of mechanical properties difficult.

Nanoindentation at high/low temperatures

Most of the nanoindentation experiments reported in litera-
ture – to date – were performed at room temperature. Natu-
rally, it would be advantageous to measure properties as a
function of temperature, which in turn would give insights
into aspects like phase stability and structural phase transfor-
mations with temperature. While nanoindenters equipped
with high temperature stages are now available, the maxi-
mum temperatures that one can attain are not very high (of
the order of a few hundred °C). This is as a result of the need
to keep the thermal drift to an absolute minimum, which
becomes a huge task at higher temperatures. Ensuring that
the tip and the specimen are at the same temperature is a
challenge as well. The tips are likely to wear much more
quickly at high temperatures. At sub-ambient temperatures,
water condensation on the sample could influence the mea-
sured P–h responses, and hence the specimen and indenter
chamber has to be kept absolutely dry.

Simultaneous measurement of the electrical contact
resistance (ECR)

In many materials, structural phase transformations, plastic-
ity events, dislocation emissions, and fracture events such as
This journal is © The Royal Society of Chemistry 2014
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cracking and/or delamination from the substrate are associ-
ated with changes in the intrinsic electrical flow resistance.
Thus, if a electrically conducting tip is used, it is possible –

with a suitable electrical circuit – to keep track of the changes
to the ECR of the material during nanoindentation. This
would enable one to estimate the stress at which these events
take place.74–78

Monitoring of acoustic emission during indentation

Just as in the ECR technique, it is possible to monitor the
acoustic signals that emanate during nanoindentation (see
Faisal et al.’s recent review79 on this topic for further details).
Since many of the phase transformations, deformations and
fracture events are typically associated with sudden spurts of
energy release, which in turn get dissipated as acoustic
waves, monitoring of the acoustic signals can provide addi-
tional and detailed information about what happens under
the indenter during nanoindentation.

Nanoscratch studies

Typically, indentation – at all scales – is performed in such a
way that the indenter’s penetration into the sample is normal
to the surface being indented. However, with some
nanoindenters it is possible to glide or ‘scratch’ the surface.
This can be done in two ways: one is to scratch with a con-
stant applied load, the other is glide while the load is
increased as a function of the sliding distance. Nanoscratch
tests are ideally suited for testing the adhesion of coatings to
substrates or friction coefficients of surfaces. In the context
of organics, the test can be utilized for understanding molec-
ular migration in layered crystals as demonstrated in ref. 15.

In-situ indentation to understand real-time contact induced
deformation

Most nanoindentation measurements are performed ex-situ,
i.e., the P–h curves are collected and the images of the
indents are collected post-facto (images too are only collected
in some selected cases). Naturally, one has to construe – on .
the basis of the P–h responses and the indenter impressions –
what happened during indentation. Thus, nanoindentation
inside either a scanning or transmission electron microscope
could be more informative. While such in-situ indentation
allows imaging of surface features when performed inside a
scanning electron microscope, one could visualize plastic
deformation mechanisms using a transmission electron
microscope.80

5. Summary and outlook

Nanoindentation is fast emerging as the technique of choice
for probing the mechanical behavior of a wide variety of mate-
rials. Because of its capability for testing very small volumes
of materials, it is particularly useful for unraveling the struc-
ture–mechanical property correlations that would aid crystal
engineering in terms of furthering our understanding of
This journal is © The Royal Society of Chemistry 2014
molecular interactions and their influence on crystal packing.
Early work has already demonstrated that nanoinden-
tation is useful for gaining new insights into a variety of
aspects associated with organic and inorganic crystals. Since
nanoindentation also measures physical properties in nature,
it can be utilized gainfully to correlate with other physical prop-
erties and in the process learn a great deal more about the crys-
tal under investigation. Once such connections are established,
nanoindentation may – in some instances – turn out to be a
useful and quick quality control method, and here lies
the most promising aspect of this technique. In this paper, we
have made an attempt – in as brief and yet lucid manner as
possible – to describe the technique and the various
experimental parameters that can be employed, how the data
can be analyzed in order to estimate various mechanical
properties, and the advantages and the pitfalls that one
should avoid. We believe that this technique would allow for
structural–mechanical property correlations to be firmly
established within the context of crystal engineering, which in
turn would enable chemists to understand and design certain
functional properties which are influenced by stress.
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