
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

186,000 200M

TOP 1%154

6,900



Chapter

Characterizing Stress-Strain
Behavior of Materials through
Nanoindentation
Indrani Sen and S. Sujith Kumar

Abstract

Nanoindentation is a widely used state of the art facility to precisely and conve-
niently evaluate the mechanical properties of a wide group of materials. Along with
the determination of elastic modulus and hardness of materials, this chapter partic-
ularly aims to explore the possibilities to assess the corresponding stress–strain
characteristics of elastic–plastic materials and most importantly unique
pseudoelastic materials. The suitability of continuous stiffness measurement (CSM)
based nanoindenter systems along with the adaptability of the instrument without
CSM for precisely evaluating the deformation behavior of specialized materials is
discussed in details. In this regard, the roll of indenter tip geometry and size is
greatly emphasized. The recent research in the field is reviewed thoroughly and the
updated protocol generated is illustrated.

Keywords: nanoindentation, stress-strain curve, small-scale, plasticity, NiTi

1. Introduction

Since the early 19th century, indentation technique has been extensively used
for characterizing the mechanical properties of vast range of materials. In general,
the indentation test is known to measure the hardness of materials. In conventional
techniques, the mean contact pressure (MCP) upon indenting a specimen surface is
evaluated. This is done on the basis of the residual area measured from the image of
the indent impression and the known value of the applied load. The quantitative
parameter, thus evaluated, represents the material’s response against deformation.
In fact,MCPmeasured at the fully developed plastic zone is known as hardness [1].
With the progress in the technology and its incorporation in the experimental setup,
instrumented indentation technique, particularly ‘nanoindentation’ has been
evolved to assess various mechanical as well as metallurgical properties of a range of
materials [2–4]. This includes characterizing elastic moduli, residual stress, creep
properties, dislocation density, strain rate sensitivity etc. [5–12]. Among all these
developments, the potential of the nanoindentation technique in generating the
indention stress (σind) – indentation strain (εind) curve is the most recent one and it
is explained in detail in this present chapter [2, 3].

In nanoindentation, the associated high-resolution depth sensing technique aids
to estimate the depth or size of the deformation zone. The process records the
continuous response of indentation load (P) in the range of μN vs. indentation
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depth (h) in the magnitude of nm. The P-h curve obtained therein helps to assess
the various properties of the studied materials. Unlike the conventional technique,
in instrumented nanoindentation, hardness is estimated by using indirect measure-
ment of projected contact area from P-h curve and the known geometry of the
indenter tip. Similarly, elastic modulus of the material is estimated using the slope
of the unloading segment in the P-h response of materials [13]. This method of
analysis has been used for various scientific studies to characterize the localized
mechanical properties of the samples in sub-micron scale. In fact, this revolutionary
modification in the assessment methodology through nanoindentation has opened
up a wide range of studies to extract the different relevant mechanical properties of
materials on a small-scale.

One of the breakthroughs is the capability of this technique in generating the
σind - εind response of a material of interest [3, 14–16]. This novel and recent
development plays a significant role in understanding the localized deformation
capability of materials system. This is particularly because stress – strain character-
istics can provide an insight into the elastic – plastic mechanisms of the materials, as
per the conventional notion. In fact, estimation of localized stress – strain charac-
teristics of a material through nanoindentation can even be a substitute for typically
used small-scale characterization techniques for instance, micro-pillar compression
[17, 18]. Nevertheless, nanoindentation is further beneficial owing to its easier
sample preparation, simplicity in experimental execution, and non-destructive
nature. This technique therefore has enormous potential for evaluation of small-
scale mechanical properties of materials with minimal effort.

Considering this, the present chapter is dedicated to provide a reasonable
understanding for generating σind - εind data from the P-h curve of nanoindentation.
To develop a more conceptual idea for a new reader, the importance of indenter tip
geometry in activating different deformation modes within the indented volume
are discussed at the first hand. Subsequently, the basic relationships for the inden-
tation, the method of analysis and generation of protocol for obtaining the σind - εind
curve will be discussed.

2. Role of indenter configuration

It is noteworthy that both the uni-axial tensile/compression test as well as the
indentation technique are capable to assess the stress–strain characteristics of a
material, however, with usually different size-scale of samples along with varying
stress-states. The former provides an understanding for the degree of bond
stretching induced elastic deformation and dislocation mediated plastic/permanent
deformation in the material. To obtain such desired information, the strain-induced
into the material should be controlled in such a way that, the material’s response
reflects the gradual activation and transition from the elastic to the plastic defor-
mation. This is realized in uni-axial deformation without any strain gradient in the
specimen, at least macroscopically.

In contrary to that, upon indentation, presence multi-axial state of stress exists
beneath the indenter tip. Moreover, the constraint nature of deformation induces
strain gradient within the deformation volume. Hence, for assessing the elastic–
plastic activity within the deformation zone, the indentation tests need to be spe-
cially designed to produce a smooth strain distribution (or gradient) along with its
gradual increment. To maintain that, indenter tip geometry needs to be carefully
chosen to reflect the σind - εind characteristics from the localized region. In this
regard, the most suitable indenter configuration is spherical tip (or sphero-conical
indenter).
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Before getting into the details about the configuration of the spherical indenter
tip and its importance for σind - εind generation, the reader needs to develop a
comprehensive idea about the different type of indenter tips that are used in
general. For the same, the geometrical aspect of indenter configuration is briefed
here. From a geometrical point of view, indenters are classified into two: (i)
geometrically similar indenters (GSI) and (ii) non-geometrically similar indenter
(N-GSI) [4].

The most commonly used sharp pyramidal indenter such as four-sided Vickers
(for micro-and macro-indentation) and three-sided Berkovich indenters (for
nanoindentation) comes under the category of GSI. On the other hand, the spherical
indenter falls under the category of N-GSI. The major difference in deformation
characteristics experienced by a specimen surface, by indenting with any of these
two categories of indenter tips can better be appreciated from Figure 1. Schematic
representations in Figure 1(a-c) show the deformation modes activated in tradi-
tional elastic–plastic material while increasing the indentation load/depth, using
GSI. The mathematical relation for geometrical similarity originates from the ratio
of the contact radius (ac) to the maximum depth of indentation (hmax). For GSI,
ac-i/hmax-i = ac-j/hmax-j = ac-k/hmax-k = constant. The subscript, i, j, k signify increasing
level of h. Nevertheless, this constant ratio of ac/hmax ensures that the size of the
deformation zone of indentation varies uniformly irrespective of the depth of
penetration. This helps to estimate the property of the subjected material indepen-
dent of the applied indentation load/depth. Nevertheless, owing to the sharp nature
of the Vickers and Berkovich indenter, the strain-induced within the indentation
volume is large enough to generate significant plastic deformation [1]. In that case,
dislocation activity is always the dominant mechanism within the deformation
volume beneath the indenter tip, irrespective of the change in depth of indentation,
as apparent from Figure 1. This assists to precisely measure the hardness of a
material independent of the indentation load, in the theoretical sense. However, it is
realized that GSI is not adequate to assess the elastic deformation response of the
indented material. In fact, while using conventional Vickers and Berkovich

Figure 1.
Schematic illustration of the indentation behavior associated with traditional elastic-plastic metallic using
(a-c) sharp geometrically similar indenter and (d-e) spherical non-geometrically similar indenter at various
indentation depths.
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indenters, occurrence of prominent dislocation activity within the deformation
volume negates any influence of elastic activity therein. This acts as the limitation of
the most commonly using Vickers and Berkovich indenter for generating the
stress–strain curve.

On the other hand, a completely different deformation response is being expe-
rienced, while the specimen surface is indented using N-GSI (spherical tip) with
increasing indentation load/depth. Figure 1(d-f), illustrate the deformation sce-
nario within the indentation volume, in such case. It is evident from the figure that,
nature of deformation is entirely different in comparison to that for GSI. This
difference originates from the non-geometrical similarity of the indenter. In case,
the specimen surface is indented with a N-GSI, ac-i/hmax-i < ac-j/hmax-j < ac-k/hmax-k.
This essentially means with the progress of the indentation, increment in the con-
tact radius becomes more pronounced with respect to the depth of penetration.
Such movement of indenter within the material surface gradually increases the
induced strain/stress into the material. Also, the blunt nature of the indenter assists
in generating a smooth stress field within the indentation volume, specifically as
compared to GSI. As a net effect, spherical indenter facilitates a gradual activation
of elastic to the plastic deformation mechanism. This potential for gradual instiga-
tion of the deformation mechanism similar to that observed in case of uni-axial test,
is exploited for σind - εind generation from nanoindentation.

Nevertheless, the most crucial part in this regard is the data analysis procedure
that is necessary to convert the indentation P-h response into a reliable σind - εind
curve. There have been numerous attempts to obtain a stress–strain curve from
traditional indentation as well as instrumented one. In the process, the protocol for
generation of indentation stress–strain curve has undergone various alterations, to
precisely correlate the materials’ property. In the next section, we have briefed the
different approaches adopted to appreciate the σind - εind behavior of a material. This
will help to understand the scientific developments that has been materialized on
this particular topic, so far.

3. Evolution of σind - εind generation protocols

The concept for the generation of σind - εind curve from indentation is introduced
by Tabor in the 1950s. Tabor has measured theMCP on the specimen indented with
a spherical tip to estimate the stress that is induced in the process [1]. The most
crucial part, however, is the estimation of εind. Tabor defined εind by the relation
(d/D), where d is the diameter of the residual impression and D is the diameter of
the indenter tip. Here d is measured using the traditional approach, i.e., by imaging
of residual impression after unloading. The general trend of σind - εind characteristics
of materials, generated following Tabor’s protocol, resembles well with that evalu-
ated through traditional uniaxial compression test [1]. However, this method of
analysis accounts for only single σind - εind data from an indentation. So, it means
that several indentation tests with different indentation parameters are necessary to
be pursued, to obtain a continuous σind - εind curve for a material, making the
process cumbersome.

Nevertheless, Tabor’s approach revealed the potential of the indentation
technique and instigated more studies to develop a state-of-the-art protocol for
generating σind - εind curve of a material. In this regard, automation through the
instrumented indentation has opened up enormous possibilities to generate the
σind - εind curve using a single indentation. In turn, the localized deformation
behavior of a material can be precisely obtained. First among all is the Field and
Swan approach [19]. They have proposed to incorporate multiple partial unload
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segments during each indentation. Here, the P-h responses obtained for each par-
ticular segments are used to measure the corresponding σind and εind values. The
strain, on the other hand, is estimated using the relation a/Ri, where Ri represents
the radius of the indenter tip. As per Field and Swan approach, the deformation
associated in each unloading segment is assumed to be purely elastic. Correspond-
ingly, the classical Hertzian elastic relationship (explained in the next section by
Eq. (1)) is applied on those P-h responses to assess the contact radius, a. From the
measured a value, contact area (Ac) is estimated instead of residual impression-
based analysis in Tabor’s protocol.

The Field and Swan approach has much significance in the present scenario,
owing to its implementation of the Hertzian contact mechanics theory. Neverthe-
less, interpretation of indentation strain as per both Tabor’s as well as Field and
Swan approaches has been questioned for its integrity with the fundamental con-
cept of strain. In general, strain is defined as the ratio of change in length to the
initial length in a region of deformation considered. However, this fundamental
relationship is not met in both these above-mentioned approaches.

In order to overcome this fundamental lacking, various studies have been
conducted to formulate an adequate relationship for the εind. Among those attempts,
the protocol developed by Kalidindi and Pathak has succeeded in defining εind as per
the most basic concept of strain [16]. The present chapter is extensively covering the
formulation and implementation of Kalidindi and Pathak protocol for the generation
of σind - εind curve for a material subjected to nanoindentation. This protocol is
essentially formulated based on classical Hertzian theory, which is explained below.

4. Contact mechanics for spherical tip-based indentation

Contact mechanics theory introduced by Hertz has provided a fundamental basis
for the indentation technique [20]. Classical Hertzian theory predicts the elastic
responses of frictionless contact between two different bodies of dissimilar geometries
(with varying properties) in contact. This theory is formulated based on the assump-
tion that material is homogenous and isotropic. In the present scenario of indentation
using spherical indenter, the Hertzian theory for elastic contact between the sphere
(indenter) and elastic half-space (specimen surface) is used for the formulation of
σind - εind generation. In the indentation aspect, the material of interest is considered as
an elastic half-space by following the criteria that indenter tip radius (Ri) should be at
least ten times smaller than the horizontal dimensions of the sample [21].

As explained in previous Section 2 (see Figure 1(d-f)), indentation using spherical
indenter tip facilitates the gradual activation of elastic to plastic mechanisms in the
material. Therefore, for the sake of understanding, the overall deformation scenario
can be categorized into (i) fully elastic and (ii) plastic following the initial elastic
section. The schematic representation of these two modes of deformation and their
corresponding P-h response is showed in Figure 2. In the first case, material recovers
all the depth it penetrated upon the indentation (see Figure 2(a) and (c)). In the
second case, some amount of permanent deformation is existing within the indenta-
tion volume (see Figure 2(b) and (d)). Hertz has provided the basis for the elastic
deformation associated in two former cases using the relation below,

P ¼
4

3
EeffR

1=2
effh

3=2
r (1)

1

Eeff
¼

1� ν
2
s

Es
þ
1� ν

2
i

Ei
,

1

Reff
¼

1

Ri
�

1

Rs
(2)
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Here P is the applied load, hr is the recoverable depth, Reff is the effective tip
radius and Eeff is the effective elastic moduli. All the characteristic terms mentioned
here can be appreciated from Figure 2(b). The terms hmax and hp in Figure 2
represent the maximum depth of indentation at Pmax and recurring plastic depth of
indentation post-unloading (P is zero), respectively. In the Hertzian relation, the
role of elastic deformation on the two mating parts is assessed using Eeff. The value
of Eeff accommodates the elastic deformation associated with the hard indenter and
soft sample. Eeff during the indentation is estimated using the relation (2). Similarly,
Reff takes into account the influence of plastic activity on the overall deformation. It
is related to the indenter tip radius (Ri) and the radius of curvature of the sample
(Rs) upon the indentation. Reff of the sample is estimated using the relation (2).

All these relations derived by Hertz has laid the foundation for the formulation
of σind - εind data from the nanoindentation P-h response. This is explained in details
in the following section.

5. Defining the indentation stress and indentation strain

It is well understood from Section 3 that Tabor’s and Field and Swan’s protocols
do not suffice to define the εind precisely. Nevertheless, Kalidindi and Pathak have
defined the σind and εind by considering the size of the deformation zone formed
beneath the indenter and correlated it with the fundamental Hertzian relationship
[16]. This protocol has succeeded in producing comprehensive σind - εind data from
the nanoindentation experiments (explained in Section 6).

As per this novel approach, eq. (1) is rearranged by incorporating the following
relations:

σind ¼
P

π a2
; σind ¼ Eeff εind; εind ¼

4

3π

hr
a

≈
hr

2:4 a
(3)

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

Reffhr
q

(4)

Figure 2.
Schematic representation of indentation of behavior of material in (a) fully elastic condition and in the pressure
of (b) plastic deformation. Corresponding indentation load vs. indentation depth responses of materials are
shown in (c) and (d).
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The indentation strain defined using the above relationship satisfies the general
definition of strain. This can be better appreciated from Figure 3(a). In the figure,
the dashed spherical shaped region beneath the indenter tip schematically shows the
actual size of the deformation zone upon indentation. Based on the εind defined
from Hertzian relation, the length of the deformation zone beneath the indenter tip
at Pmax is noted to be �2.4a. Interestingly, a simulative study on the prediction of
indentation behavior strongly agrees with this relation for tungsten and aluminium
[16]. This has validated the new definition of εind, which is derived without any
alteration of the fundamental Hertzian relation. This novel protocol is remarkably
different yet comprehensive with respect to the other discussed approaches. This is
primarily because it basically takes into account the actual size of the deformation
zone during the indentation, rather than simply estimating the εind data using the
concept of variation in indent impression.

Furthermore, this novel protocol has provided a reasonable basis for the
analogical comparison of indentation behavior using spherical indenter and
uniaxial compression test. The overall nature of the material response upon
nanoindentation can be considered as the replication of compressing up to a depth
of hmax on a cylindrical sample of height 2.4a and radius a. To visualize it clearly,
the idealized deformation zone of indentation and actual deformation of indenta-
tion is schematically shown in Figure 3(a). The shape of the actual deformation
zone formed is schematically showed as spherical. The reader should be aware that,
in reality, owing to the anisotropy in material’s properties, the actual shape of the
deformation zone of indentation can be slightly different from this schematic
representation. It is also noteworthy that with slight alternation in relation (4), hmax

can be used instead of hr in the numerator to accommodate the plastic activity [15].
This whole theoretical concept has paved the way for generating σind - εind curve
from the P-h signal in nanoindentation. To realize it in a practical scenario, the
reader has to understand the necessary steps to follow for obtaining a reliable
output.

6. Theoretical conceptualization to experimental execution

As mentioned in Section 1, nanoindentation typically generates a P-h response
and its characteristics define the mechanical property of the material indented.
Compared to any other characterization technique, particularly, the most
commonly used uni-axial tests, the size of the active deformation region for

Figure 3.
(a) Schematic representation of the deformation behaviour associated with indentation. Figure highlights the
actual deformation zone of indentation and the idealized deformation zone of indentation. (b) Schematic
representation of surface irregularities on a sample.
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nanoindentation is extremely small. Therefore, proper measures are necessary at
every steps right from the precise sample preparation to the careful data analysis to
obtain reliable data.

6.1 Sample preparation

The existence of an artefacts such as scratches or the presence of foreign
particles on the surface can influence the P-h signal and thereby the generated
σind - εind data. The poorly polished samples create a scratch on the surface, the
depth of which can be in hundreds of nanometres. Data recorded from such a region
will certainly influence the overall σind - εind characteristics and consequently alter
the assessment of the true properties of the material. This can be visualized and
understood from the schematic representation in Figure 3(b). In the figure, red
coloured triangular shape and yellow coloured circular shape reveal the presence of
sample surface roughness and foreign particles respectively. As per the indentation
sequence, the indenter will first acquire the data from those artefacts and move to
the bulk of the sample. So, actual material which is supposed to show the pure
elastic response initially, is now influenced by the presence of sample surface
artefacts. As a net effect, the P-h response from the bulk sample is influenced by the
surface roughness/foreign particle. Hence, the assessed properties are certainly
different from the true ones [1]. In case of conventional uniaxial tests, such misin-
terpretation of results can be obtained in case a specimen slips upon loading, or
even when elastic properties are estimated from a tensile experiment, without
attaching an extensometer to the test specimen.

To avoid such issues, well-polished, smooth, flat and plane-parallel specimen
should be subjected to nanoindentation. The necessary steps to achieve such arte-
fact free surface vary with the material of interest. However, colloidal silica polish
for few hours (minimum 3 h) after the conventional polish using silicon carbide
paper with decreasing mesh size and diamond polish is prescribed for metallic
specimens, to attain a reasonably good surface condition for the σind - εind genera-
tion. Depending on the surface characteristics of the material, electropolishing may
also appear to be a better option to minimize the artefacts on the sample surface.

6.2 Conversion of experimental P-h data to effective P-h data

It is noted that theoretical predictions and the experimental outcome may result
to some disparities in case of the nanoindentation test. In this regard, it is notewor-
thy that proper data analysis plays a key role in the generation of σind - εind curve.
It is highlighted in the previous section (Section 6.1) that nanoindentation experi-
ments mandate extremely good quality surface finish. Nevertheless, obtaining the
required surface finish is difficult in practice. A proper data correction route on the
experimentally obtained P-h curve, on the other hand, can negate the role of
artefacts on the σind - εind analysis. This step is crucial to compute a reliable stress–
strain curve. For the same, effective initial contact point between the indenter tip
and the specimen surface is estimated following the “zero-point correction” (ZPC).
In fact, ZPC deals with discarding the data points which are influenced by
unavoidable surface irregularities. In turn, the effective contact point is determined
on the basis of Hertzian theory which reciprocates the material behavior. According
to the type of nanoindentation instrument used, Kalidindi and Pathak have pro-
posed two different approaches for the data correction using ZPC. One is for
nanoindenter with (a) Contact Stiffness Mode, CSM (or Dynamic Mechanical
Analysis, DMA) and another for (b) Non-Contact Stiffness Mode, N-CSM [22].
These two modes are slightly different in the method of experimentation.
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6.2.1 CSM mode or DMA mode

In CSM or DMA mode, harmonic force is imposed in the loading and unloading
segment during the indentation. This is highlighted at the inset (a) of Figure 4. It
can be hypothetically viewed as if the specimen undergoes multiple indentations
with minimal depth scale (2 to 4 nm) while conducting a single indentation. Dis-
placement responses corresponding to these harmonic forces are recorded through-
out the indentation. These assist in assessing the variation in contact stiffness, S

(or dP
dh) upon the indentation. Precise determination of S from each steps of CSM

leads to estimate the continuous variation in the related properties of materials with
increasing h, for example, hardness and elastic modulus changes [22].

In the present scenario, the continuously varying S, hr, and P are obtained from
the CSM mode of the nanoindenter and these signals are used for ZPC. For the
same, the Hertzian relation (Eq. (1)) for elastic contact is rearranged into the
following relationship,

P�
2

3
hrS ¼ �

2

3
h ∗ Sþ P ∗ (5)

Here P* and h* denote the effective indentation load and depth respectively. A
linear regression analysis on relation (5) helps to trace the P* and h* values through
the slope (�2

3 h
∗ ) and y-intercept (P*). Once the P* and h* are established, the

experimentally generated P-h signal has to be corrected for obtaining an ‘effective
P-h curve’, which is devoid of any influence from the surface artefacts [16].

6.2.2 Non-CSM mode

In N-CSM mode, indentation is performed without harmonic force. This is also
highlighted in inset (b) of Figure 4. In this particular case, ZPC is performed by
recasting the Hertzian equation as per the relation below (derived from Eq. (1),

hr � h ∗ð Þ ¼ k P� P ∗ð Þ, k ¼
3

4

1

Eeff

1

√Reff

(6)

Figure 4.
Indentation load vs. indentation depth response generated using nanoindentation. Insets in the figure highlight
the method of indentation in CSM mode and N-CSM mode.
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In the above relationship, the k value is constant in the elastic segment [15]. It is
worth reiterating here that within the elastic segment, continuously varying h
equates with hr whereas Reff to Ri (explained in the subsequent Section 6.3). Also,
prior understanding of elastic moduli of the material makes the calculation much
easier. Essentially, regression analysis on the initial elastic segment of experimen-
tally obtained data helps to calculate the values of P* and h* and thereby the
effective P-h data is estimated.

6.2.3 Selection of data segment

The above-mentioned data correction procedures for nanoindenter with CSM or
N-CSM mode, ideally has to be performed on the initial elastic segment of the P-h
segment. Such elastic segment dwells within few nanometers, in reality. The exact
value of this elastic segment however varies with the sharpness (or bluntness) of the
indenter tip and the associated variation in strain gradient [2]. The question here is
how to precisely choose a segment in the P-h curve which can be used for the data
correction using Eqs. (5) and (6). This can be realized through the iteration process
on the initial segment with a different depth limit. For instance, for
nanoindentation with hmax of 250 nm, regression analysis has to be performed in
initial segments with indentation depth of 10 nm (or any other limit) to higher. By
doing so, the accurate point of transition from elastic to plastic (data limit) can be
approximately finalized based on the continuity nature observed in the effective P-h
curve as well as the corresponding σind - εind curve (explained in next Section 6.3).

6.3 Conversion of effective P-h curve to σind - εind curve

As explained in Section 5, the Hertzian relation has provided a basis to obtain
σind - εind curve from the P-h response. Once the effective P-h response is computed
using the steps mentioned in Section 6.2, Eqs. (3) and (4) are used for obtaining the
corresponding σind - εind values. In this conversion process, estimating the continu-
ously varying a is important for calculating the continuous evolution in the σind and
εind values. It is particularly evident from Eq. (4) that, a is the main characterizing
parameter to obtain the σind and εind values.

Prior to going through further details, the physical significance of a and the
mechanisms behind its alteration during indentation are explained through
Figure 5. The figure schematically shows the indentation behavior of different
materials with different extents of elastic–plastic activities. Sample-1 with green
color indicates the material with full elastic recovery. Sample-2 (orange) and
sample-3 (blue) exhibit the indentation behavior of two materials with different
degrees of plastic activities along with elastic deformation. In a fully elastic material
(sample-1), the indented surface recovers the whole depth upon the complete
removal of load. Thereby Rs attains infinity in this case (see Figure 5). So, Reff = Ri

for material with full depth recovery (see equation (2)). Similarly, owing to the full
recovery, continuously recording h signal can equate with the depth recovery (hr).
In short, Reff = Ri and h = hr within the elastic regime of material upon indentation.

But, once the dislocation mediated plastic activity is instigated, Rs attains a finite
value. The orange and light blue colors in Figure 5 reveal the formation of finite
values of Rs in the materials due to the occurrence of plastic deformation. In these
two cases, Reff is no longer equal to Ri. It is reported that Reff is significantly
larger than Ri once plastic deformation initiates in the material. Almost a 100-fold
increment in the Reff is reported with presence of plastic activity in aluminum
sample [3].
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All these physical changes are also related to hr after the unloading. While
comparing sample-2 and sample-3, depth recovery is noted to be higher for the
former. Correspondingly, Rs in the material also changes. It is apparent from the
Figure 5 that Rs-1 > Rs-2 and hr-1 > hr-2. As a net effect of change in Reff and hr,
contact between the indenter and sample deflects. This is reciprocated in the
changes in a (a1 > a2). In conclusion, all three parameters are correlated which are
primarily controlled by the share of elastic–plastic activities within the material of
interest. Eq. (4) derived by Hertz relates all these physical phenomena and in the
present scenario, it is utilized to estimate σind-εind curve using relation (3).

6.3.1 σind-εind from CSM nanoindenter

Estimation of a from nanoindentation using CSM mode is straight forward. The
interrelation between S and a are derived from Eqs. (1) and (4) according to the
Hertzian theory, as shown below:

dP

dh
¼ 2 EeffR

1=2
eff h

1=2
e ¼ 2 Eeffa

a ¼
S

2 Eeff

(7)

The analytical significance of this mathematical derivation lies in the fact
that unlike Tabor’s approach, this expression (eq. (7)) enables to assess the nature
of deformation inside the material without a visual inspection of residual
impression.

In the data analysis, once the evolving values of a are established using eq. (7),
the final σind - εind curve is generated from Eq. (3). Figure 6(a) shows σind - εind
curves obtained before and after ZPC on experimental P-h data. Interestingly, in
this novel protocol, elastic moduli measured from the loading and unloading seg-
ments of the σind - εind curve are noted to resemble each other [16]. This observation
has validated the new definition for εind as well as the novel protocol for reliably
assessing the mechanical property via σind - εind curve.

Figure 5.
Schematic representation of the nature of deformation volume beneath the indenter tip for materials with three
different degree of elastic-plastic property. Green line shows the sample with full depth recovery. The orange and
light blue colors reveal the indentation behaviour of samples with different shares of elastic and plastic activities.
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6.3.2 σind-εind from non-CSM nanoindenter

As compared to the CSM mode, experimentation and method of analysis is dif-
ferent in case of N-CSM mode of nanoindentation. In N-CSMmode, multiple
unloading segments are introduced into the indentation test for measuring the evo-
lution in a and thereby the continuous variation in σind and εind values. This is similar
to Field and Swan approach in terms of experimentation. Figure 6(b) schematically
shows the P-h curve obtained after the multiple unloading. Once the effective P-h
curve is generated by employing ZPC, following Section 6.2, the evolving values of a
are estimated from each segment. For the same, Reff value is estimated by fitting the
unloading response using the modified Hertz relation as mentioned below,

hr ¼ hmax � hp ¼ k P2=3 (8)

here k is a function of Reff and Eeff (see relation (6)). Eeff can be traced from the prior
understanding of elastic moduli of sample or from the initial elastic segment in the P-h
curve [15]. So, from the understanding of k value of the respective alloys and the
recorded value of hpwith reduction in indentation load in the unloading segments, Reff

is estimated by fitting using the relation (8). Once Reff is established, a can be deter-
mined from relation (4) and in turn σind - εind curve can be generated using Eq. (3). It is
also important to note here that, number of data points in the resultant σind - εind curve
depends on the number of unloading segments provided in the experiment.

7. Protocol for σind - εind generation in pseudoelastic shape memory
alloys

Previous sections have elaborated the potential of the nanoindentation tech-
nique in appreciating the σind - εind characteristics of traditional elastic–plastic
metallic systems. In a further extension, Sujith and Sen have revealed the capability
of nanoindentation in assessing the unique pseudoelastic (or superelastic) proper-
ties of shape memory alloys (SMA) via σind - εind curve [2, 6]. This recent develop-
ment has succeeded in the producing the specialized stress - strain characteristics of
the pseudoelastic NiTi system using most commonly used N-CSM nanoindenter.

It is noteworthy at this point that as compared to the traditional elastic–plastic
metallic alloys, pseudoelastic system is different owing to the occurrence of revers-
ible stress-induced martensitic transformation (SIMT). In pseudoelastic alloys

Figure 6.
(a) σind � εind curve obtained before and after the zero-point correction. (b) Schematic representation of the
P-h responses with multiple unloading segments for generating σind � εind curve in N-CSM measurement
nanoindenter.
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(some examples of metallic systems are NiTi, Cu-Al-Zn, Cu-Al-Ni, Ni-Ti-Fe, Fe-
Mn-Si, Fe-Mn-Si-Co-Ni), parent austenitic phase transforms to product martensitic
phase upon the application of stress and it reverts to the previous austenite with the
release of stress. Owing to this reversible SIMT along with usual elastic deformation
in the parent and product phase, the NiTi system in pseudoelastic state shows (8–
10) % of recoverable strain. This is also reflected as a unique characteristic in the
conventional uni-axial stress - strain curve. Hence, evaluating such unique property
using nanoindentation requires special attention in terms of (a) optimizing inden-
tation parameters as well as (b) tailored σind - εind generation protocol. This investi-
gation by Sujith and Sen is the first of its kind to consider spherical indenter tips
with varying Ri as well as Pmax levels with the aim to identify the optimum combi-
nation to precisely evaluate localized pseudoelasticity in SMA through
nanoindentation. Following steps are briefed:

7.1 Optimizing indentation parameters

For optimizing the indentation parameters, a detailed analysis is performed on
the P-h curve obtained from various indenter configuration (Ri of 10 μm, 20 μm and
50 μm) as well as Pmax (1 mN to 7 mN). Details of the experiments and analysis
procedures are reported elsewhere [2]. However, the key observations in this
method of analysis are mentioned here.

Optimization of indentation parameters is performed based on the close scrutiny
of the experimentally generated P-h curve using Hertzian theoretical prediction and
the understanding of the pseudoelastic behavior in the alloy system. Figure 7(a)
shows the method of analysis performed on the P-h curve. The black solid and the red
dashed curves in Figure 7(a) show the experimental results and Hertzian theoretical
predication of indentation response, respectively. Using this comparison, overall
deformation mode in the indentation is parted into different sections. Correspond-
ingly, the depth of indentation, specifically influenced by pseudoelasticity is assessed.
This can be even better appreciated from Figure 7(b). Physical variation associated
with indentation volume of NiTi sample using Ri of 10 μm and 20 μm are schemati-
cally (in two halves) shown in Figure 7(b). The region influenced by reversible SIMT
is highlighted as green color in the schematics. This novel method of analysis is
performed using a range of combination of indentation parameter. The most ade-
quate combination to assess the pseudoelasticity is identified based on the share of
reversible SIMT activity and the overall depth recoverability (minimum 90% depth
recovery). Based on this systematic analysis, spherical indenter with Ri of 20 μm and
Pmax of 5 mN is noted to be most suitable combination for appreciating
pseudoelasticity devoid of the influence of dominant plasticity, in NiTi system.

7.2 σind - εind protocol

Considering the extremely high depth recoverability (≥ 90%) of pseudoelastic
NiTi system, following assumption is used while generating the corresponding
σind - εind curves,

Reff ¼ Ri and hr ¼ h (9)

Section 6.3 has already mentioned about the validity of this assumption when
material shows full depth recovery. In the present scenario, same assumption is
used with depth recovery limit of 90% of the hmax. This assists in converting the P-h
response into σind - εind curve using Eq. (3), while employing relations (9) in it.
Essentially, this new protocol defined the εind and a using following relation,
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εind ≈
h

2:4 a
a ¼

ffiffiffiffiffiffiffiffi

Ri h
p

(10)

Prior to conversation of P-h results into σind - εind curve, ZPC is performed
following Section 6.2.2. Figure 7(c) shows the σind - εind curve that is generated from
the P-h response of NiTi system. Interestingly the curve has shown the signature
trends of pseudoelastic system like sudden changes in the transformation strength,
plateau strain, significant recovery etc. The transformation strength (σtr) of the NiTi
system estimated from the nanoindentation resembles reasonably well with that
derived from uni-axial compression test [2]. This has validated the present protocol
for future analysis on smart characteristics of NiTi based shape memory alloys.

8. Closure

The present chapter elucidates the vast potential of nanoindentation technique
to develop insights about the localized stress–strain characteristics of materials.
Nevertheless, to achieve the σind - εind curve, experiments need to be carefully
designed. Also, post indention analysis should be meticulously performed to obtain

Figure 7.
(a) The P-h response of pseudoelastic NiTi system at its optimized nanoindentation parameter condition
(Ri ¼ 20 μm and Pmax ¼ 5 mN). Red dotted curve shows the theoretical prediction of P-h response and the
green dotted region infers the region that is dominantly influenced by reversible SIMT in the NiTi alloy. Ptr in
the graph highlights the indentation load at which SIMT initiates in the material. (b) Schematic representation
of share of different deformation mechanisms within the nanoindentation volume for pseudoelastic NiTi system
indented using Ri of 10 μm and 20 μm. (c) σind � εind curve corresponding to the P-h response (Figure 7(a)).
Here, σtr is the transformation stress to initiate SIMT [2].
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the reliable data. Blunt spherical indenter tip is primarily necessary to activate
elastic and plastic mechanisms sequentially in the material and thereby to estimate
the σind - εind curve. On the other hand, different post-indentation analysis has to be
adopted based on the mode of nanoindenter and the material of interest to compute
the indentation stress–strain data. Validation of the protocols are also discussed for
pseudoelastic material systems. The detailed explanation provided in the present
chapter based on the physical mechanism associated with different alloy system
upon indentation and further data analysis can pave the way for future usage of this
method of analysis in various studies.
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