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Abstract 

This dissertation presents a novel approach for converting the raw load-displacement data 

measured in spherical nanoindentation, from indentation depths as small as a few nanometers, 

into much more meaningful indentation stress-strain curves. This new method entails a new 

definition of the indentation strain, a new procedure for establishing the effective zero-load and 

zero-displacement point in the raw dataset, and the use of the continuous stiffness measurement 

(CSM) data. The concepts presented here have been validated by finite element models as well 

as by the analyses of experimental measurements obtained on isotropic metallic samples of 

aluminum and tungsten. It is demonstrated that these new methods produce indentation stress-

strain curves that accurately capture the loading and unloading elastic moduli, the indentation 

yield points, as well as the post-yield characteristics in the tested samples. A further development 

of this approach, without the need for the CSM – an option available only on a limited number of 

machines – is also outlined.  

Subsequent validation of this approach on a wide range of material samples including 

metals, carbon nanotubes (CNTs), ceramics and bone – confirms the ongoing success and 

versatility of this technique. In particular, the success of these data analysis techniques has been 

demonstrated in correlating the elastic moduli measured in loading and unloading segments, and 

explaining several of the surface preparation artifacts typically encountered in nanoindentation 

measurements in metals. In an extension of this technique to anisotropic polycrystalline samples, 

a judicious combination of the results from Orientation Imaging Microscopy (OIM) and 

nanoindentation were used to estimate, for the first time, the changes in slip resistance in 

deformed grains of anisotropic metallic samples of Fe-3%Si steel at a micron length scale. These 

results also represent the experimental validation of Vlassak and Nix’s theory1 for 

nanoindentation in anisotropic solids and the first report of experimentally measured 

nanoindentation yield strengths in anisotropic crystallographic solids as a function of crystal 

lattice orientation. 

Similar studies on dense CNT brushes, with ~10 times higher density than CNT brushes 

produced by other methods, demonstrate the higher modulus (~17-20 GPa) and orders of 

magnitude higher resistance to buckling in these dense CNT brushes than vapor phase deposited 

                                                 
1 J. J. Vlassak, W. D. Nix, “Indentation modulus of elastically anisotropic half spaces”, Phil. Mag. A, 67, 1045 (1993) 
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CNT brushes or carbon walls. This work also demonstrates the viscoelastic behavior, caused by 

the increased influence of the van der Waals’ forces in these highly dense CNT brushes, showing 

their promise for energy-absorbing coatings. Even in a complex hierarchical materials system 

like bone, this indentation analyses technique has been able to elucidate trends in elastic, yield 

and post-yield indentation behavior at the lamellar level in the femora (thigh bone) of two 

different inbred mouse strains, A/J and B6, to the corresponding structural information measured 

using Raman Spectroscopy at similar micron (lamellar) length scales. Thus bone with a higher 

mineral-to-matrix ratio is shown to demonstrate a trend towards a higher local modulus and yield 

strength and the B6 mouse strain exhibits a trend towards lower modulus and yield values than 

the more mineralized A/J strain. An extension of the above study to indentation testing of bone 

in the ‘wet’ or hydrated conditions (which represents more closely bone’s naturally hydrated in-

vivo environment), demonstrates a novel approach to characterize bone’s dynamic mechanical 

behavior under contact loading. Bone having a higher collagen content or a lower mineral-to-

matrix ratio was found to demonstrate a trend towards a higher viscoelastic response – 

confirming the trends shown in the dry bone results. In summary, the success of the analyses 

techniques demonstrated in this dissertation constitute a crucial first step in the formulation of a 

rigorous framework for establishing structure-property linkages in various materials models at 

the submicron length scale.  
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Preface 

Writing the PhD dissertation summarizing the novelty of one’s arduous doctoral research 

is both a difficult and satisfying task. The difficulty generally stems from the writing effort 

involved in organizing the evidence and associated discussions collected over 4-5 years of the 

student’s doctoral research timeline into one coherent document arguing in defense of a 

particular thesis. Maintaining the reader’s attention throughout the course of such a lengthy 

narrative often proves to be a difficult and challenging task. However, one significant advantage 

in writing of this particular dissertation was that almost all the results and ideas attempted during 

the course of my PhD work have already been published (or are under review at this time) in 

various peer-reviewed archival journals. Indeed each of these publications can be viewed as 

stand-alone theses that defend the original work published in those manuscripts. As such, instead 

of rewriting and rearranging this collection of manuscripts into one drawn-out storyline, it was 

felt that the reader would be much better served with an executive summary of the entire body of 

work – a summary that contains enough information for the readers to become acquainted with 

the full scope of the research work without reading through all of its intricacies. Keeping this in 

mind, the first section of this dissertation – the executive summary – has been constructed as a 

statement of the problem attempted in this PhD work, with relevant background information, a 

description of any alternatives, and the major conclusions. Although this occasionally does 

necessitate some repetition of essential parts of the published manuscripts, it is done so with the 

expectation that someone reading this executive summary would get a good idea of main points 

of the document without becoming bogged down with all the details. The more inquisitive reader 

is guided to the copies of published manuscripts (see list below), provided after the executive 

summary, which go over each of the tasks outlined in the summary in significant detail.  

List of manuscripts summarized in the executive summary: 

1) Publication A 

Surya R. Kalidindi, Siddhartha Pathak. “Determination of the effective zero-point and 

the extraction of spherical nanoindentation stress-strain curves”; Acta Materialia, 56 

(2008) 3533-3542.  

2) Publication B  

Siddhartha Pathak, Joshua Shaffer and Surya R. Kalidindi. “Determination of an 
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effective zero-point and extraction of indentation stress-strain curves without the 

Continuous Stiffness Measurement signal”; Scripta Materialia, 60 (2009) 439-442.    

3) Publication C  

Siddhartha Pathak, Dejan Stojakovic, Roger Doherty, and Surya R. Kalidindi. 

“Importance of Surface Preparation on the Nano-Indentation Stress-Strain Curves 

Measured in Metals”; Journal of Materials Research, Focus Issue on Nanoindentation, v 

24, n 3, p 1142-1155, March 2009.  

4) Publication D  

Siddhartha Pathak, Dejan Stojakovic, and Surya R. Kalidindi. “Measurement of the 

Local Mechanical Properties in Polycrystalline Samples Using Spherical Nano-

Indentation and Orientation Imaging Microscopy”; Acta Materialia. v 57, n 10, June 

2009, pg 3020-3028.  

5) Publication E  

Siddhartha Pathak, Z. Goknur Cambaz, Surya R. Kalidindi, J. Gregory Swadener, Yury 

Gogotsi. “Analyzing the buckling of carbon nanotube (CNT) arrays under contact loading 

using spherical nanoindentation”; Carbon, 47 (2009), pg 1969-76.   

6) Publication F  

Siddhartha Pathak, Melanie Patel, Surya R. Kalidindi, Haviva M. Goldman. “Improved 

analysis of bone nano-mechanical properties using a novel nanoindentation analysis 

technique” – in preparation 

7) Publication G  

Siddhartha Pathak, J. Gregory Swadener, Surya R. Kalidindi, Haviva M. Goldman. 

“Characterization of local dynamic properties of wet cortical bone using 

nanoindentation” – in preparation 

 

- Siddhartha Pathak 

Philadelphia, PA, 2009 
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Executive Summary 

1. Introduction  

Successful development of physics-based multi-scale materials models with excellent 

predictive capabilities is largely hampered by lack of methods for characterizing reliably the 

local (anisotropic) properties of constituents in a composite material system at the appropriate 

length scales of interest. Much of the current effort in this field is centered on micro-pillar tests 

[1, 2] that require intricate fabrication and handling as well as highly specialized testing 

equipment [3, 4]. Here, a novel approach is presented that can provide the desired information at 

significantly lower effort and cost by combining the mechanical information obtained from 

spherical nanoindentation with the complementary structure information measured locally at the 

indentation site. In order to achieve this goal new data analyses procedures for obtaining reliable 

indentation stress-strain curves from spherical nanoindentation tests has been developed and 

validated, which are able to capture the loading and unloading elastic moduli, the indentation 

yield points, as well as the post-yield characteristics in the tested samples. 

In particular, it is demonstrated that the analysis techniques developed in this work can be 

used to extract a detailed range of mechanical information from indentation on a wide variety of 

very different material systems, starting from isotropic and anisotropic metallic materials, to thin 

films of dense carbon nanotube (CNT) brushes and extending to complex biological systems 

(bone). This thesis also demonstrates the correlations of the mechanical information obtained 

from the nanoindentation stress-strain curves to the corresponding structure information (using 

complementary surface characterization techniques such as orientation imaging microscopy 

(OIM), which images the microstructure using electron backscattered diffraction (EBSD) for 

crystalline samples, and Raman spectroscopy, which is highly sensitive to both mineral and 

collagen components of biological tissues such as bone) at the same length scale in the samples. 

2. Spherical Nanoindentation Background 

For more than a century, the indentation test has been one of the most common 

techniques for characterization of the mechanical properties of a vast range of materials [5]. In a 

typical test, an indenter of known geometry is driven into a softer sample by applying a preset 

load or displacement. The dimensions of the resultant imprint is then measured and correlated to 
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a hardness index number. With the advent of higher resolution testing equipment it has now 

become possible to continuously control and monitor the loads and displacements of the indenter 

as it is driven into and withdrawn from a material. Known as nanoindentation (or instrumented 

indentation testing IIT, or depth sensing indentation DSI), this significantly expands the 

capabilities of the traditional hardness testing method [6]. IIT has significant advantages over 

conventional indentation testing, since the material properties of interest can now be obtained 

from indentation depths as small as a few nanometers, using proper analysis techniques.     

The earlier designs for indentation systems were developed for measuring the hardness 

properties of materials at large effective strains, often using sharp indenters such as Berkovich 

and Knoop diamond indenters. Although the sharp indenters [7] are useful in calculating the 

hardness [8] and fracture toughness [9] of a material, the higher stress concentrations inherent in 

the sharp indenters are a major drawback in studying the elastic behavior of a material. On the 

other hand, the elastic deformation under a spherical indenter is well defined and more easily 

identified in the experiments. This makes the spherical indenters an attractive option in that they 

enable one to estimate the contact geometry more accurately, and consequently allow us to 

follow the evolution of stress-strain response in the sample from initial elasticity, through the 

initiation of plasticity at a critical load (yield behavior in the form of elastic limit) to large plastic 

strains [10]. Using certain idealizations [11, 12], it is also possible to generate indentation stress-

strain curves from the load-displacement data acquired in spherical indentation [13]. 

Because of the severe heterogeneity of the stress and strain fields under the indenter, the 

analyses of the measured load-displacement curves in nanoindentation requires considerable 

attention if one is to reliably extract material properties from these measurements [5]. One starts 

by considering the penetration of a rigid spherical indenter into a flat specimen assuming a linear 

elastic, isotropic, material response. For frictionless contact, the solution is provided by Hertz’s 

model [14] and is usually expressed as  

2
3

2
1

3

4
eeffeff hREP  ,  eeff hRa             (1) 

where a is the radius of the contact boundary (see Figure 1a) at the indentation load P, and he is 

the elastic penetration depth. Reff and Eeff denote the effective radius and the Young’s modulus of 

the indenter and the specimen system, defined as 
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Figure 1. (a) Schematic of the contact loading of a spherical indenter into a sample. (b) Schematic of a 
typical measured spherical indentation load-displacement curve with the initial and final contact 
geometries. (c) Using the analyses techniques described in this thesis, a corresponding indentation stress-
strain curve can be extracted 2 that clearly shows both the loading and unloading elastic moduli, the 
indentation yield point (Yind), as well as the post-yield characteristics of the indented material. Figure 
adapted from Kalidindi and Pathak [15]. 

 

However, the sample seldom behaves in a purely elastic manner especially under the 

influence of the highly localized stress field under the indenter (see the schematics presented in 

Figure 1). In the loading segment, the sample typically experiences significant levels of inelastic 

strains in addition to the elastic strains. Moreover, the very small initial elastic loading segment 

is often not clearly identifiable in the measured load-displacement curves obtained on majority of 

the samples. However, in the unloading segment, the sample is likely to experience essentially 

                                                 
2 Note that the extraction of indentation stress-strain curves from the corresponding load-displacement dataset 
requires a series of data analysis steps, as described in Task 1 [15] of this Executive Summary.  
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elastic unloading, at least in the initial part of the unloading segment. It has been a common 

practice in the literature to apply the Hertz’s model to the unloading segment of the measured 

load-displacement curves [16-18], where it is typically noted that reloading at the same spot 

often produces the exact same load-displacement curve as that measured in the unloading 

segment. Note however that this reloading is no longer from a flat surface. Rigorous methods 

have been proposed in the literature to account for the shape of the residual indentation on the 

reloading curve [19, 20], by establishing an equivalent indenter shape, mostly using results from 

simulation in conjunction with nanoindentation experiments.  

Applying Hertz’s model to the unloading segment of the measured load-displacement 

curve in nanoindentation permits an estimation of the Young’s modulus.  For this purpose, it is 

convenient to recast Equation (1) as [17] 

A

S
E

2
*


 ,                                 (3) 

where S is the slope of the unloading curve (i.e. dP/dhe, see Figure 1; also referred to as the 

Continuous Stiffness Mode (CSM) mode in the MTS XP® nanoindentation machine) at or close 

to the peak indentation load, and A is the projected contact area defined as 

2aA  ,  
22 cic hRha                            (4) 

where hc is the distance from the circle of contact to the maximum penetration depth (Figure 1). 

In order to employ the above set of equations and extract Young’s modulus of the 

sample, one needs the value of hc. The Oliver and Pharr method proposes the following 

expression for the computation of hc [21]: 

S

P
hhhh tetc 4

3

2

1
                        (5) 

Although the above equation can be applied to any point in the unloading load-displacement 

curve, it is customary to apply it at or close to the peak indentation load, because this is where 

the sample is likely to be exhibiting a purely elastic response. 

In order to produce the indentation stress-strain plots, it has been a common practice to 

define indentation stress and indentation strain such that Equation (1) transforms into a linear 

relationship as [12, 22] 
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Note that the Equation (6) is completely equivalent to Equation (1) in the regime of small 

indentation depths (i.e. hc << Reff) typical of elastic behavior. The expected linear relationship 

between ind  and effRa in elastic indentation has prompted many researchers to adopt effRa  [9, 

12, 22-24] as a measure of the indentation strain. In some recent reports [25], tan θ (where sin θ 

= effRa ) has also been adopted as a measure of the indentation strain. It should be noted here 

that a majority of the studies in the literature [9, 12, 22-24, 26, 27] simply extend the definition 

of the indentation strain as iRa  for situations where there are both elastic and plastic strains 

under the indenter. Since ieff RR   in the initial elastic loading of a spherical indenter on a flat 

sample, this definition of iRa  as the indentation strain is certainly consistent with Hertz’s 

theory. However, as the sample experiences plastic strain, there is no justification for the use of 

this ratio as a measure of the indentation strain. Moreover, an accurate estimation of a using 

Equation (1) also requires a precise knowledge of Reff. 

As shown in Figure 1, the spherical indentation stress-strain curves are of significant 

assistance in identifying the elastic moduli, the indentation yield points (denoting the end of 

elasticity and beginning of plasticity), as well as the post-yield characteristics in the tested 

samples. Note also that the elastic moduli can be calculated both for the elastic loading and the 

unloading segments when using the spherical indentation stress-strain curves.  

3. Aims and main tasks of the dissertation 

Task 1. Development of an accurate data analysis procedure for spherical nanoindentation 

(Publication A [15])  

Figure 2 highlights some of the main problems faced when the commonly used Equation 

6 is engaged to construct indentation stress strain curves – which also help define the main focus 

of this thesis. In this figure, the indentation stress strain curves are plotted using two different 

definitions of indentation strain – indentation strain defined as a/2.4Ri (Equation (6)) and as 
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ht/2.4a (the definition developed in this work)3 – for polycrystalline samples of tungsten and 

aluminum using a 13.5 µm radius spherical indenter. The low degree of elastic anisotropy in 

these two materials (note that Hertz theory is valid only for isotropic elastic materials) as well as 

the strong variation in their respective mechanical properties (aluminum exhibits a low modulus 

and a low yield strength while tungsten exhibits a high modulus and a high yield strength) makes 

them an ideal choice for comparing these two data analysis procedures. Note that in Equation 

(6), the indentation strain is actually defined as a/Ri and not a/2.4Ri as shown in Figure 2. The 

inclusion of a multiplicative factor ( 4.2134  ) in this definition conveniently modifies the 

slope during elastic loading and unloading to be equal to the effective modulus, Eeff and makes it 

consistent with the definitions followed in this work. 
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Figure 2. A comparison of the extracted indentation stress-strain curves for isotropic metals such as (a) 
Tungsten and (b) Aluminum using the two different definitions of indentation strain. The definition of the 
indentation strain (= ht/2.4a) (Equation (8)) produces significantly better indentation stress-strain curves 
with correct values of modulus during both loading and unloading. Figure adapted from Kalidindi and 
Pathak [15]. 
 

Two major problems are easily apparent when indentation stress-strain curves are plotted 

using indentation strain defined as a/2.4Ri (Equation (6)): First, there is a substantial amount of 

noise, especially in the initial elastic and yield sections of this curve, and second, indentation 

strain defined as a/2.4Ri does a very poor job of capturing the elastic unloading curves. For 

example, in case of aluminum, the slope of the unloading stress-strain curve, and hence the 

unloading modulus, calculated using a/2.4Ri as the indentation strain is actually negative (Figure 

2b). This problem of highly unrealistic unloading slopes in the analyses of spherical indentation 

data was noted in numerous other materials, including tungsten, aluminum, silver, gold, steel etc. 

                                                 
3 The motivation for the new definition used in Figure 2 is presented in the next section; here we use it primarily for 
comparative purposes against the commonly used expression for indentation strain as a/2.4Ri. 
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(see Publication A). Note that both these problems are rectified when the new definition of 

indentation strain as ht/2.4a is used. The indentation stress-strain curves produced using the new 

methods also reflect more accurately the underlying physical processes. As expected, the 

indentation stress-strain curve for tungsten shows more strain hardening compared to the 

aluminum sample [28]. 

Whereas the first problem (of substantial scatter in data in the initial loading portion of 

the curve) stems from an incorrect determination of the zero-point or the point of effective initial 

contact during nanoindentation, the second error is more related to the incorrect use of a/Ri as an 

effective measure of indentation strain. The conventional definition of strain involves the ratio of 

change in length over its initial length in a selected region of the sample. In this respect effRa , 

or the more commonly used iRa , lacks any reasonable physical interpretation as a strain 

measure, because this cannot be interpreted as change in length over its initial length in any part 

of the sample.  Furthermore Ri is not an appropriate length scale characterizing the deformation 

caused by the indentation (a already carries that information). As described before, the main 

reason for using effRa  is its convenient appearance in Equation (6). A third major problem, not 

easily apparent in the figure, stems also from the use of Equation 4 to determine a (which is 

motivated by the geometry and radius of the indenter Ri and not the effective radius Reff), which 

generates significant approximations in the calculated values of indentation stress as well.  

 These above concerns have contributed to the large variance in the reported values of the 

properties measured using nanoindentation and as such are the primary motivation for this work. 

Thus the key aim of this PhD thesis is to develop a rigorous data analysis approach for spherical 

nanoindentation that covers both the elastic and inelastic regimes and is free from the ad-hoc 

assumptions of the above approaches. The methodology developed for this task over the course 

of this work is detailed below. 

The extraction procedure of reliable indentation stress-strain curves from the measured 

load displacement data can be summarized as a two-step process (see Ref [15] for details). The 

first step in this process is an accurate estimation of the point of effective initial contact in the 

given data set, i.e. a clear identification of a zero-point that makes the measurements in the initial 

elastic loading segment consistent with the predictions of Hertz’s theory [14, 29]. For spherical 

nanoindentation this relationship can be expressed as 
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where P
~

, eh
~

, and S are the measured load signal, the measured displacement signal, and the 

continuous stiffness measurement (CSM) signal in the initial elastic loading segment from the 

machine, respectively, and P* and h* denote the values of the load and displacement signals at 

the point of effective initial contact. A linear regression analysis can then be used to establish the 

point of effective initial contact (P* and h*) in the indentation experiment. This procedure is 

illustrated in Figure 3(a) for a sample of Fe-3%Si steel indented with a 13.5 μm radius spherical 

indenter. Figure 3(b) shows the point of initial contact as identified by the default procedure in 

the MTS software (C1) and by the procedure described above (C2). In the default procedure, C1 is 

generally determined as the point at which the S signal first reaches or exceeds 200 N/m. Note 

that the value for S is generally negative before indenter is in contact with the specimen. For hard 

materials such as metals and ceramics, this option almost always underestimates the zero-point. 

Thus, to arrive at C2, the load signal in Figure 3(b) needed to be moved by about 0.12 mN and 

the displacement signal by about 6.8 nm with respect to C1. A major advantage of the suggested 

approach is the fact that this method identifies an “effective” or virtual point of initial contact, 

and not necessarily the actual point of initial contact. The concept of an effective point of initial 

contact allows us to de-emphasize any artifacts created at the actual initial contact by the 

unavoidable surface conditions (e.g. surface roughness or presence of an oxide layer).  

Figure 3(c) shows the indentation stress-strain curve derived from the load-displacement 

data in Figure 3(b) using the protocol outlined above and compares it to the plot using the 

machine generated zero point (C1). Note that the initial elastic and yield sections are much better 

resolved when the zero point is determined using the procedure described above (instead of using 

the default procedure in the MTS software). 

In the second step of the data analysis method, a new definition of the indentation strain 

was adopted. For this purpose Hertz’s theory [14, 29] is recast for frictionless, elastic, spherical 

indentation as: 
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where ind  and ind  are the indentation stress and the indentation strain, and the rest of the terms 

are as defined earlier.  
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Figure 3. (a) The identification of the effective zero-point in the dataset measured on a vibro-polished Fe-
3%Si steel sample indented with a 13.5 μm radius spherical indenter. The measured (b) load-displacement 
curve and the extracted (c) indentation stress-strain curves for Fe-3%Si steel using two different estimates 
of the zero-point. The inset in (b) shows the two different estimates of the zero-point: C1 - zero point 
given by the machine and C2 - effective zero point determined using Eq. 7. (d) Schematic of a spherical 
indentation showing the primary zone of indentation. Figure adapted from Pathak et al. [30]. 

 

This form of Hertz’s equation suggests the use of 
a

h

a

h tt

4.23

4



 as the definition of 

indentation strain. Note that the indentation strain is defined using the total indentation depth, th , 

instead of the elastic indentation depth, eh , to generalize it for elastic-plastic indentations. For 

the case of purely elastic indentation, these two indentation depths are identical to each other and 
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therefore the proposed measure of indentation strain is completely consistent with Hertz’s 

theory. The new definition of indentation strain presented here is tantamount to idealizing the 

primary zone of indentation deformation as shown in Figure 3(d). The indentation is idealized 

here as being equivalent (in an average sense) to compressing by ht (the indentation depth) a 

cylindrical region of radius a and height 2.4a. The cylinder might expand laterally to 

accommodate this contraction in height. The lateral expansion is, however, not relevant to the 

definition of the indentation strain. This interpretation is much more physical than the definition 

of indentation strain as a/Reff (or the more commonly used a/Ri). The main reason for using a/Reff 

is its convenient appearance in Equation 6. However, as discussed next, the two definitions (in 

Equations (6) and (8)) are completely equivalent in the analysis of the initial elastic loading 

segment (where et hh  ).  

In the limit of small spherical indentation depths that are typical of a purely elastic 

indentation of the sample, it can be seen that 
eff

t

R

a

a

h
 . This implies that the definition of the 

indentation strain adopted here is equivalent to the definition used in the literature except for a 

multiplicative factor. The inclusion of this factor in the definition of the indentation strain 

conveniently modifies the slope of the elastic indentation stress-strain curve to be equal to the 

effective modulus, Eeff. Note that both the definitions in Equations (6) and (8) are mathematically 

equivalent to each other for use in Hertz’s model for purely elastic indentation, except that the 

terms are grouped differently. However, as seen from Figure 2, when applied to data sets 

collected from samples exhibiting elastic and inelastic deformations, the two approaches result in 

very different indentation stress-strain curves. 

 In summary, the main concepts presented so far can be reviewed as follows: 

(i) A new procedure has been formulated for establishing the effective point of initial contact 

that makes the measurements highly consistent with the Hertz’s theory. This new procedure 

utilizes the CSM signal provided by modern nano-indentation machines, and has been 

successfully used to generate reliable and meaningful indentation stress-strain curves. More 

specifically, the indentation stress-strain curves generated by this new method did not exhibit 

the substantial noise and spikes prevalent in the initial loading segments of the indentation 

stress-strain curves obtained using the zero-point given by the default procedures currently 

used in the equipment manufacturer’s software. 
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(ii) A new rational definition of the indentation strain has been formulated. This new definition is 

highly consistent with Hertz’s theory for purely elastic contact. For elastic-plastic contact, it 

was also found to be consistent with the geometry of the primary indentation zone (this was 

validated using finite element models). It was also noted that that the new definition of 

indentation strain produces more reasonable looking unloading segments of the indentation 

stress-strain curves.  

Task 2. Extending the above data analysis procedure for nanoindentation machines that do 

not offer the CSM option (Publication B [31]) 

Both the estimation of the zero point (Equation (7)) and the extraction of the indentation 

stress strain curves (Equation (8)) described in Task 1 require the use of the continuous stiffness 

measurement signal (S= edhdP ; also referred to as the CSM mode in the MTS XP® 

nanoindentation machine). The CSM is accomplished by imposing a small, sinusoidally varying 

signal on top of a DC signal that drives the motion of the indenter. The data obtained, by 

analyzing the response of the system by means of a frequency specific amplifier, is then used to 

measure of contact stiffness at any point along the loading curve [32]. 

However the CSM module is an optional accessory on the MTS nanoindenter machine, 

and hence is available only on some machines. Moreover, other nanoindentation machines 

(manufactured by companies other than MTS) do not presently offer the CSM as an option. 

Thus, there is a critical need to develop data analysis methods for extracting indentation stress-

strain curves without the CSM. In this section a novel approach is presented for converting the 

spherical nanoindentation load-displacement data into indentation stress-strain curves, without 

the need for the CSM. 

Extraction of the indentation stress-strain curves without using CSM is achieved in a two-

step process: (i) establishing the effective zero-point and (ii) estimating the contact radius, a, 

which is required for the computation of indentation stress and strain. In this work, the zero-load 

and the zero-displacement has been established by fitting the recorded initial elastic load ( P
~

) 

and displacement ( eh
~

) signals to the predictions of Hertz theory. According to Hertz’s theory 

[14, 29], the load and displacement during elastic loading in a spherical nanoindentation 

experiment should be related by 
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Note that k in Eq. (9) is a constant for the entire initial elastic loading segment. The values of P* 

and h* that yield the lowest residual error in the least-squares fit of the initial elastic loading 

segment to Eq. (9) were chosen to correspond to the effective zero point. This approach ensures 

that the corrected data set would be highly consistent with Hertz’s theory.  
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Figure 4. Comparison between the effective zero-points identified by the CSM technique (Eq. (7)) and the 
non-CSM technique (Eq. (9)) for tungsten using a 1.4 µm spherical indenter. The residual error in this 
plot is obtained from regression analyses as measure of the degree of fit to (Eq. (9). Figure adapted from 
Pathak et al. [31]. 
 

Figure 4 shows an example of a comparison between the zero-points for tungsten as 

determined by the two methods: (i) Eq. (7) using the CSM, and (ii) Eq. (9) without using the 

CSM signal. As seen from Figure 4, both the CSM and the non-CSM data analysis methods for 

tungsten yield nearly identical values of P* and h* - a fact validated over a number of datasets 

for a range of metallic samples (see Publication B). 

It is worth reiterating here that it is possible to analyze the relatively small initial elastic 

loading segments with remarkable accuracy because the use of Eq. (7) or Eq. (9) to establish the 

effective zero-point does not require prior knowledge of the values of Reff and Eeff. This is 

especially beneficial in establishing a reliable value of Ri (note that in the initial elastic loading 

segment Reff = Ri ). Using measurements on samples of known Young’s moduli (e.g. Si 

standards), the indenter radii for the two indenters used in this study were estimated to be 1.4 and 
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20 µm respectively, even though the manufacturer had claimed otherwise. Both these estimates 

were subsequently confirmed by scanning electron microscopy.  

The second step in the extraction of indentation stress-strain curves is an accurate 

estimation of the contact radius a, which evolves continuously during the indentation 

experiment. The majority of the methods used for estimation of a in the literature [12, 21, 22] are 

motivated by the spherical geometry of the indenter, where a is calculated directly from the 

indentation depth and the radius of the indenter, Ri. However as noted before, although the 

relationship ieff RR 
 
holds in the initial elastic loading segment, Reff can no longer be assumed 

to be equal to Ri after any imposed plastic deformation in the loading segment. 

In this work, the value of Reff has been established by imposing unloading segments at 

several selected locations on the measured load-displacement data, and analyzing them carefully 

using Hertz’s theory. Each unloading segment is fit to the expected Hertz’s relationship between 

the total indentation depth, ht, and indentation load, P, which may be conveniently expressed as  

32kPhhh rte                                  (10) 

Once the value of Eeff is established from the initial loading curve (or if the Young’s modulus of 

the sample material is already known), a regression analysis on the unloading segment can 

determine both hr and Reff. The value of the contact radius, a, at any point in the unloading 

segment can then be determined from  

 .rteffeeff hhRhRa                                     (11) 

It should be noted that this relationship between Reff and a is implicit in Hertz’s theory for the 

quadratic contacting surfaces. Applying this equation to the data point just before the initiation of 

the unloading segment provides the value of the contact radius at that point in the original 

loading segment. This method does however necessitate a large number of loading-unloading 

segments in order to be able to get a complete description of the indentation stress-strain curve 

for a given sample, since each unloading curve will produce only one point on the indentation 

stress-strain curve. 

Figure 5(A) and (B) show comparisons between the indentation stress-strain curves 

obtained using both the CSM method described in our earlier task (Task 1) and the non-CSM 

method described in this task on aluminum and tungsten samples for both 1.4 and 20 μm radii 

indenter sizes. It is seen that the indentation stress-strain curves from the CSM and the non-CSM 
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methods agree well with each other for both indenters. The indentation stress-strain curve 

produced using the non-CSM method is able to capture all the major features of the stress-strain 

curves including the linear elastic regime, the plastic yield point, and the post-yield strain-

hardening. As expected, the indentation stress-strain curve for tungsten shows more strain 

hardening compared to the aluminum sample. These results also demonstrate the feasibility of 

capturing the details of the pop-in 4 phenomenon occurring in the smaller 1.4 µm indenter with 

the non-CSM method. These findings indicate that in spite of the non-continuous nature of the 

non-CSM calculations, this method can be successfully used to characterize the mechanical 

response of the material during spherical nanoindentation. 
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Figure 5. Comparison between the indentation stress-strain curves obtained using the CSM method (Task 
1) and the non-CSM method on (A) aluminum and (B) tungsten samples with the 1.4 and 20 μm radii 
indenters. The insets show expanded views of the indentation stress-strain curves for the larger 20 µm 
indenter. Figure adapted from Pathak et al. [31]. 

Task 3. Analyzing the role of surface preparation in spherical nanoindentation data 

analysis (Publication C [33]) 

Since nanoindentation, with its high resolution load and depth sensing capabilities, is 

essentially a surface probe technique, any disturbance to the surface quality is likely to have an 

impact on the nanoindentation results. In this respect, our new data analyses procedures, with 

their ability to analyze the initial loading segments, is highly suited to gauge the quality of 

surface finish on the indented materials. Thus this task deals with understanding the precise role 

of surface preparation on the measured nanoindentation data. Here the focus is on 3 important 

                                                 
4 Pop-ins occur when the indenter suddenly experiences an increase in penetration depth without any major increase 
in the applied indentation load (in a load controlled experiment), as described in detail in Task 3 [33]. 
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aspects that commonly affect the initial nanoindentation loading segments of metallic materials, 

namely (i) presence of a highly disturbed surface layer produced by traditional (mechanical) 

polishing methods, (ii) presence of a thin oxide film on the surface, and the (iii) occurrence of 

‘pop-ins’ or depth excursions at low loads.  

One of the most important factors for producing reliable results in nanoindentation 

experiments is the careful and reproducible preparation of the specimen surfaces to be analyzed. 

The effect of surface finish on nanoindentation results is illustrated in Figure 6 which shows the 

indentation stress-strain curves measured on an annealed sample of W prepared with two 

different surface finishes: (i) mechanically polished surface (final polishing step 1 μm diamond 

polish), and (ii) an electro-polished surface using a 13.5 μm radius spherical indenter. It is clearly 

seen from this figure that the indentation stress-strain curves for the W surface prepared by rough 

mechanical polishing are consistently higher than that of the electro-polished surfaces (Figure 

6a), whereas those of electro-polished and vibro-polished (final polishing step 0.02 μm colloidal 

silica for ~48 hours) surfaces are in excellent agreement with each other (Figure 6b). Rough 

mechanical polishing generally leaves a disturbed surface layer with a higher dislocation content 

than in the original annealed material. Since the indentation modulus of the material is not 

altered appreciably by the presence of these dislocations, the main effect of this disturbed surface 

layer is in the form of an increase in the indentation yield strength. Furthermore, the indentation 

yield strengths measured on the mechanically polished samples also result in a large scatter in 

the measured indentation yield strengths because of the inherent variability in the surface layer 

produced by this method of surface preparation. 

This underlines the importance of a high quality surface finish in obtaining reliable data 

from nanoindentation experiments, especially in the initial elastic loading segments. For metals, 

having a strain free surface is highly critical in order to get repeatable and reliable results from 

nanoindentation, which correspond to the properties of the pristine metal and not to the effects of 

the sample preparation techniques themselves. Both electro-polishing, where a certain thickness 

of the metal is removed to generate a strain-free flat surface, and vibro-polishing using fine sized 

colloidal silica for a significant length of time (~ 24-48 hours), seem to fulfill these requirements. 
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Figure 6. Comparison between the indentation stress-strain responses in (a) mechanically polished and 
electro-polished surfaces and (b) electro-polished and vibro-polished surfaces of annealed W. These tests 
were carried out using a 13.5 μm spherical indenter. Figure adapted from Pathak et al. [33]. 

 

This work also investigated the effect of oxide films, present on most metal surfaces, on 

the indentation stress-strain curves using samples of electro-polished tungsten (with a 5-10 nm 

oxide layer on its surface) and electro-polished silver (negligible oxide layer thickness). Our 

results indicate that the influence of small surface oxide layers is largely reflected in the very 

early parts of the measured load-displacement data. Thus, for a metal like tungsten with a ~10 

nm oxide thickness on the surface, deleting a slightly larger portion of the initial loading segment 

brings the measured load-displacement data in excellent agreement with the predictions of the 

Hertz’s theory. This indicates that our data analysis methodologies described in Tasks 1 and 2 

are able to identify the regime in the initial loading segment consistent with Hertz’s theory – as 

long as the oxide film thickness is smaller than the elastic indentation depth. However, care 

should be exercised in measurements on surfaces with a larger oxide layer – if the thickness of 

the oxide layer is significant compared to the elastic indentation depth in the initial loading 

segment, then it would become very difficult to extract the linear portion of the indentation 

stress-strain curve using the analyses methods described here. In such situations, one needs to 

either find a way to remove or reduce the surface layer or use an indenter with a bigger tip 

radius.        

Nanoindentation experiments are also affected by the occurrence of the so called ‘pop-in’ 

events – when the indenter suddenly experiences an increase in penetration depth without any 

major increase in the applied indentation load (in a load controlled experiment). These pop-ins, 
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which are generally associated with the onset of plastic deformation [34] in the indentation 

experiment, often generate significantly high stresses that have been estimated to be close to the 

theoretical limit (G/2π [35], where G is the shear modulus) of the material [36-43]. Our analyses 

procedures, with its ability of monitoring the indentation stress and strain continuously 

throughout the indentation process, can be efficiently used in investigating the cause of these 

events during nano-scale contacts. 
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Figure 7. Nanoindentation of vibro-polished Fe-3%Si samples using the 13.5 μm indenter: multiple (a) 
load-displacement and (b) indentation stress-strain curves measured in annealed Fe-3%Si steel showing 
the stochastic occurrence of pop-ins with the larger 13.5 μm indenter where only Test #1 shows a pop-in 
event occurring in the annealed sample. When the Fe-3%Si sample is deformed to 30%, no pop-ins are 
visible in the (c) load-displacement or the (d) indentation stress-strain curves. Note that the orientations of 
the indented grains are different in Tests 1-3 vs. Tests 4-6, leading to their different modulus values [30]. 
Figure adapted from Pathak et al. [33]. 

 

Pop-ins events in vibro-polished samples of Fe-3%Si steel using a 13.5 µm indenter are 

shown in Figure 7(a) and (b). As seen from these figures, the indentation stress-strain curves 
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after the pop-in event seem to approach the indentation stress-strain curves obtained on the 

sample without the pop-in. This suggests that the pop-ins observed in these tests are caused by 

delayed activation of sources for plastic deformation, where the delayed initiation of plasticity 

extends the initial elastic regime. However, as soon as a good number of sources for plastic 

deformation get activated, the response is no different than the response obtained in the tests 

without the pop-in event. In other words, further loading after the pop-in event appears to 

completely wipe out the memory of the pop-in event; there is no effect on the indentation stress-

strain curves at larger indentation strains. 

If the pop-ins are indeed caused by delayed activation of dislocation sources, then 

indentation measurements on cold-worked samples should show a lower propensity for the 

occurrence of pop-ins. This was verified by conducting spherical indentation on samples of 

vibro-polished annealed and 30% deformed of Fe-3%Si steel (see Figure 7c and d).  It is seen 

that the occurrence of pop-ins is stochastic in the indentations on the annealed sample (Figure 7a 

and b), but are completely absent in the indentations on the 30% deformed sample (Figure 7c and 

d). Similarly, rough mechanical polishing – which too increases the dislocation density content 

in the top surface layer in the sample – was also found to reduce the occurrence of pop-ins 

significantly. 

In summary, electro-polishing or vibro-polishing of metal surfaces is recommended, 

especially when extracting material properties from the initial loading segment in 

nanoindentation. Our analyses techniques are also found to be valid for metal samples with a thin 

layer of surface oxide film.  

Task 4. Establishing local structure-property relationships at lower length scales in 

polycrystalline materials (Publication D [30]) 

The analyses techniques described in Task 1, with their ability to analyze precisely the 

initial loading segments of spherical nanoindentation experiments, are also ideally suited to 

investigate the differences in the plastic properties (namely the yield point designating the onset 

of plasticity) in individual crystals of a polycrystalline metal sample. This task reports on the 

further development of these nanoindentation data analyses procedures with the specific aim of 

characterizing the local indentation yield strengths in individual grains of deformed 

polycrystalline metallic samples and relating them to increases in the local slip resistances. It is 

important here to recognize that it is necessary to extract the local indentation modulus and yield 
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strengths from an analysis of the initial loading segment in the indentation experiment, because 

the indentation itself will alter the local microstructure and its properties once it imposes 

additional local plastic deformation.  
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Figure 8. (a) Causes for the change in indentation yield strength (Yind) in metals. In an as-cast Fe-3%Si 
sample 5, the dislocation content is fairly uniform across all the grains in the metal. Here Yind varies from 
one grain to another mainly due to the differences in the activities of the different slip systems in the 
different grains and their orientation with the indentation direction. When the metal is 30% deformed, its 
dislocation content increases and varies both within individual grains and between grains. The Yind in 
deformed samples therefore depends on both the grain orientation and the dislocation content at the 
indentation site. (b) and (c) show the typical load-displacement response and the corresponding 
indentation stress-strain curves respectively for spherical indentations performed on near (111) grains in 
Fe-3%Si steel. A 13.5 µm radius spherical indenter was used for the tests. Figure adapted from Pathak et 
al. [45]. 
 

                                                 
5 Note that although the as-cast state represents a low and uniform dislocation density for the Fe-3%Si sample, the 
same is not true for all metallic systems. For example, FCC metals that contract more on solidification often have a 
high dislocation density and significant in-grain misorientations due to contraction stresses [44]. These samples 
would then need to be annealed to attain a low and uniform dislocation density.   
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Specifically, the objective in this task is to establish correlations between local crystal 

lattice orientation at the indentation site and the indentation properties extracted from spherical 

nanoindentation stress-strain curves. In most currently used experimental protocols, the 

differences in properties extracted from different locations on a given polycrystalline sample are 

simply treated as “experimental scatter” and just averaged in reporting the measured properties. 

However it is argued here that these differences arise because of the inherent differences in the 

local material structure at the indentation site. For example, it is fully expected that the 

indentation yield strength will vary significantly from one crystal orientation to another, even in 

fully annealed samples where there are no major differences in the dislocation content of the 

differently oriented grains (see the illustration in Figure 8). This is because the plastic 

deformation imposed by the indenter needs to be accommodated locally at the indentation site by 

slip activity on the available slip systems, whose orientation and activation are strongly 

dependent on the local crystal lattice orientation with respect to the indentation direction. It is 

now possible to measure the local lattice orientation in polycrystalline samples using a technique 

called Orientation Imaging Microscopy (OIM) [46, 47]. This method is based on automated 

indexing of back-scattered electron diffraction patterns (obtained using a scanning electron 

microscope) and has a spatial resolution of less than a micron, with certain new enhancements 

promising to improve the spatial resolution to below 10 nms [48]. Therefore, coupling the 

structure information obtained from OIM with the mechanical data obtained from 

nanoindentation should produce vastly enriched datasets that are potentially capable of providing 

new insights into the local elastic-plastic properties of interest. 

One major challenge for this task arises from the fact that the mechanical response of 

individual grains is inherently anisotropic, whereas almost all of our nanoindentation data 

analyses methods are built on Hertz’s theory [14] that assumes an isotropic elastic material 

behavior. For this task, the approach suggested by Vlassak and Nix [49] has been followed for 

elastic indentation of anisotropic samples. These authors suggest that Eqs. (7) and (8) can be 

used for elastic indentation of cubic crystals, provided an anisotropy parameter,  , is 

appropriately introduced into the definition of the effective indentation modulus. In particular, 

they suggest that Eq. (8) be modified as  
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In Eq. (12), sE  and s  denote the effective values of Young’s modulus and Poisson’s ratio, 

respectively, for a randomly textured polycrystalline aggregate of crystals with the same elastic 

properties as the single crystal being studied [49, 50]. For cubic crystals, the value of   depends 

strongly on the crystal lattice orientation and the degree of cubic elastic anisotropy. The elastic 

anisotropy (A) of a cubic crystal is usually defined by  1211442 CCCA  , where 11C , 12C , and 

44C  denote the cubic elastic constants used to define the crystal elastic stiffness in its own 

reference frame. 
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Figure 9. Surface contour plots for (a) β and (b) Yind . The black circles indicate values extracted directly 
from the measurements. These plots capture the dependence of indentation results (here β and Yind) on the 
grain orientation at the indentation site. Figure adapted from Pathak et al. [30, 45].   

 

Indentation and OIM measurements have been performed in a number of grains in three 

different sets of Fe-3%Si polycrystalline samples – as-cast, 30% deformed, and 80% deformed, 

respectively. For the as-cast sample, the anisotropic elasticity parameter , and the back-

extrapolated indentation yield strengths indY , were calculated for a total of 11 different grain 

orientations. The values of   were computed using Eq. (12), by assigning the values of sE  and 

s  to be 207.9 GPa and 0.3 following the approach described in [49, 50], while indY was 

calculated using the back-extrapolation method shown in Figure 8c. The grain orientation, 

calculated from OIM measurements, is in general described by a set of three angles called 

Bunge-Euler angles [51], usually denoted as  21 ,,   .  Since the rotation of the sample about 

the normal to the indentation surface (i.e. the ND direction) does not influence the measurements 
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presented here, the indentation modulus and the indentation yield strengths measured here using 

a spherical indenter are functions of only two of the Bunge-Euler angles, namely  2, .   

By interpolating the values  and indY  in the 11 studied grains, contoured surface plots of 

the dependence of the  and the indY on the grain orientation can be obtained, as shown in Figure 

9. As seen from Figure 9(a), the measured differences in the indentation moduli range from a 

minimum of  0.92 to a maximum of  1.12. These measurements are highly consistent 

with the values predicted by Vlassak and Nix [49], who predicted values of 0.90 for (001) 

oriented grains, 1.04 for (101) oriented grains, and 1.10 for (111) oriented grains based on an 

anisotropy factor of A=2.84 for Fe-3%Si. Another important observation from Figure 9(b) is that 

the differences in the measured indentation yield strengths of different grain orientations are as 

high as 30%. Since there are no expected differences in the dislocation content of the differently 

oriented grains in the as-cast sample studied here, all of the observed differences in the 

indentation yield strengths are attributable to differences in the activities of the different slip 

systems in the different grains and their orientation with respect to the indentation direction (see 

the illustration in Figure 8). Note also the similarity between the two plots in Figure 9(a) and (b), 

indicating a high degree of correlation between the measured indentation moduli and the 

indentation yield strengths for the differently oriented grains.  

As described earlier, a major goal of our study was to develop and validate 

nanoindentation data analysis methods that rigorously account for the crystal lattice orientation at 

the indentation site. It is suggested that plots shown in Figure 9(a) and (b) capture this effect 

quite accurately for Fe-3%Si, and could be used in studies on other samples of this material. As a 

specific example, the local properties in deformed samples are studied next in this work, using 

the methods described here. 

In this study, one of the as-cast samples was subjected to 30% reduction in simple 

compression, and another as-cast sample to 80% reduction in plane strain compression. These 

reduction levels were selected to produce one moderately deformed sample and one heavily 

deformed sample. Indentations were performed in selected regions within individual grains in 

each of the deformed samples. Indentation stress-strain curves from representative regions in 

these deformed samples were again observed to be highly consistent to each other. The 

indentation measurements on the deformed samples are summarized in Table 1. For each of the 
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grains studied in the deformed sample, the indentation yield point was estimated in the fully 

annealed condition using the grain orientation and the contoured plot presented in Figure 9(b). In 

other words, this would have been the indentation yield point if the same grain was in the as-cast 

sample. As discussed earlier, it is important to establish this value because it can vary by as 

much as 30% from the near-(001) “soft” orientations to the near-(111) “hard” orientations. The 

difference between the measured indentation yield point and the estimated indentation point in 

the as-cast condition then provides a reliable estimate of the increment in the indentation yield 

point at the indentation site. This increment can be attributed to the changes in the dislocation 

content at the indentation site from its initial state in the as-cast sample (see the illustration in 

Figure 8). 

Table 1. Summary of the results for the indentation measurements performed on the 30 and 80% 
deformed samples. The estimated Yind in the annealed condition for these grains was calculated from the 
contoured plot presented in Figure 9(b). The difference between the measured and the estimated 
indentation yield strengths provides a reliable estimate of the percentage increment in the critical resolved 
shear strength (τCRSS) of the slip system. Table adapted from Pathak et al. [30]. 
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The simplest relationship one can establish between the increment in the indentation yield 

point and the local dislocation content is through the increment in the critical resolved shear 

strength of the slip system. In a highly simplified approach, one could express this relationship as 

  CRSSind MY 2, ,   CRSS            (13) 

where M is a Taylor-like factor that depends only on the grain orientation, CRSS  is the averaged 

critical resolved shear stress in the crystal,  CRSS  is the increment in the local averaged critical 

resolved shear strength between the as-cast and cold-worked conditions, and   is the local 

dislocation density. Since the factor M is the only orientation dependent variable, it is easy to see 

that percentage increase in the indentation yield point can be assumed to be equal to the 

percentage increase in CRSS . These are reported in Table 1 for all the measurements obtained on 



Executive Summary - 24 - 

the deformed sample. The percentage increases in CRSS  provide an indirect measure of the local 

dislocation content or the local stored energy in the deformed sample. It is seen from the limited 

number of measurements obtained in this study that the changes in CRSS  vary significantly from 

one deformation step to another and also from one region to another in the same deformed 

sample resulting in a heterogeneous microstructure in the deformed polycrystalline samples. It is 

also clear from Table 1 that any conclusions drawn regarding the local slip resistance or the local 

dislocation content directly from the measured indentation yield points without accounting for 

the effect of the crystal lattice orientation at the indentation site would be highly erroneous in the 

examples shown here. 

In summary, a novel approach has been demonstrated for extracting meaningful 

correlations between local crystal lattice orientation measurements obtained from OIM and the 

estimates of local elastic and yield properties from nanoindentation measurements. In this work, 

conducted on polycrystalline Fe-3%Si samples but easily extendable to other material systems, 

our analysis procedures are able to account for the effect of crystal lattice orientation on the 

indentation modulus and the indentation yield strength of the as-cast samples. Using this 

information it is then possible to correlate the increment in indentation yield strength to the 

changes in the slip resistance at the indentation site of the 30 and 80% plastically deformed 

samples. As such, the ideas presented in this work are applicable to all polycrystalline material 

systems (including metals and ceramics). They can also be extended to include other kinds of 

local structure information that may be obtained by other materials characterization techniques 

(e.g. back-scattered electron images, Raman-spectroscopy maps). Thus, the methods described 

here can address some of the critical needs in studying and understanding local mechanical 

responses in a broad range of complex material systems.  

Task 5. Analyzing the buckling behavior of thin films of dense carbon nanotube brushes 

(Publication E [52]) 

After the successful validation of our analyses techniques on (isotropic and anisotropic) 

metallic materials, the next task in this thesis is to validate these techniques for thin film 

materials. A novel material system consisting of dense layers of vertically aligned small-

diameter (1-3 nm) non-catalytic multiwall (2-4 walls) carbon nanotubes (CNTs), known as CNT 

brushes, forests or arrays [53], was chosen for this task. 
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Instrumented indentation, although being a common method for studying mechanical 

properties of films and coatings, has not been used widely for CNT brushes [54, 55]. This is 

primarily due to the extremely low density of CNT brushes (>90% porosity) produced so far, 

which often result in the CNTs bending away from the indenter under contact loading, making 

analysis difficult. Another complicating factor is the extremely high aspect ratio of the CNTs, 

which makes them highly susceptible to buckling at very low compressive loads under the 

indenter tip [56]. In order to mitigate these problems highly dense CNT brushes, produced by 

high temperature vacuum decomposition of SiC single crystals [53], were used for this task. 

These novel carbide-derived carbon (CDC) CNT brushes have been shown to have a density 

close to 0.95 g/cm3, which is significantly (10 times or more) higher than in catalytic growth of 

any kind of nanotubes – making them highly amenable to contact loading experiments. 

Furthermore, although CNT brushes have been suggested for applications in superhydrophobic, 

compliant and energy-absorbing coatings [57, 58], very little is known about their mechanical 

behavior. Most of our current knowledge on the topic is focused on individual CNTs that have 

been announced as the strongest material known [59] and have shown extremely high strength 

and Young’s modulus in tensile tests on individual tubes [60], whereas any practical application 

of these materials in composite systems is likely to involve a large number (~ thousands to 

millions) of CNTs in close proximity to each other. Thus, this task reports on the mechanical 

behavior under contact loading of these dense CNT brushes (~10 times higher density than CNT 

brushes produced by other methods) using the novel spherical indentation analyses techniques 

described earlier. 

Figure 10(a) shows a SEM micrograph of the 200nm thick CNT brush and the CNT 

brush – graphite interface. As seen from Figure 10(b), during indentation a 1 μm spherical 

indenter experiences the SiC substrate after about 200 nm of penetration into the CNT brush, , 

which is marked by a sharp rise in the load-displacement response. Three distinct stages are 

visible during indentation of these CNT brushes: there is an initial linear portion where the 

indenter elastically compresses the CNT array (see the schematic in Figure 10(c), followed by 

the initiation of buckling at a critical load (see Figure 10(b) – inset), and finally a sharp increase 

in the slope of the curve signaling the influence of the SiC substrate. Indeed, the associated 

indentation stress-strain curve, shown in Figure 10(c), depicts these three stages even more 

clearly while at the same time also allowing one to calculate the elastic modulus and the stress at 
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buckling in the indentation experiment. From this figure, the modulus of these 200 nm thick 

CNT brushes was estimated to be ~17 GPa and the critical buckling stress was estimated as ~0.3 

GPa at a load of 0.02 mN. 

These numbers suggest that these CNT brushes have a respectable level of the 

mechanical properties with the modulus of elasticity 1-2 orders of magnitude higher compared to 

a CVD CNT turf [61]. The critical buckling loads for the CDC CNT brushes in this work for the 

larger 13.5 μm indenter, which is closest in approximation to flat punch indentation, are found to 

be in the range of 0.5-0.7 mN. The critical buckling loads for CVD CNT brushes under flat 

punch indentation have been reported to be significantly lower, 2.2-2.6 μN [54, 56], in spite of 

the higher wall thickness (50 nm outer diameter, 40 nm inner diameter) of the CNTs used in 

those studies. This difference in orders of magnitude between the two values can be explained by 

a much higher density of the tubes per unit area which results in considerably higher mechanical 

properties. Molecular dynamics simulation have shown that a much higher buckling load results 

from CNT clusters [62] because of van der Waals’ interactions between CNTs. Van der Waals’ 

forces act over a range of < 5 nm, so low density CNT turf does not have a cluster strengthening 

effect. Assuming no carbon loss or addition of carbon from environment, the density [53] of the 

CNT brush is close to 0.95 g/cm3, which is significantly higher than for catalytic CVD nanotube 

brushes [57, 63]. This is of extreme importance for making selective CNT membranes for gas or 

liquid filtration/separation or CNT coatings for tribological applications. 

In a highly dense CNT brush (such as the ones reported in this work) the close proximity 

of the CNTs, where each tube is separated from its neighbor by a van der Waals’ bond length, 

makes it extremely unlikely for the CNTs to fail independently in the primary buckling mode. 

Such a dense array of CNTs would then necessitate a close interaction between the CNTs 

themselves, as well as between the indenter and the CNT – forces which have been generally 

neglected in the literature for wider spaced tubes. In fact, this scenario bears more resemblance 

to an idealized structure in which a hollow cylinder is supported by an array of springs in the 

indentation zone along its length (see schematic in Figure 10c inset), which provides it with 

additional support in withstanding large compressive stresses. Hence these CNTs could be 

expected to buckle in a more energetically favorable zigzag morphology (multimode buckling) 

leading to a higher compressive buckling threshold.  
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Figure 10. (a) SEM micrograph showing the CNT brush – graphite interface. (b) The loading response of 
a 1 µm spherical indenter on the ~200 nm thick CNT brush. Three distinct responses are visible during 
indentation. (b inset) Enlarged view of the initiation of buckling at a critical load. (c) The corresponding 
indentation stress-strain curve allows a better representation of these three stages of CNT indentation. (c 
inset) Schematic illustration of buckling of the CNTs in a dense CNT brush in the indentation zone. 
Figure adapted from Pathak et al. [52]. 

 

Repeated load-unload cycles on these CNT brushes results in two distinct indentation 

responses from the nanotubes depending on the maximum indentation load used, as shown in 

Figure 11(a) for the 1 μm spherical indenter. As seen from this figure, cyclic loading and 

unloading of indenter in the post buckling state (Figure 11(a), Test B) produces hysteresis loops 

which suggest energy dissipation in each cycle. On the other hand, cyclic indentation at load 

levels well below the buckling load (Figure 11(a), Test A) show an increasing displacement at 

every load cycle – a behavior that is suggestive of delayed elasticity in the material due to van 

der Waals’ interactions between the CNTs.    

This damping behavior of the CNTs is also evident in the viscoelastic nanoindentation 

measurements shown in Figure 11(b) conducted using a 1 μm spherical indenter. In this figure, 

the values for tan , defined as the loss modulus normalized by the storage modulus, serves as a 

measure of the energy loss in the material. As seen from Figure 11(b), oscillation of the indenter 

probe at a load level that is less than the critical buckling load results in a significant viscous 
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response (higher values of tan ) from the CNT brush. On the other hand, indentations on the 

CNT brush at load levels higher than the buckling load do not show any appreciable 

viscoelasticity (low values of tan  which are comparable to the noise level of the machine). The 

decrease in the tan  values in this case is most likely caused by the increased adhesive 

interactions between the individual CNTs in the brush when they are squeezed together after 

buckling. A similar response is seen in polymeric materials like rubber [64], where an increase in 

cross linking leads to a decrease of the viscoelastic response in the polymer. 
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Figure 11. (a) Cyclic loading with a 1 µm radius spherical indenter in a 1.3 µm thick CNT brush grown 
by decomposition of SiC at 1800oC for 4 hours at load levels before buckling (Test A), after buckling 
(Test B) and in a CNT/carbon wall mixture, grown by heating SiC wafer to 1900oC for 4 hours (Test C). 
Three cycles are shown in each test. (b) Viscoelastic indentation measurements showing significantly 
higher values of tan δ at load levels before buckling in the CNT brush, than for CNTs after buckling or in 
a CNT/carbon wall mixture. Figure adapted from Pathak et al. [52].  

 

Samples consisting of a mixture of carbon walls (graphitic structures growing normal to 

the surface) and CNTs, where a stronger interaction (cross-linking) between the graphite sheets 

is expected, also show a lower viscoelastic response, as evident in Figure 11(b). The observed 

viscoelastic behavior of the CNT brushes is expected to have significant implications in damping 

applications that utilize these materials.  

In summary, this study has shown that dense CNT brushes exhibit a mechanical behavior 

which is unique for this kind of material and distinctly different from that of graphite [11]. The 

ability of these dense non-catalytic CNTs to dissipate energy, while withstanding at least an 

order of magnitude higher loads compared to other nanotube brushes [54, 56] makes them highly 

promising for a variety of applications, especially in MEMS devices.    
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Task 6. Analyzing structure-property linkages in dry mouse bone (Publication F [65]) 

 The final validation of the analyses techniques (developed in Task 1) are detailed in the 

next two tasks by applying them on bone samples – a highly complex biocomposite material 

composed of organic and inorganic material hierarchically organized from the nanometer up to 

the macroscopic scale. Although nanoindentation, due to its convenience of specimen 

preparation and its ability of elastic property measurement, has been widely used in the 

measurement of bone mechanical properties, the analysis of these results pose a serious 

challenge due to the structural complexity of bone. As such efforts in correlating the 

nanoindentation results to bone’s structure at the microstructural level remain qualitative at best. 

It has been demonstrated (in the previous tasks) that the analyses methods developed in this 

thesis work represent a significant advancement in the characterization of material behavior 

under indentation pressure beyond the regimes of elastic limit to which it has been restricted to 

thus far. This task aims to utilize these methods further to elucidate trends in elastic, yield and 

post-yield behavior at the lamellar level in bone. Using Raman spectroscopy, in combination 

with nanoindentation, this work studies the linkages of bone’s composition to its local properties 

at the lamellar level, thus enhancing our understanding of skeletal fragility.  

 

Figure 12. Hierarchical Structure of Bone.  BSE-SEM images at whole bone and tissue level by Dr. Alan 
Boyde.  

As shown in Figure 12, bone has highly complex hierarchical internal structure that gives 

it the capability to perform diverse mechanical, biological and chemical functions. The relevant 

components span several hierarchical length scales from the material level (including its basic 
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building blocks of collagen fibrils and mineral crystals, and their organization and composition), 

to tissue level organization and distribution, to the size and geometry of whole bone organs and 

their macro-scale internal components [66-68]. Collagen fibrils are the most distinguishable 

component at the matrix level (at length scales on the order of 1µm and below) in bone and they 

play an important role in determining bone’s mechanical properties. However, because bone’s 

mineral and collagen components are closely intertwined and the available testing methods at the 

submicrostructural level are limited, details of bone’s matrix level organization have traditionally 

been difficult to characterize.  

In this task the local mechanical properties of bone were characterized using spherical 

nanoindentation and correlated to the local composition and structure using Raman spectroscopy. 

For this work our efforts in structure characterization and property assessment in bone are 

focused to details at a spatial length scale of about one micron. For this project, samples of 

mouse femora (thigh bones), available through an ongoing collaboration with Prof. Karl Jepsen 

of Mount Sinai School of Medicine (MSSM), NY, were utilized. Two different strains of inbred 

mouse that have been shown to significantly differ in their matrix mineralization and whole bone 

brittleness, and exhibited the strongest differences in their composition and tissue level responses 

in preliminary studies, were selected for this work. Our motivations for using the mouse femora 

are: (1) the intra-strain variability in these two mice strains are fairly well controlled [69], (2) 

their whole bone biomechanical properties are well understood [70], and (3) bone growth 

patterns are well studied [71]. Furthermore, the insights developed into the structure-property 

relationships in these femora are also of immediate value to ongoing NIH funded studies of 

skeletal fragility being conducted by Prof. Jepsen’s group at MSSM [69-72]. As such, these 

samples represent a less complex, more controlled, morphological system compared to human 

bone, and help lay a solid foundation for research into skeletal fragility. Although there are 

substantial experimental difficulties with working on samples of such small size (see 

Publications F and G for details); these are however greatly outweighed by the benefits described 

above.  

Figure 13 shows the experimental procedure for generating spherical indentation and 

Raman spectroscopy maps on the dehydrated and embedded ‘dry’ mouse femora. Specifically 

the endosteal surface of the antero-medial (AM) cortex and periosteal surface of the postero-

lateral (PL) cortex of the mouse femora were selected for detailed inspection. These two regions 
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are chosen due to the particular pattern of cortical drift in these mice at 16 weeks of age [71, 73] 

(as illustrated in Figure 13) in which they tend to add new bone endosteally along their AM 

cortex and periosteally along their PL cortex. This pattern of cortical drift allows us to readily 

select these areas as representative regions in which areas of older and newer bone deposition 

can be easily identified. Thus new bone is present closer to the endosteal surface for the AM 

cortex (and the periosteal surface for the PL cortex), while the bone is more mature away from 

this surface. 
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Figure 13. For indentation testing the mouse femora were sectioned transversely distal to the third 
trochanter. During post-natal growth, bone is deposited (double arrows) and resorbed (single arrows) at 
different sites around this region of the femoral cortex resulting in a net cortical drift (large arrow). 
Spherical nanoindents (shown as blue dots in the SEM image) at the antero-medial (AM) cortex thus 
probe newer bone closer to the endosteal edge while the bone is more mature away from this surface. 
Three rows of indentation were performed on each sample. The region surrounding the indents was 
mapped by Raman Spectroscopy (shown by the red grid around the indented region). The same process 
was repeated for the PL cortex as well. Figure adapted from Pathak et al. [65]. 
 

For this task Raman spectroscopy, in which the different mineral and collagen 

components in bone can be correlated to different Raman peaks in the measured spectra [74], has 

been used to quantitatively assess the compositional information on the bone samples. This is 

illustrated in Figure 14, which shows 2D maps of the peak intensity ratios of two such 

compositional details, namely the ratio (also known as mineral-to-matrix ratio) of the phosphate 

to the collagen amide I peak, for the A/J and B6 mice. Note that these maps were generated at 

the AM cortex of the bone. The 2D surface maps are color coded to reflect the values of the 

mineral-to-matrix ratio, where a deeper shade represents a higher mineral-to-matrix ratio. As 

seen from this map, at a similar distance from the endosteal edge, the B6 mice shows a lower 
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mineral/matrix ratio than the A/J mice, suggesting a higher degree of mineralization at a similar 

distance into the cortex for the A/J mice strain. Similar trends are also seen in the PL cortex of 

these mouse femora [75]. 
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Figure 14. Mineral-to-matrix ratios at the depositional endosteal edge of the AM cortex in A/J and B6 
mice. Figure adapted from Pathak et al. [65]. 
 

The biological origins of the trends demonstrated above can be traced to the growth 

processes that regulate bone quality at the tissue level in these mouse strains. It is known that 

while the A/J femora have a smaller diameter and correspondingly a smaller moment of inertia 

compared to B6, they do not differ in their cortical areas [70, 76]. Thus, the same amount of 

tissue is distributed differently in these two strains. However instead of a less structurally 

efficient structure as one would expect (if the bone compositions were identical across the two 

mouse strains), the A/J femora are instead found to posses similar overall stiffness and strength 

values as compared to B6 [76]. This apparent contraction can now be explained by the higher 

degree of mineralization in the A/J mouse bone, as shown in Figure 14, – indicating that these 

animals (A/J) have biologically coupled a change in bone quality to their bone morphology in 

order to satisfy the imposed mechanical demands [69]. This notion is also supported by the fact 

that A/J femora have been found to have a significantly larger mineral (ash) content (68.51.0%, 

n=10) compared to B6 femora (65.11.1%, n=10) [76], as well as by other reports in the 
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literature using FTIR (Fourier transform infra-red) imaging [77]. It is interesting to note here that 

this trade-off between the reduced diameter and an increased mineral content in the A/J mice is 

not without consequences – at the whole bone level the A/J femora were found to have 

significantly reduced toughness and they fracture in a more brittle manner than the B6 as seen in 

whole bone bending tests [70, 76]. 
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Figure 15. Variations in the values of the elastic modulus, as calculated from the initial elastic loading 
segments of the indentation stress-strain curves using Eq. (8), and the mineral-to-matrix ratios calculated 
using Raman spectroscopy for the A/J mouse strain at (a) the PL cortex and (b) the AM cortex. Figure 
adapted from Pathak et al. [65].   
 

As mentioned above, one of the primary objectives of this task was to study the linkages 

of bone’s composition to its local properties at the lamellar level. This is aptly captured in Figure 

15. This figure shows the correlations between the elastic modulus values, as calculated from the 

initial elastic loading portions of indentation stress-strain curves, and the mineral-to-matrix ratio 

in both the PL and AM cortex for the A/J mouse strain. Note that these correlations are present 

only when the local indentation modulus is calculated from an analysis of the initial loading 

segment of the indentation experiment (Equation (8)), and not from the unloading segment as 

commonly done in the literature [78]. Similar trends can also be seen between the values of Yind, 
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calculated from the indentation stress-strain curves, and the degree of mineralization in the 

mouse bone tissue (see Publication F for details). 

In summary, this task demonstrates the further applicability of the novel analyses 

techniques for biological materials, where one is able to correlate the local structure information 

in bone to its mechanical property at the micron length scale. Analyzing the spherical indentation 

stress-strain response along with the structural information from Raman spectroscopy, it is 

shown that bone with a higher mineral-to-matrix ratio demonstrates a trend towards a higher 

modulus and indentation yield. Thus regions of newer bone are found to have lower modulus 

values than regions of older bone, and the B6 mouse strain exhibits a trend towards lower 

modulus values than the more mineralized A/J strain. As such this study represents a novel 

approach for obtaining mechanical property information at the lamellar length scale in bone. 

Task 7. Measuring the dynamic mechanical response of hydrated mouse bone by 

indentation (Publication G [79]) 

As described before in Task 2, sample preparation plays a very important role in 

obtaining accurate results from nanoindentation experiments – more so in the case of biological 

samples. Preservation and processing are known to affect the physical and mechanical properties 

of mineralized tissues [80-87]. Moreover, smaller scale mechanical testing methods (e.g. 

nanoindentation), are more sensitive to these effects because their accuracy may be affected by 

minute disturbances at or near the surface [84, 88-95]. It is also interesting to note that many of 

the factors that can adversely affect the nanoindentation results may only have a negligible 

influence in the larger scale mechanical testing. For instance, dehydration and subsequent 

rehydration does not significantly affect the mechanical properties of whole bones or machined 

samples of cortical bone tissue [85, 86, 96, 97], but subtle changes can be evident in the nano-

indentation measurements [98, 99]. As such it is essential to study the effect of our sample 

preparation protocol on the properties of our specimens. With this in mind, the final task of this 

thesis involves a study on the dynamic mechanical response of mouse bone – using the same 

inbred mouse strains, A/J and B6 (as in Task 6) – in their hydrated state where they are kept 

immersed in a phosphate-buffered saline (PBS) solution throughout the sample preparation and 

testing process. A further motivation for hydrated testing of bone is that their ‘wet’ condition 

represents more closely their naturally hydrated in-vivo environment than tests done on 
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dehydrated specimens embedded in epoxy or resin, which are mainly done to facilitate sample 

preparation. 

Most nanoindentation data analyses methods, including the ones detailed in the previous 

tasks, have been predominantly associated with the calculation of the material properties under 

quasi-static loading conditions. A major impediment to the use of similar analyses on bone, 

especially under hydrated conditions, is its time-dependent behavior [100], which can lead to 

ambiguity in the analysis of load-displacement response. For example, persistent creep during 

the initial unloading in bone can give rise to the appearance of a negative stiffness [101-104], 

which has led several researchers to suggest various experimental approaches [81, 92, 104-114] 

to eliminate the problem. However, as opposed to ‘removing’ this time dependence and 

measuring just an equilibrium modulus and hardness, this task focuses on measuring the 

viscoelastic parameters of the material (bone) using dynamic nanoindentation measurements. 

This is achieved through the use of the nano-DMA (Dynamic Mechanical Analysis) mode of the 

Hysitron Triboscope® (Hysitron Inc., Minneapolis, MN, USA). By measuring the load 

amplitude, displacement amplitude and the phase lag during the test, the nano-DMA technique 

takes into account the elastic as well as the viscous contribution of the test material, which 

allows the calculation of the loss modulus, storage modulus and tan . Assuming linear 

viscoelasticity, the frequency dependent dynamic response of the material can be ascertained 

using the following equations 
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where E   and E   denote the storage and loss moduli,   is the frequency of the applied force 

and Sk  and SC  are the sample stiffness and damping coefficients respectively and CA  is the 

projected contact area of the indent on the surface of the specimen. Note that the estimation of 

CA  in Eq. (14) is made complicated by the factors mentioned earlier (see discussions on Eqs. (1) 

and (8)), such as errors in determining the contact depth and errors in surface detection, which 

cause significant uncertainty in the calculation of the values of loss and storage moduli from Eq 

(14). On the other hand, calculation of tan  is independent of CA , and as a ratio of the loss to 

storage moduli it is ideally suited as a measure of the viscoelasticity of the indented material. 

Thus in this work, tan  has been chosen as a suitable measure of the viscoelastic response in the 
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hydrated bone samples. This study was also conducted on the AM cortex of the mouse bones 

(similar to Task 6) as a representative region where one can readily identify areas of older and 

newer bone deposition, where new bone is present closer to the endosteal surface while the bone 

is more mature away from this surface. 
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Figure 16. 2D surface maps of tan  over a region of 20 × 70 µm close to the endosteal edge of the AM 
cortex at a representative frequency of 172 Hz. Two samples of B6 and A/J strains are shown here as 
representative examples. Figure adapted from Pathak et al. [79]. 

 

Figure 16 shows 2D surface maps of tan  over a region of 20 × 70 µm close to the 

endosteal edge of the AM cortex at a representative frequency of 172 Hz. Two samples of B6 

and A/J strains are shown here as examples. The surface plot is color coded to reflect the values 

for tan , where a deeper shade of blue represents a higher tan  value. Two trends are evident 

from these plots. Firstly, in both mouse strains higher values of tan  were recorded close to the 

endosteal edge, and the values decrease progressively as the indenter moves away from the edge. 
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Secondly, at a similar distance from the endosteal edge, the B6 mice show higher values of tan  

than the A/J mice, a trend that suggests a higher degree of viscoelastic response at a similar 

distance into the cortex for the B6 mice strain. 

The biological origins of the trends demonstrated above in the values of tan  can be 

traced to the growth processes that regulate bone quality, or more specifically the mineral to 

matrix variation at the tissue level in these mouse strains. It is known that at 16 weeks of age, 

these mouse femora are characterized by a growth pattern (as illustrated in Figure 13), where 

instead of a uniform expansion of the cortex around the periosteal or endosteal surfaces, growth 

is superimposed upon a cortical drift phenomenon. At the AM cortex (our area under 

investigation) this translates into a region of newer bone with a lower degree of mineralization 

close to the endosteal surface, while the bone is more mature (older) as the indenter probes away 

from this surface. Since bone owes its remarkable viscoelasticity to the viscoelastic nature of the 

collagen fibrils in the bone matrix [115], it stands to reason that an increase in the mineral-to-

matrix ratio in the older bone would lead to a decrease in the viscoelastic response of the bone. 

Thus the decrease in the values of tan  away from the endosteal edge is indicative of the higher 

degree of maturity of the bone in this region. 
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Figure 17. Average and standard deviation of the tan  values of A/J and B6 mouse strains as a function 
of distance from the endosteal edge in the AM cortex. Figure adapted from Pathak et al. [79]. 
 

In addition to the variation in the degree of viscoelasticity along the bone cortex, the 

inter-strain differences in the values of tan  in these mice are also closely linked to their tissue 

level differences in mineral content. As mentioned before, the A/J femora, in spite of a smaller 

diameter and correspondingly a smaller moment of inertia (see the SEM images in Figure 16), do 
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not differ in their cortical areas compared to B6 [70, 76]. Instead, it is the higher degree of 

mineralization in the bone tissues of these animals that result in their similar overall stiffness and 

strength values compared to B6. Thus, the reduced values of tan  for the A/J mouse femora can 

be inferred to relate to the higher mineral (and less collagen) content in these mice, as compared 

to the B6 mice. The B6 mouse femora, having a higher comparative collagen content, 

demonstrates a trend towards higher viscoelastic response. When the tan  values are averaged 

over 4 samples of B6 and 3 of A/J, this trend shows up even more clearly, as shown in Figure 17. 

As such these tissue level results satisfactorily complement the differences in femoral ash 

content and bone mineral density seen at the whole-bone level in these mouse strains.  

In summary, this task demonstrates a novel approach to characterize bone’s dynamic 

mechanical behavior under contact loading at the lamellar length scales. Using values of tan  as 

a measure of the energy loss in the material, it is shown that bone having a higher collagen 

content or a lower mineral-to-matrix ratio demonstrates a trend towards a higher viscoelastic 

response. Thus regions of newer bone are found to have higher tan values than regions of older 

bone, and the B6 mouse strain exhibits a stronger dynamic response than the more mineralized 

A/J strain. Note that this technique of viscoelastic nanoindentation mapping of the bone surface 

at the submicron length scales could also prove to be highly advantageous in studying surface 

features (e.g. osteocyte lacunae, primary vascular canals, Haversian canals) and local tissue 

behavior of wet hydrated biological specimens such as studying the effects of aging and disease 

on human bone. 

4. Conclusions 

The main concepts and findings of this dissertation are summarized below: 

i. In this work, a novel approach has been presented for converting the load-displacement data 

measured in spherical nanoindentation into indentation stress-strain curves. This new 

method entails a new definition of the indentation strain, a new procedure for establishing 

the effective zero-load and zero-displacement point in the raw dataset, and the use of the 

continuous stiffness measurement (CSM) data. The concepts presented here have been 

validated by finite element models as well as by the analyses of experimental measurements 

obtained on isotropic metallic samples of aluminum and tungsten. It is demonstrated that 

these new methods produce indentation stress-strain curves that accurately capture the 
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loading and unloading elastic moduli, the indentation yield points, as well as the post-yield 

characteristics in the tested samples. 

ii. A further development of this approach for converting the spherical nanoindentation load-

displacement data into indentation stress-strain curves, without the need for the continuous 

stiffness measurement (CSM) – an option available only on a limited number of machines – 

has also been outlined. This new method entails novel approaches for estimating (i) the 

effective zero-point and (ii) the effective contact radius from the raw load-displacement 

data. The results from the new analysis methods are shown to be in good agreement with 

the results obtained using the CSM. 

iii. These data analyses procedures have been used to experimentally investigate the various 

factors influencing the extraction of indentation stress-strain curves from spherical 

nanoindentation on metal samples. In particular, this thesis has focused on the effects of (a) 

the surface preparation techniques used, (b) the presence of a surface oxide layer, and (c) 

the occurrence of pop-ins at the elastic-plastic transition on our newly developed data 

analyses methods for extracting reliable indentation stress-strain curves. Rough mechanical 

polishing was shown to introduce a large scatter in the measured indentation yield strengths, 

whereas electro-polishing or vibro-polishing produced consistent results reflective of the 

pristine sample. The data analyses techniques used were able to discard the portions of the 

raw data affected by a thin oxide layer, present on most metal surfaces, and yield reasonable 

indentation stress-strain curves. Experiments with different indenter tip radii on annealed 

and cold-worked samples indicated that pop-ins are caused by delayed nucleation of 

dislocations in the sample under the indenter. 

iv. These novel experimental protocols have also been used for extracting meaningful 

indentation stress-strain curves from spherical nano-indentation on anisotropic 

polycrystalline samples, and correlating these measurements to the local crystal lattice 

orientation measured by orientation imaging microscopy (OIM) at the indentation site. In 

particular, this thesis has demonstrated that it is possible to estimate the percentage 

increases in the local slip resistance in deformed samples of polycrystalline cubic metals 

from their fully annealed condition. These novel procedures have been demonstrated on Fe-

3%Si samples in the as-cast, 30% deformed, and 80% deformed conditions. 
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v. This dissertation also reports on the mechanical behavior of a dense brush of small-diameter 

(1-3 nm) non-catalytic multiwall (2-4 walls) carbon nanotubes (CNTs), with ~10 times 

higher density than CNT brushes produced by other methods. Under compression with 

spherical indenters of different radii, these highly dense CNT brushes exhibit a higher 

modulus (~17-20 GPa) and orders of magnitude higher resistance to buckling than vapor 

phase deposited CNT brushes or carbon walls. This work also demonstrated the viscoelastic 

behavior, caused by the increased influence of the van der Waals’ forces in these highly 

dense CNT brushes, showing their promise for energy-absorbing coatings. 

vi. The tremendous potential to transform the raw load-displacement data obtained using 

spherical indenters into meaningful indentation stress-strain curves has also been used to 

analyze the mechanical response of bone at the micron length scale. Here our methods were 

utilized to elucidate trends in elastic, yield and post-yield behavior at the lamellar level in 

bone. These results demonstrate the significant advancement in the characterization of 

biological material behavior under indentation pressure beyond the regimes of elastic limit 

to which it has been restricted to thus far. Using Raman spectroscopy, in combination with 

nanoindentation, linkages of bone’s composition to its local properties at the lamellar level 

were obtained, thus enhancing our understanding of skeletal fragility. 

vii. In an extension of the above study to indentation testing of bone in the ‘wet’ or hydrated 

conditions (which represents more closely bone’s naturally hydrated in-vivo environment), a 

novel approach was developed to characterize bone’s dynamic mechanical behavior under 

contact loading at the lamellar (micron) length scales. Using the nano-DMA® (Dynamic 

Mechanical Analysis) mode of dynamic indentation, where a small oscillatory force is 

imposed on the indenter, it has been shown that bone having a higher collagen content or a 

lower mineral-to-matrix ratio demonstrates a trend towards a higher viscoelastic response. 

Thus regions of newer bone were found to have higher tan values than regions of older 

bone, and the B6 mouse strain exhibits a stronger dynamic response than the more 

mineralized A/J strain. The viscoelastic mapping technique is also shown to be sensitive to 

surface defects, such as porosity, on hydrated biological specimens. 

5. Potential for Future Work 

The ability of these data analysis techniques for obtaining meaningful mechanical 

information from indentation depths of as small as few nanometers opens up numerous avenues 
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of potential future research in each of the material systems described in this dissertation. For 

example, this new approach has tremendous potential in interrogating the mechanical response of 

interfaces (e.g. grain boundaries) in a multi-phase polycrystalline sample. When judiciously 

combined with other surface characterization techniques such as OIM, these methods can be 

efficiently used to characterize the variation of indentation yield strength (Yind) as a function of 

the grain orientation and the level of deformation in the samples. Representative results to this 

end are presented in Figure 18 [45]. It is seen clearly from this figure that the grain boundary 

plays an influential role in the measured responses of as-cast and deformed samples of Fe-3%Si 

steel. In Figure 18a, it is seen that the indentation yield strength increases in the softer grain well 

ahead of the boundary. Whereas at a different grain boundary, it was observed that the 

indentation yield strength continues to be low in the harder grain for a short distance from the 

grain boundary (see Figure 18b). These results bring out the importance of grain boundary 

character in understanding the local mechanical response near a grain boundary and are highly 

consistent with observations made in prior studies using much more sophisticated and effort-

intensive characterization techniques [116]. 
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Figure 18. Indentations across grain boundary. (a) At one of the grain boundaries in the as-cast sample, 
the Yind values start to increase in the soft grain (Grain 1). (b) On the other hand, at another grain 
boundary in the 30% deformed samples, the increase happens in the harder grain (Grain 4). These 
observations suggest that grain boundary character plays an important role in their mechanical response. 
Figure adapted from Pathak et al. [45].  
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Similarly, the structure-property relationships developed on bone are also highly 

significant in this respect. Although the above work is on bone samples that have already been 

removed from the body of an individual, current technologies are being developed that can 

actually perform similar tests in living humans and animals. Indentation instruments currently 

exist that can test the mechanical properties of living tissue like cartilage [117-120], bone and 

surgical implants [121] through arthroscopic surgical control. Recently, another indentation 

instrument, called the OsteoprobeTM [122], has been developed which can probe the mechanical 

properties of bone in patients without surgically exposing the bone surface. Similarly, there is a 

lot of current interest in transcutaneous Raman spectroscopy [123-125] using skin safe laser 

illumination levels for quantitative assessment of in-vivo composition. However whether these 

newer technologies will actually succeed or not in a clinical environment is inherently dependent 

on the robustness of their analyses methods. In this respect, the results and methodologies 

outlined in this dissertation are truly translational, since it would allow us to appropriately 

interpret the results on a set of controlled samples before venturing into the more complex in vivo 

body environment. As such the results and insights generated from this thesis are fundamentally 

important to translate the full potential of these techniques from the lab to the medical clinic.  

The demonstrated success of the indentation stress-strain curves in analyzing the 

mechanical properties at the submicron length scales as showed in this dissertation does not 

however imply that these techniques are infallible – certain improvements can also be suggested 

in the analysis procedures themselves. One important limitation of the present technique lies in 

the use of a constant value of Eeff in Eq. (8) to measure the contact radius a – which inherently 

assumes that the modulus of the material is constant under indentation pressure. This is a 

considerable limitation in analyzing the behavior of a multilayered system, where each layer 

might possess significantly different mechanical properties. Moreover, as we have seen in Task 4 

[30], even for a single-layered anisotropic metallic sample, the imposed (indentation) strain can 

cause the grain orientations to change, with a corresponding change in modulus. The use of a 

constant modulus in these cases thus constitutes a major approximation and should be the focus 

of further development of these techniques.   

The current methods of obtaining the indentation stress-strain curves, as shown in this 

work, are also heavily dependent on the use of the CSM (although a method for users without 

access to CSM has been detailed in Task 2 [31]). As described earlier, the CSM continuously 



Executive Summary - 43 - 

measures the stiffness by superimposing a small sinusoidally varying signal (~ 2 nm oscillations) 

on top of the DC force signal driving the motion of the indenter. Recent reports in literature [126, 

127] have shown that these small oscillations can potentially affect the load-displacement 

responses during indentation, primarily for materials with a high modulus-to-hardness ratio 6. 

These CSM oscillations can thus also cause a corresponding shift on the indentation stress-strain 

curves – an effect which needs to be explored in detail. Other avenues of potential future work 

on these techniques can include further development of these methods to analyze the post-elastic 

(plastic) behavior under indentation, probably using numerical methods in conjunction with 

experimental analyses, as well as expansion of this approach to analyze the rate-dependent 

behavior of polymeric materials, phase transformations during indentation, and the potential use 

of indentation techniques for wear testing of materials.      
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Abstract 

In this paper, we present a novel approach to converting the load-displacement data 

measured in spherical nanoindentation into indentation stress-strain curves. This new method 

entails a new definition of the indentation strain, a new procedure for establishing the effective 

zero-load and zero-displacement point in the raw dataset, and the use of the continuous stiffness 

measurement (CSM) data. The concepts presented in this paper have been validated by finite 

element models as well as by the analyses of experimental measurements obtained on aluminum 

and tungsten samples. It is demonstrated that the new method presented in this paper produces 

indentation stress-strain curves that accurately capture the loading and unloading elastic moduli, 

the indentation yield points, as well as the post-yield characteristics in the tested samples. 
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1. Introduction 

Indentation is a versatile tool for measuring the mechanical properties from small 

material volumes [1]. Nanoindentation [2, 3], where indentation depths can be as small as a few 

nanometers [4], is most commonly employed to measure the elastic modulus and the hardness of 

the sample material [5-9]. There have also been limited explorations of its potential use in 

evaluating the plastic response of metals [10-12] (including yield strength [13-15], strain 

hardening characteristics [16-20], creep response [21, 22]), viscoelastic properties of polymers 

[23, 24], and fracture toughness of brittle materials [25-29]. Nonetheless, the lack of a rigorous 

data analysis approach covering both elastic and inelastic regimes, and the introduction of 

several ad-hoc assumptions have contributed to a large variance in the reported values of the 

properties measured using nanoindentation. In this paper, we present and validate new data 

analyses procedures for obtaining reliable indentation stress-strain curves from spherical 

nanoindentation tests, which are able to capture the loading and unloading elastic moduli, the 

indentation yield points, as well as the post-yield characteristics in the tested samples. 

The currently used data analyses methods in nanoindentation are largely based on Hertz’s 

theory [30-32]. According to this theory, the frictionless contact between two linear isotropic 

elastic solids with spherical7 surfaces can be described by 

2
3

2
1

3

4
eeffeff hREP  ,           (1) 

eeff hRa  , (2)  

where a is the radius of the contact boundary (see Fig. 1a) at the indentation load P, and he is the 

elastic penetration depth. Reff and Eeff denote the effective radius and the Young’s modulus of the 

indenter and the specimen system, defined as  

i
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22 111  



 ,             
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In Eq. (3),   and E denote the Poisson’s ratio and the Young’s modulus, while subscripts s and i 

refer to the specimen and the indenter, respectively. For elastic loading of a flat sample, sR  

                                                 
7The theory was originally developed for quadratic surfaces. In the limit of small indentation depths and contact 
areas, surfaces of different geometries can be approximated to equivalent quadratic surfaces. 
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approaches infinity, and therefore, ieff RR  . However, the very small initial elastic loading 

segment is often not clearly identifiable in the measured load-displacement curves obtained on 

metallic samples. On the other hand, the unloading segment is typically extensive, and is also 

noted to be elastic because reloading at the same spot often reproduces this portion of the load-

displacement curve. Therefore, it has been a common practice in literature to apply Hertz’s 

model to the unloading segment of the measured load-displacement curves. It is, however, 

important to note that this unloading is no longer from a flat sample surface, because the sample 

typically experiences significant levels of inelastic strains in the loading segment (see Fig. 1b). 

(a)

R a

chth
eh
rh

Idealized primary zone of 
indentation                               

aa 4.2
4

3


 Max load

Complete unload

(a)

Lo
ad

, P

Displacement, h

Rind

hr

ht

he

Loading

U
nl

oa
di

ng

Initial Contact Geometry 

Final Geometry

Rind
Rsample

Sample surface 
at unload

(b)
 

Figure 1. (a) Schematic of a spherical indentation showing the primary zone of indentation. (b) Schematic 
of a typical measured spherical indentation load-displacement curve with the initial and final contact 
geometries. 

 

Applying Hertz’s model to the unloading segment of the measured load-displacement 

curve permits an estimation of the Young’s modulus. In the Oliver-Pharr method [6, 7], Eq. (1) is 

recast as 

a

S

A

S
Eeff 22




,                
S

P
he 2

3
  (4)            

where S (= dP/dhe) denotes the elastic stiffness (i.e. the slope of the unloading curve, also known 

as harmonic stiffness in CSM mode of indentation measurements) at or close to the peak 

indentation load, and A (= πa2) is the corresponding projected contact area. The contact radius, a, 

is usually estimated as [7, 18, 33] 

22 cic hRha  ,     etc hhh
2

1
 ,     (5) 
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where hc and ht are defined in Fig. 1a. However, it is important to recognize that Eq. (5) is 

motivated by the spherical geometry of the indenter, and therefore may not be consistent with the 

geometrical description of the contact of quadratic surfaces employed in the Hertz theory (see 

Eq. (2)). In the case of elastic spherical indentation on a flat surface, with small indentation 

depths and contact radii, it can be shown that the two definitions in Eqs. (2) and (5) yield very 

close values for the contact radius, a. However, the values estimated by these two definitions 

should deviate from each other as the sample experiences a substantial amount of plastic strain 

and the contact radius becomes significantly larger. This inconsistency in the definition of the 

contact radius can result in large variations in the estimated values of the moduli from 

indentation measurements. To avoid this inconsistency, we have used only Eq. (2) in the new 

analyses methods presented in this paper.   

 It is well recognized that the elastic contact in the unloading segment is strongly 

influenced by the geometry of the residual indentation that is left in the sample [7, 8]. However, 

a direct measurement of either sR or a with the required accuracy is extremely difficult at the 

present time. This has led to many discussions of improvements to the Oliver-Pharr method [8]. 

The most common approach has been to calibrate the projected contact area, A, using 

measurements on samples with known moduli [7, 34, 35] or results from finite element 

simulations [17, 36, 37]. This approach implicitly assumes that the calibration function 

developed for A is independent of the material being indented. This is unlikely because the 

inherent response of the material should play an important role in determining the contact 

geometry. The idea of an “effective indenter shape”, which depends on the deformation 

characteristics of the material, has also been recently proposed by some researchers [8, 13, 38, 

39].  

There has also been considerable interest in the literature in extracting indentation stress-

strain curves from the measured nanoindentation load-displacement data using both analytical 

[18-20, 40-42] and finite element [43-47] methods. Proposed originally by Field and Swain [18], 

the indentation stress-strain curves offer the potential for characterizing and understanding the 

local stress-strain behavior of a material at the microscale. Note that it is fairly difficult to 

conduct conventional mechanical tests (such as tensile or compression testing) at these length 

scales. The ability to produce indentation stress-strain curves has generally been more successful 

with spherical indenters [42, 48], where the relatively smoother stress fields (compared to 
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sharper indenters [29]) allow one to follow the evolution of the mechanical response in the 

material, from initial elasticity to the initiation of plasticity to post-yield behavior at finite plastic 

strains.    

In order to produce the indentation stress-strain plots, it has been a common practice to 

define indentation stress and indentation strain such that Eq. (1) transforms into a linear 

relationship as [18, 40] 

eff
indindindind R

a

a

PE
 





 ,,

3

4
2

*

.  (6)   

The expected linear relationship between ind  and effRa in elastic indentation has prompted 

many researchers to adopt effRa  [18-20, 40, 41] as a measure of the indentation strain. In some 

recent reports [42], tan θ (where sin θ = effRa ) has been adopted as a measure of the indentation 

strain. It should be noted here that due to the difficulties involved in calculating Reff for every 

data point in the loading segment, a majority of the studies in the literature [18-20, 33, 40, 41, 

49] actually use iRa  as the definition of the indentation strain. As discussed earlier, ieff RR   is 

valid only for the initial elastic loading of a spherical indenter on a flat sample and this 

approximation breaks down once the sample has experienced some amount of inelastic strain. A 

further complication arises from the fact that the estimation of a using Eq. (2) needs knowledge 

of Reff.  

 It is pointed out here that effRa , or the more commonly used iRa , lack any reasonable 

physical interpretation as a strain measure. Strain should be fundamentally defined as the ratio of 

change in length over the initial length on a selected line segment in a region of interest in the 

sample. effRa  or iRa cannot be interpreted as a strain in any idealization of the sample.  

Furthermore, Reff  does not even reflect a relevant length scale in characterizing the deformation 

experienced by the sample (in fact, the contact radius, a, is a better descriptor of the length scale 

of the indented region; see Fig. 1a).  

The central objective of this paper is to present and validate new approaches for 

extracting indentation stress-strain curves for spherical indentation that address the deficiencies 

described above. Certain new ideas and concepts are presented in this paper in the following 

sequence. We start by introducing a new definition of indentation strain in Section 2 which we 
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validate through finite element models. In Section 3, we discuss a new approach for identifying 

the zero-load and the zero-displacement point (the point of “effective” initial contact of the 

indenter with the sample surface) in the measured raw data. We elaborate on the various options 

for the estimation of the contact radius, a, in Section 4. We close in Section 5 by demonstrating 

the application of the methods presented here on spherical indentation data obtained on selected 

metallic samples.  

2. Indentation Stress and Strain 

In this work, we have adopted a new definition of the indentation strain. For elastic 

indentation, Eq. (1) can be recast as 

a

h
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This form of Hertz’s equation suggests the use of 
a

h

a

h tt

4.23

4



 as the definition of indentation 

strain. Note that the indentation strain is defined using the total indentation depth, th , instead of 

the elastic indentation depth, eh , to generalize it for elastic-plastic indentations. For the case of 

purely elastic indentation, these two indentation depths are identical to each other and therefore 

the proposed measure of indentation strain is completely consistent with Hertz’s theory. The new 

definition of indentation strain presented here is tantamount to idealizing the primary zone of 

indentation deformation as shown in Fig. 1(a). The indentation is idealized here as being 

equivalent (in an average sense) to compressing by ht (the indentation depth) a cylindrical region 

of radius a and height 2.4a. This interpretation is much more physical than the definition of 

indentation strain as a/Reff (or the more commonly used a/Ri). The main reason for using a/Reff is 

its convenient appearance in Eq. (6). However, as discussed next, the two definitions (in Eqs. (6) 

and (7)) are completely equivalent in the analysis of the initial elastic loading segment (where 

et hh  ).  

In the limit of small spherical indentation depths that are typical of a purely elastic 

indentation of the sample, it can be seen that 
eff

t

R

a

a

h
 . This implies that the definition of the 

indentation strain adopted here is equivalent to the definition used in the literature except for a 

multiplicative factor. The inclusion of this factor in the definition of the indentation strain 
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conveniently modifies the slope of the elastic indentation stress-strain curve to be equal to the 

effective modulus, Eeff. Note that both the definitions in Eqs. (6) and (7) are mathematically 

equivalent to each other for use in Hertz’s model for purely elastic indentation, except that the 

terms are grouped differently. However, when applied to data sets collected from samples 

exhibiting elastic and inelastic deformations, the two approaches result in very different 

indentation stress-strain curves. 

 

Figure 2. The three-dimensional finite element model used to simulate elastic-plastic spherical 
indentation. 
 

In an effort to further evaluate the new definition of the indentation strain, we conducted 

several finite element (FE) simulations of the spherical indentation using the commercial finite 

element code ABAQUS [50], and studied the predicted stress and strain fields in the indented 

samples. The FE model developed for this study is shown in Figure 2, and is comprised of two 

three-dimensional8 solids: (i) an elastic-plastic deformable sample with an initially flat surface, 

and (ii) an elastic deformable hemi-spherical indenter. Eight-noded three-dimensional linear 

continuum elements (C3D8 in ABAQUS [50]) were used for both parts. There were a total of 

8700 elements in the sample and approximately 6000 elements in the indenter.  The top surface 

of the indenter was constrained to remain planar, and was allowed to move only normal to the 

indentation surface. The finite element mesh was generated such that it produced the highest 

resolution (highest concentration of elements) in the contact region. The model was first used to 

predict the load-displacement curve in a purely elastic indentation and the results were compared 

against Hertz’s theory (Eq. (1)). The agreement with Hertz’s theory was within 3%. 

                                                 
8The simulations in this study could have been performed using two-dimensional finite element meshes and axial 
symmetry. However, we decided to develop three-dimensional meshes because we are interested in exploring 
anisotropic constitutive behavior in future studies. 
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Figure 3. The predicted load-displacement curves and stress contours in the finite element simulations 
with the two selected material properties. (a) Aluminum. (b) Tungsten. The indentation zone in both cases 
extends approximately to a depth of about 2.4a. 
 

The indenter was assigned a Young’s modulus of 1000 GPa and a Poisson’s ratio of 0.07 

[18], corresponding to that of diamond.. Two different sets of sample properties, roughly 

corresponding to tungsten and aluminum, were explored in this study. The tungsten sample was 

assigned a Young’s modulus of 400 GPa, a Poisson’s ratio of 0.28, and a (tensile) yield strength 

of 500 MPa. The aluminum sample was assigned a Young’s modulus of 73 GPa, a Poisson’s 

ratio of 0.33, and an yield strength of 40 MPa. Both materials were assumed to exhibit an 

isotropic elastic-perfectly plastic response. These two sets of sample properties were specifically 

selected to ensure a large contrast in the sample mechanical response. The contact between the 

indenter and the sample was assumed to be frictionless. Only elastic deformation of the indenter 

was considered for this simulation.  

Table 1.  Summary of the finite element predictions for the various parameters in the analyses of 
indentation results for the two different materials indented. 

 Reff (μm) a (nm)  (GPa) / y 

Tungsten 64 660 1.325 2.86 

Aluminum 319 704 0.114 2.65 
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The predicted load-displacement curves and the stress fields in the two samples 

corresponding to an indentation depth of 20 nms are shown in Figure 3. It is clearly seen that the 

indentation zone in both cases extends approximately to a length of about 2.4a, justifying the 

new definition of the indentation strain presented here (see also Fig. 1(a)). For both cases, the 

values of Reff and a at the peak load prior to the unloading were estimated by numerically 

computing the values of the elastic unloading stiffness, S, from the predicted unloading curve 

and using Eqs. (4) and (2). These are summarized in Table 1. For the two different cases studied 

here, there is a substantial difference in the value of Reff for the same indentation depth. In other 

words, Reff changes substantially with the details of elastic and plastic deformation in the sample 

(here mainly the difference in elastic modulus and yield strength), and that it is not just a 

function of the indentation depth alone. Moreover, the values of Reff  are substantially larger than 

the indenter radius (Ri) indicating that the approximation Reff ≈ Ri [18-20, 40, 41] is not valid 

even at these small indentation depths. The computed indentation stress values at peak load were 

much closer to each other when normalized by their yield strengths. It is noted from this analyses 

that the average indentation stress under a spherical indenter at relatively low indentation depths 

roughly corresponds to about 2.75 timesy (average for the two cases studied here), where y 

denotes the isotropic (tensile) yield strength of the metal following a J2 flow theory (default 

description in ABAQUS for isotropic plasticity in metals). A more comprehensive study 

comparing the finite element predictions with the experimental data is currently underway and 

the results will be reported in a future publication. In the remainder of this paper, we revert back 

to a discussion of the analyses methods for extracting indentation stress-strain curves from 

experimental measurements of load-displacement data. 

3. Zero-Load and Zero-Displacement 

After establishing definitions for indentation stress and indentation strain, the very next 

step in the analyses of the raw data obtained from spherical nanoindentation is an accurate 

estimation of the point of initial contact in the given data set, i.e. a clear identification of the 

point corresponding to zero-load and zero-displacement. The selection of the zero-point has a 

major influence on the estimation of the contact radius, and in turn strongly affects the computed 

values of the indentation stress and the indentation strain. Its effect is particularly influential on 
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the initial elastic loading segment, which typically corresponds to a few (10-20 nm) nanometers 

of indentation depth.  

 This problem has been discussed in detail in recent papers [51] and several methods have 

already been explored in literature. In one approach [52], the displacement sensor is set to zero 

upon reaching a pre-set contact force. The data in the initial segment is then curve-fitted and 

extrapolated back to zero force. This method, commonly used in other mechanical testing 

equipments as well, requires a prior knowledge of the sample properties in order to choose an 

appropriate initial force and often results in an underestimation of the contact area and a 

corresponding overestimation of the hardness and modulus values [53]. Other authors [54-57] 

have fit the load-displacement data corresponding to the first few nanometers to a power-law 

equation, and then back-extrapolated to zero depth. There have also been attempts to fit the data 

in the initial loading segment to second-order polynomials [58, 59]. Innovative techniques, such 

as the use of a video camera for indentation of optically clear materials [60] and 

photoluminescense of quantum dots due to indentation [61], have also been explored to solve 

this problem.  

The standard protocol for the MTS machine in the non-CSM mode uses the slope of the 

load-displacement data for surface detection. In the CSM mode, constant monitoring of the 

various signals such as the harmonic contact stiffness (S; same as the elastic stiffness defined 

earlier), the harmonic load, the harmonic displacement and the phase angle could potentially be 

used for the same purpose. The quantity that shows an immediate and significant change upon 

initial contact is then generally chosen as the criteria for surface detection. The use of the S 

signal has been most widely advocated in the literature [8, 52, 53] for this purpose. The accuracy 

for this method has been reported to be anywhere from ±2 nm [8] to ±30 nm [53]. In this study, 

one of the options used to identify the point of initial contact is the default procedure in MTS 

Test Testworks® software, which essentially picks it as the first data point when S first reaches or 

exceeds 200 N/m. However, the zero-point established by this default procedure typically 

produces an unexplainable spike (shown later in Figs. 5 and 6) in the elastic portion of the 

indentation stress-strain curve. 

In the examples presented in this paper, we have established the zero-load and the zero-

displacement by performing a regression analyses on the initial elastic loading segment in the 

measured load-displacement curve and fitting it to the expected relationships as predicted by 
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Hertz’s theory. Therefore, we are essentially identifying an “effective” point of initial contact, 

and not necessarily the actual point of initial contact. The advantage of seeking an effective point 

of initial contact is that it allows us to de-emphasize any artifacts created at the initial contact by 

the unavoidable surface conditions (e.g. surface roughness or presence of an oxide layer). A 

further advantage of establishing the zero-point as described here is that it automatically 

produces a very reasonable looking indentation stress-strain curve for the loading segment 

(avoiding the unrealistic spikes that often result from using the zero-point from the default 

procedures). Let P
~

, eh
~

, and S denote the measured load signal, the measured displacement 

signal, and the elastic stiffness signal in the initial elastic loading segment by the machine. Note 

that the S measurement is an independent measurement when using the CSM option. Let *P and 

*h  denote the values of the load and displacement signals at the actual point of initial contact. 

Note that *P and *h  are not necessarily zero after the MTS Test Testworks® software performs 

its default compliance and other corrections. According to the Hertz theory, in the elastic loading 

segment, the three signals measured in spherical indentation should be related as 
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Rearrangement of Eq. (8) reveals that a plot of ehSP
~

3

2~   against S will produce a linear 

relationship whose slope is equal to *

3

2
h and the y-intercept is equal to *P . A linear regression 

analysis can be used to identify the point of the effective initial contact very accurately, while 

ensuring that the corrected data set is highly consistent with the predictions of Hertz’s theory. A 

major advantage of the suggested approach is the fact that this method does not require any 

estimate of either Reff  or Eeff. In fact, the analyses presented in the literature for certain classes of 

elastic anisotropy [62, 63] implies that the approach described here may also be applicable to 

certain anisotropic elastic solids as well.  

Figure 4 shows an example of the regression analysis performed to identify the values of 

*P  and *h  obtained from spherical nanoindentation on polycrystalline samples of aluminum and 

tungsten. The spherical indenter used in this study had a radius of 13.5 microns. For the tungsten 

and the aluminum samples tested in this study, the points of initial contact as identified by the 
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default procedure in the MTS software (C1) and by this analysis (C2) are displayed in Figures 5a 

and 6a, respectively. More specifically, for the tungsten sample, it was noted that the load signal 

had to be moved by about 0.27 mN and the displacement signal by about 5.5 nm with respect to 

C1 to arrive at C2. Likewise, for the aluminum sample, the load signal was shifted by 0.1 mN and 

the displacement signal by 13.4 nm. After these small shifts, the resulting load-displacement 

curves in the initial elastic loading segments were consistent with the trends predicted by Hertz’s 

theory, and estimated the Young’s moduli of tungsten and aluminum to be 409 GPa and 66 GPa, 

respectively. These values are in very good agreement with reported values in the literature from 

other testing methods [7, 64]. 

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0 0.05 0.1 0.15

Aluminum

Tungsten

S, CSM Signal (mN/nm)

(m
N

)

 

Figure 4. The identification of the effective zero-point using the new methods described in this paper. A 
linear regression analyses of the straight line portions of the curves shown above yield estimates of the 
effective zero-load and zero-displacement that make the data consistent with Hertz’s theory. 
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Figure 5. The measured (a) load-displacement curves and the extracted (b) indentation stress-strain curves 
for tungsten are shown here using two different estimates of the zero-point. The use of the zero-point 
established by the machine (C1) results in an unexplainable spike in the initial elastic loading portion of 
the curve. When the effective zero point (C2) is determined using the methods described in this paper, 
much better indentation stress-strain curves are obtained. 
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Figure 6. The measured (a) load-displacement curves and the extracted (b) indentation stress-strain curves 
for tungsten are shown here using two different estimates of the zero-point. The inset in (b) shows an 
expanded view of the indentation stress-strain curve for aluminum using the methods described in this 
paper. The use of the zero-point established by the machine (C1) results in an unexplainable spike in the 
initial elastic loading portion of the curve. When the effective zero point (C2) is determined using the 
methods described in this paper, much better indentation stress-strain curves are obtained. 

 

The significance of accurately estimating the zero point is best exemplified in Figures 5b 

and 6b,  where the indentation stress curves (using Eq. (7)) for tungsten and aluminum have been 

plotted using both zero points – the one given by the machine MTS software and the one 

computed using Eq. (8). As seen clearly from these figures, Eq. (8) provides a much cleaner and 

a better resolved indentation stress-strain curve than the default procedure in the machine 

software, especially in the initial elastic and yield sections. Note that the same algorithm and the 

same formulas (Eq. (7)) have been used to determine the indentation stress-strain curves for both 

the zero point methods shown in Figs. 5b and 6b.   

It is also worth reiterating here that we are able to analyze these relatively small initial 

elastic loading segments because of two main reasons: (i) the use of Eq. (8) precludes the need to 

know the values of Reff and Eeff, and (ii) the use of spherical indenters results in more diffuse 

stress fields and relatively larger elastic loading segments, when compared to the data sets 

obtained from the sharp indenters. 

4. Contact Radius 

The estimation of the contact radius is the next major hurdle in the extraction of 

indentation stress-strain curves. With the CSM option, the problem is significantly simplified 

because of Eq. (4). Once the value of Eeff is established from the initial loading curve [48] (or if 

the Young’s modulus of the sample material is already known), the contact radius can be easily 

computed from Eq. (4) assuming that Eeff remains constant during the inelastic deformation 
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caused by the indentation. This assumption is quite reasonable for metals such as tungsten and 

aluminum. Although plastic deformation in metals does not itself cause any direct change in the 

elastic properties, it rotates crystal lattices into new orientations [65, 66], and thereby modifies 

the texture in the sample. Such changes in the underlying texture caused by plastic deformation 

usually produce a substantial change in the effective elastic properties of the solid [67, 68]. The 

influence of crystal orientation on the indentation modulus was addressed theoretically for 

selected orientations in cubic crystals by Vlassak and Nix [62], where it was shown that the 

effect is substantial for metals with high degree of cubic anisotropy. However, in metals such as 

tungsten and aluminum studied in this work, the elastic anisotropy at the single crystal level is 

quite small (in fact tungsten crystals exhibit isotropic elastic response), and therefore it is 

reasonable to assume that Eeff remains constant during the inelastic deformation caused by the 

indentation. 

5. Indentation Stress-Strain Curves 

The procedures and concepts described above have been applied to experimental data sets 

obtained on polycrystalline samples of tungsten and aluminum. As mentioned earlier, these 

metals were chosen because they cover the range of material behavior of interest in metals (in 

terms of yield strengths), while exhibiting very low elastic anisotropy at the single crystal level. 

Nanoindentations were carried out using a nanoindenter (MTS XP® System equipped with the 

CSM attachment) with a 13.5 µm radius spherical diamond tip. Multiple indentations (> 20) 

were performed on each sample. All of the sample surfaces were prepared by electro-polishing in 

order to avoid the undesirable effects caused by other preparation techniques (such as 

mechanical hardening on the sample surface due to polishing and grinding). The indentation tests 

were performed on highly pure (99.999%) aluminum and tungsten samples, well away from the 

grain boundaries in an effort to mitigate the effects of impurity and grain boundaries on the 

statistics of the results.  

Indentation stress-strain curves were produced for all the indents using the conventional 

methods described in the literature as well as the new methods presented here. In the 

conventional method, the contact radius is computed using Eq. (6) and the indentation strain is 

defined as a/2.4Ri to make it consistent with the new strain definition presented in this paper.  

The method used for establishing the initial contact (zero-load and zero-displacement) was the 

same for both methods, and is the one described earlier in Section 3. The indentation stress-strain 
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curves produced by both methods for are compared in Figure 7. The following observations are 

made from this figure: 
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Figure 7. A comparison of the extracted indentation stress-strain curves for (a) tungsten and (b) 
aluminum, using the two different definitions of indentation strain. The definition of the indentation strain 
(= ht /2.4a) followed in this paper produces significantly better indentation stress-strain curves with 
correct values of modulus during both loading and unloading. Note that indentation strain is generally 
defined as a/Ri in literature [18]. The inclusion of a multiplicative factor (= 4/3π ≈ 1/2.4) in this definition 
conveniently modifies the slope during elastic loading and unloading to be equal to the effective modulus, 
Eeff, and makes it consistent with the definitions followed in this paper (Eq. 7). The corresponding load-
displacement curves for tungsten and aluminum are the same as those shown in Figs. 5a and 6a 
respectively. 
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Figure 8. (a) Magnified view of a micro pop-in in the load-displacement curve (inset) during 
nanoindentation on the aluminum sample.   
(b) Magnified view of the same micro pop-in, this time using indentation stress-strain curves.  The 
unloading in the micro pop-in event shows the expected slope with the new definition of the indentation 
strain (= ht /2.4a) presented in this paper, whereas the conventional definition of strain (= a/2.4Ri) [18] 
exhibits highly unrealistic features. Note that the conventional definition of strain has been multiplied by 
a factor (= 4/3π ≈ 1/2.4) to make it consistent with the definitions followed in this paper (Eq. 7).  

 

1. The procedures used here to establish the effective point of initial contact in the measured 

raw data worked exceedingly well. These procedures estimated that the Young’s modulus of 

tungsten is 414±6 GPa (average and standard deviation from analyses of 6 measurements), 

while that of aluminum is 67±2 GPa. Both of these estimates are in good agreement with 
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values reported in literature for these materials [7, 64]. Additionally, these procedures 

produced much better linear segments for the initial elastic loading segments of the 

indentation stress-strain curves. Several of the indentation curves presented in literature [40, 

41] exhibit a substantial amount of noise in these segments. 

2. The analyses methods presented in this work are significantly better in capturing the elastic 

unloading curves.  As mentioned earlier, this is largely because of the errors inherent in the 

use of Eq. (5) and the use of a/Ri as the indentation strain. For example, in case of aluminum, 

the slope of the unloading stress-strain curve, and hence the unloading modulus, calculated 

using a/Ri as the indentation strain is actually negative (Fig 7b). We have encountered this 

problem of highly unrealistic unloading slopes in the analyses of spherical indentation data 

from numerous other materials, including tungsten (Fig 7a). 

3. The indentation stress-strain curves produced using the new methods described here reflect 

more accurately the underlying physical processes. As expected, the indentation stress-strain 

curve for tungsten shows more strain hardening compared to the aluminum sample. 

Furthermore, the unloading segments associated with micro pop-ins show a slope that is 

highly consistent with the elastic modulus of the material. This is clearly seen in the 

magnified view of a micro pop-in event in the test on the aluminum sample shown in Fig. 8. 

The stress-strain response in the region of the pop-in (see Fig. 8(a) for the location of the 

pop-in) analyzed using the conventional definition of indentation strain is also shown in 

Figure 8(b), where the unloading slopes are negative and unrealistic (similar to the 

observations made earlier for the final unloading segment). However, the same pop-in 

analyzed using the methods described in this paper shows clearly the expected elastic 

response in the unloading segment of the pop-in consistent with the elastic modulus of 

aluminum. It is also noted here that there are numerous micro pop-ins in both the aluminum 

and tungsten tests and all of them exhibit the same features that are described above. The one 

shown in Fig. 8 is the most dominant micro pop-in among all the tests that were conducted in 

this study. 

6. Conclusions 

The main concepts presented in this paper can be summarized as follows: 
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(iii)A new procedure has been formulated for establishing the effective point of initial contact 

that makes the measurements highly consistent with the Hertz’s theory. This new procedure 

utilizes the CSM signal provided by modern nano-indentation machines, and has been 

successfully used to generate reliable and meaningful indentation stress-strain curves. More 

specifically, the indentation stress-strain curves generated by this new method did not exhibit 

the substantial noise and spikes prevalent in the initial loading segments of the indentation 

stress-strain curves obtained using the zero-point given by the default procedures currently 

used in the equipment manufacturer’s software. 

(iv) A new rational definition of the indentation strain has been formulated. This new definition is 

highly consistent with Hertz’s theory for purely elastic contact. For elastic-plastic contact, it 

was also found to be consistent with the geometry of the primary indentation zone predicted 

by a finite element model for two vastly different sample material properties. It was also 

noted that that the new definition of indentation strain produces more reasonable looking 

unloading segments of the indentation stress-strain curves.  
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Abstract 

A novel approach is presented for converting the spherical nanoindentation load-

displacement data into indentation stress-strain curves, without the need for the continuous 

stiffness measurement (CSM) – an option available only on a limited number of machines. This 

new method entails novel approaches for estimating (i) the effective zero-point and (ii) the 

effective contact radius from the raw load-displacement data. The results from the new analysis 

methods are shown to be in good agreement with the results obtained using the CSM.  



 Publication B - 72 - 

In recent work [1], we outlined new data analysis methods for converting the raw load-

displacement-CSM data measured in spherical nanoindentation into much more meaningful 

indentation stress-strain curves. When compared to other currently used data analysis methods 

[2, 3], these indentation stress-strain curves have been demonstrated to be more successful in 

correlating the elastic moduli measured in loading and unloading segments [1, 4, 5], measuring 

accurately the changes in the indentation yield points in annealed and deformed samples [6], and 

identifying and explaining several of the surface preparation artifacts typically encountered in 

nanoindentation measurements [5].  

Extraction of reliable indentation stress-strain curves from the measured load 

displacement data is essentially a two-step process [1]. The first step in this process is an 

accurate estimation of the point of effective initial contact in the given data set, i.e. a clear 

identification of a zero-point that makes the measurements in the initial elastic loading segment 

consistent with the predictions of Hertz’s theory [7, 8]. In our previous work [1], for spherical 

nanoindentation we expressed this relationship as 
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, and S are the measured load signal, the measured displacement signal, and the 

CSM signal in the initial elastic loading segment from the machine, respectively, and P* and h* 

denote the values of the load and displacement signals at the point of effective initial contact. A 

linear regression analysis was used to establish the point of effective initial contact (P* and h*) 

in the indentation experiment. 

In the second step of the data analysis method, Hertz’s theory [7, 8] was recast for 

frictionless, elastic, spherical indentation  as (e.g. [1, 4]): 
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where ind  and ind  are the indentation stress and the indentation strain, a is the radius of the 

contact boundary at the indentation load P, he is the elastic indentation depth, S is the elastic 

stiffness described earlier, Reff and Eeff are the effective radius and the effective stiffness of the 
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indenter and the specimen system,   and E are the Poisson’s ratio and the Young’s modulus, 

and the subscripts s and i refer to the specimen and the indenter, respectively (see also the 

schematic in Figure 1) . 
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Figure 1. A. Schematic of a spherical indentation showing the primary zone of indentation.  B. Schematic 
of the procedure involved in establishing the contact radius, a, at different load levels. The unloading 
segment at each of these load levels is fitted to Eq. (4) to estimate hr and k.  Reff and a can then be 
calculated using Eqs. (3) and (5). 
 

Note that both the estimation of the zero point (Eq. (1)) and the extraction of the 

indentation stress strain curves (Eq. (2)) require the use of the continuous stiffness measurement 

signal (S= edhdP ; also referred to as the CSM mode in the MTS XP® nanoindentation machine). 

However the CSM module is an optional accessory on the MTS/Agilent9 nanoindenter machine, 

and hence is available only on some machines. Moreover, other nanoindentation machines 

(manufactured by companies other than MTS/Agilent) do not presently offer the CSM as an 

option. Thus, there is a critical need to develop data analysis methods for extracting indentation 

stress-strain curves without the CSM. 

                                                 
9 At the time of writing of this manuscript Agilent Technologies had acquired the Nano Instruments business unit of 
MTS Systems Corporation. 
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In this paper, we formulate and validate new data analysis methods for the extraction of 

the indentation stress-strain curves without using CSM. This is achieved in a two-step process: 

(i) establishing the effective zero-point and (ii) estimating the contact radius, a, which is required 

for the computation of indentation stress and strain. The indentation stress-strain curves obtained 

using this non-CSM approach are then compared to our previously reported [1, 5, 6] indentation 

stress-strain curves obtained using CSM.  

As mentioned earlier, determining of the point of initial contact constitutes the first step 

in the analyses of the raw data obtained from spherical nanoindentation. This problem, discussed 

in detail in our previous work [1, 4, 5] and in other literature [9-13], assumes great importance in 

computing the values of indentation stress and indentation strain. The error in the zero-point 

arising from the default procedures of the nanoindentation machines have been reported to be 

anywhere from ±2 nm [3] to ±30 nm [10]. Since the initial elastic segment corresponds to only a 

few (10-20 nm) nanometers of indentation depth, errors of this magnitude pose a major hurdle in 

extracting reliable values of elastic and yield properties from this data. 

In this work, we have established the zero-load and the zero-displacement by fitting the 

recorded initial elastic load ( P
~

) and displacement ( eh
~

) signals to the predictions of Hertz theory. 

According to Hertz’s theory [7, 8], the load and displacement during elastic loading in a 

spherical nanoindentation experiment should be related by 
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Note that k in Eq. (3) is a constant for the entire initial elastic loading segment. The values of P* 

and h* that yield the lowest residual error in the least-squares fit of the initial elastic loading 

segment to Eq. (3) were chosen to correspond to the effective zero point. This approach ensures 

that the corrected data set would be highly consistent with Hertz’s theory. Note that, just as in 

Eq. (1), Eq. (3) also identifies an “effective” point of initial contact which allows us to de-

emphasize any artifacts created at the initial contact by the unavoidable surface conditions (e.g. 

surface roughness or presence of an oxide layer) [5].  

For this study, samples of electropolished aluminum and tungsten were indented with two 

differently sized indenter tips (1.4 and 20µm radii) in a MTS XP® machine. The low degree of 

elastic anisotropy in these two materials as well as the strong variation in their respective 
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mechanical properties (aluminum exhibits a low modulus and a low yield strength while tungsten 

exhibits a high modulus and a high yield strength) makes them an ideal choice for validating the 

new data analysis procedures presented in this paper.  
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Figure 2. Comparison between the effective zero-points identified by the CSM technique (Ref. [1]) and 
the non-CSM technique (Eq. (3)) for tungsten using a 1.4 µm spherical indenter (corresponding to Test #2 
in Table 1). The residual error is obtained from regression analyses as measure of the degree of fit to Eq. 
(3). 
 

Figure 2 shows an example of a comparison between the zero-points for tungsten as 

determined by the two methods: (i) Eq. (1) using the CSM, and (ii) Eq. (3) without using the 

CSM signal. As seen from Figure 2, both the CSM and the non-CSM data analysis methods for 

tungsten yield nearly identical values of P* and h*. This point is further emphasized in Table 1, 

where the values of P* and h* are tabulated for 3 tests each in both aluminum and tungsten for 

each indenter size. It is clearly seen from these results that the zero-points established by both 

methods are in very good agreement with each other. The Young’s moduli for the tungsten and 

aluminum samples as tested were determined to be 418±4 GPa and 71±2 GPa (average and 

standard deviation from analyses of the 6 measurements shown in Table 1) respectively, using 

the non-CSM data analysis procedures described above. These values are in good agreement 

with the values reported in literature from other testing methods [2, 14] and also agree very well 

with our previously reported values on the same materials using the CSM (414±6 GPa for 

tungsten and 67±2 GPa for aluminum [1]).  



 Publication B - 76 - 

Table 1. Comparison between the effective zero-point as identified by the CSM technique Ref. [1] and the 
non-CSM technique (Eq. (3)) for tungsten and aluminum using two different indenter radii (1.4 and 20 
µm). 

Using CSM Without CSM

h* (nm) P* (mN) h* (nm) P* (mN)

1.4 µm 
indenter

Al

Test #1 10.29 0.039 10.17 0.041

Test #2 5.25 0.007 3.75 0.003

Test #3 10.21 0.041 9.36 0.037

W

Test #1 15.77 0.146 14.95 0.139

Test #2 27.195 0.059 27.63 0.084

Test #3 10.29 0.10 7.71 0.063

20 µm 
indenter

Al

Test #1 4.35 0.028 4.19 0.028

Test #2 6.08 0.027 5.91 0.029

Test #3 4.34 0.027 4.65 0.029

W

Test #1 10.95 0.135 10.73 0.141

Test #2 9.29 0.295 8.31 0.248

Test #3 4.07 0.209 3.77 0.181

Using CSM Without CSM

h* (nm) P* (mN) h* (nm) P* (mN)

1.4 µm 
indenter

Al

Test #1 10.29 0.039 10.17 0.041

Test #2 5.25 0.007 3.75 0.003

Test #3 10.21 0.041 9.36 0.037

W

Test #1 15.77 0.146 14.95 0.139

Test #2 27.195 0.059 27.63 0.084

Test #3 10.29 0.10 7.71 0.063

20 µm 
indenter

Al

Test #1 4.35 0.028 4.19 0.028

Test #2 6.08 0.027 5.91 0.029

Test #3 4.34 0.027 4.65 0.029

W

Test #1 10.95 0.135 10.73 0.141

Test #2 9.29 0.295 8.31 0.248

Test #3 4.07 0.209 3.77 0.181  

It is worth reiterating here that we are able to analyze the relatively small initial elastic 

loading segments with remarkable accuracy because the use of Eqs. (1) or (3) to establish the 

effective zero-point does not warrant prior knowledge of the values of Reff and Eeff. This is 

especially beneficial in establishing a reliable value of Ri (note that in the initial elastic loading 

segment Reff  = Ri ). Using measurements on samples of known Young’s moduli (e.g. Si 

standards), we estimated that the indenter radii for the two indenters used in this study to be 1.4 

and 20 µm respectively, even though the manufacturer had claimed otherwise. Both these 

estimates were subsequently confirmed by scanning electron microscopy.  

The second step in the extraction of indentation stress-strain curves is an accurate 

estimation of the contact radius a, which evolves continuously during the indentation 

experiment. Majority of the methods used for estimation of a in literature [11, 15-17] are 

motivated by the spherical geometry of the indenter, where a is calculated directly from the 

indentation depth and the radius of the indenter, Ri. However, the contact radius is defined 

through the contact height hc, and not ht, as shown in Figure 1. Although a number of different 

approaches (including area functions [2, 3]) have been explored for relating hc and ht, they have 

not yet produced consistent and reliable results for a broad range of samples [18]. 

Alternatively, one can impose an elastic unloading segment at any point of interest and 

analyze it using Hertz’s theory in order to estimate the contact radius. Indeed, this is exactly what 
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is done in estimating the contact radius using the CSM [2, 3, 19]. In the analyses of an unloading 

segment after some imposed plastic deformation in the loading segment, Reff can no longer be 

assumed to be equal to Ri. As we shall see later, Reff changes quite dramatically with any imposed 

plastic deformation by the indenter.  
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Figure 3. Values of Reff computed at different indentation depths which differ significantly between the 
softer aluminum and the harder tungsten sample. The values for Reff are also significantly larger than Ri (= 
20µm) for both samples. Inset: Expanded view for the tungsten sample. 
 

In this work, we have established the value of Reff by imposing unloading segments at 

several selected locations on the measured load-displacement data, and analyzing them carefully 

using Hertz’s theory, as illustrated in Figure 1. Each unloading segment is fit to the expected 

Hertz’s relationship between the total indentation depth, ht, and the indentation load, P, which 

may be conveniently expressed as  

  32kPhhh rte  .       (4) 

In Eq. (4) he is the elastic indentation depth, hr is the residual (or plastic) indentation depth, and k 

is a factor containing Eeff and Reff as defined in Eq. (3). Once the value of Eeff is established from 

the initial loading curve (or if the Young’s modulus of the sample material is already known), a 

regression analysis on the unloading segment can determine both hr and Reff. The value of the 

contact radius, a, at any point in the unloading segment can then be determined from  
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 .rteffeeff hhRhRa        (5) 

It should be noted that this relationship between Reff and a is implicit in Hertz’s theory for the 

quadratic contacting surfaces. Applying this equation to the data point just before the initiation of 

the unloading segment provides the value of the contact radius at that point in the original 

loading segment.   

 It is important to note here that each unloading curve will produce only one point on the 

indentation stress-strain curve. This necessitates a large number of loading-unloading segments 

on the sample in order to be able to get a complete description of the indentation stress-strain 

curve for a given sample.  

Figure 3 shows the values of Reff estimated at different indentation depths, using the data 

analysis procedure described earlier, in the measurements obtained using a 20µm spherical 

indenter on samples of electropolished aluminum and tungsten. As seen from this figure, the 

values for Reff change dramatically with imposed plastic deformation by the indenter. In fact, the 

changes in the effective radius are most dramatic in the initial stages of plastic deformation under 

the indenter. It is also seen that Reff  takes on much higher values for the softer aluminum 

samples compared to the harder tungsten samples (at the same depth of indentation). Indeed, it 

was observed that Reff is not just a function of indentation depth (or load) alone, but varies 

substantially with the details of the elastic and plastic properties of the sample. Also, the values 

of Reff measured in Fig. 3 are substantially larger than the indenter radius (Ri = 20 µm) indicating 

that the approximation Reff ≈ Ri [15, 16, 20-22] is not valid in the post elastic regions of the 

samples. 

Figure 4(a) and 4(b) show comparisons between the indentation stress-strain curves 

obtained using both the CSM method described in our earlier work [1] and the non-CSM method 

described in this work on aluminum and tungsten samples for both 1.4 and 20 μm radii indenter 

sizes. It is seen that the indentation stress-strain curves from the CSM and the non-CSM methods 

agree well with each other for both indenters. The indentation stress-strain curve produced using 

the non-CSM method is able to capture all the major features of the stress-strain curves including 

the linear elastic regime, the plastic yield point, and the post-yield strain-hardening. As expected, 

the indentation stress-strain curve for tungsten shows more strain hardening compared to the 

aluminum sample. These results also demonstrate the feasibility of capturing the details of the 

pop-in phenomenon [5, 23] occurring in the smaller 1.4 µm indenter with the non-CSM method. 
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The good agreement between indentation stress-strain curves measured by these two very 

different indenter sizes for two very different materials provides additional validation for the data 

analyses procedures used in this work. These findings indicate that in spite of the non-continuous 

nature of the non-CSM calculations, this method can be successfully used to characterize the 

mechanical response of the material during spherical nanoindentation.  
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Figure 4.  Comparison between the indentation stress-strain curves obtained using the CSM method Ref. 
[III_1] and the non-CSM method on (A) aluminum and (B) tungsten samples with the 1.4 and 20 μm radii 
indenters. The insets show expanded views of the indentation stress-strain curves for the larger 20 µm 
indenter.  
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Abstract  

In this work, we investigated experimentally the various factors influencing the extraction 

of indentation stress-strain curves from spherical nanoindentation on metal samples using two 

different tip radii. In particular, we focused on the effects of (a) the surface preparation 

techniques used, (b) the presence of a surface oxide layer, and (c) the occurrence of pop-ins at 

the elastic-plastic transition on our newly developed data analyses methods for extracting reliable 

indentation stress-strain curves. Rough mechanical polishing was shown to introduce a large 

scatter in the measured indentation yield strengths, whereas electro-polishing or vibro-polishing 

produced consistent results reflective of the pristine sample. The data analyses techniques used 

were able to discard the portions of the raw data affected by a thin oxide layer, present on most 

metal surfaces, and yield reasonable indentation stress-strain curves. Experiments with different 

indenter tip radii on annealed and cold-worked samples indicated that pop-ins are caused by 

delayed nucleation of dislocations in the sample under the indenter.   



 Publication C - 82 - 

1. Introduction 

Nanoindentation, with its high resolution load and depth sensing capabilities, is being 

used increasingly to characterize the local mechanical behavior in a broad range of materials 

systems with heterogeneous microstructures [1-4]. There have been numerous attempts at the 

analyses of the raw load-displacement data measured by this technique to extract meaningful 

material properties such as hardness and modulus, mostly using sharp indenters [5, 6]. 

Historically, most of the prior data analyses methods [3, 5-7] have focused on the unloading 

segments (after some amount of elastic-plastic loading) that are believed to be purely elastic. 

There has also been considerable interest in the literature in extracting indentation stress-strain 

curves from the measured nanoindentation load-displacement data using both analytical [8-13] 

and finite element [14-18] methods. Recently, we have developed and validated new data 

analyses procedures for spherical nanoindentation [19-21] that transform the entire load-

displacement dataset, including both the loading and the unloading segments, into much more 

meaningful indentation stress-strain curves. These new data analyses procedures, because of 

their ability to analyze the initial loading segments, can potentially lead to much improved 

methods for the characterization of the local mechanical response at the indentation site. Sample 

surface preparation is expected to play a dramatically increased role in these new methods, 

especially for any properties extracted from the initial loading segment of the indentation dataset.  

Understanding the precise role of surface preparation on the measured nanoindentation 

data has been made difficult by several factors, including: (i) presence of a highly disturbed 

surface layer produced by traditional (mechanical) polishing methods, (ii) presence of a thin 

oxide film on the surface, and the (iii) occurrence of ‘pop-ins’ or depth excursions at low loads 

(especially in annealed samples with small tip radii). In this paper, we investigate each of the 

above factors, with a particular focus on their effect on the indentation stress-strain curves 

obtained with the help of our newly developed spherical indentation data analyses methods.  

The paper is organized as follows. We start in Section 2 with a brief review of our data 

analyses procedures for generating spherical nanoindentation stress-strain curves, which include 

a new procedure for establishing the effective zero-load and zero-displacement point in the raw 

dataset, and a new definition of indentation strain. We discuss the importance of preparing strain-

free surfaces in order to generate reliable and meaningful indentation stress-strain curves in 

Section 3. The effects of the presence of thin surface oxide films on the indentation stress-strain 
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responses are discussed in Section 4. Section 5 discusses the pop-ins in a variety of metallic 

samples and how they relate to the transition from elasticity to plasticity during the indentation 

process. We present our concluding remarks in Section 6. It is also noted that we have confined 

our discussion in this paper to indentation on metallic surfaces (W, Al, Ag and Fe-3%Si) with 

two different spherical indenter tips (1 μm and 13.5 μm radii, respectively).   

2. Zero-Point Determination and Indentation Stress-Strain Curves 

The first step in the determination of a reliable indentation stress-strain curve from the 

measured load-displacement data is an accurate estimation of the point of effective initial contact 

in the given data set, i.e. a clear identification of a zero-point that makes the measurements in the 

initial elastic loading segment consistent with the predictions of Hertz’s theory [22, 23]. This is 

important because any error in the determination of the zero point would cause a significant error 

in the measured values of indentation modulus (Eeff) and the indentation yield strength (Yind) [24]. 

Note that the initial loading segment of the indentation experiment corresponds typically to only 

a few (10-20 nm) nanometers of indentation depth, after which the indentation itself will alter the 

local properties as it imposes substantial local plastic deformation [21]. 

In recent work [19], we have established a novel method for the determination of the 

zero-point in nanoindentation experiments. This method utilizes the continuous harmonic contact 

stiffness (S= edhdP ; also referred to as the CSM mode in the MTS XP® nanoindentation 

machine) measurement and a regression analyses on the initial elastic loading segment to 

evaluate the best possible fit to Hertz’s theory. Briefly, the relationship sought is expressed as   

 
 *

*

~
2

~
3

2

3

hh

PP

h

P
S

ee 


 ,       (1) 

where P
~

, eh
~

, and S are the measured load signal, the measured displacement signal, and the 

CSM signal in the initial elastic loading segment from the machine respectively, and P* and h* 

denote the values of the load and displacement signals at the point of effective initial contact. 

Rearrangement of Eq. (1) reveals that a plot of ehSP
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2~   against S will produce a linear 

relationship whose slope is equal to *
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h and the y-intercept is equal to *P . Therefore, a linear 
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regression analysis of  ehSP
~

3

2~   versus S would establish the point of effective initial contact 

quite accurately.  
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Figure 1.  (a) The identification of the effective zero-point [19] in the dataset measured on a vibro-
polished Fe-3%Si steel sample indented with a 13.5 μm radius spherical indenter. The measured (b) load-
displacement curve and the extracted (c) indentation stress-strain curves for Fe-3%Si steel using two 
different estimates of the zero-point. The inset in (b) shows the two different estimates of the zero-point: 
C1 - zero point given by the machine and C2 - effective zero point determined using [19]. (d) Schematic of 
a spherical indentation showing the primary zone of indentation [19]. 

 

This procedure is illustrated in Figure 1(a) for a sample of Fe-3%Si steel indented with a 

13.5 μm radius spherical indenter. Figure 1(b) shows the point of initial contact as identified by 

the default procedure in the MTS software (C1) and by the procedure described above (C2). In 

the default procedure, C1 is generally determined as the point at which the S signal first reaches 

or exceeds 200 N/m. Note that the value for S is generally negative before indenter is in contact 

with the specimen. For hard materials such as metals and ceramics, this option almost always 

underestimates the zero-point. Thus, to arrive at C2, the load signal in Figure 1(b) needed to be 
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moved by about 0.12 mN and the displacement signal by about 6.8 nm with respect to C1. A 

major advantage of the suggested approach is the fact that this method identifies an “effective” 

or virtual point of initial contact, and not necessarily the actual point of initial contact. The 

concept of an effective point of initial contact allows us to de-emphasize any artifacts created at 

the actual initial contact by the unavoidable surface conditions (e.g. surface roughness or 

presence of an oxide layer) as described in the subsequent sections of this paper.  

In order to generate indentation stress-strain curves, Hertz’s theory [22, 23] can be recast 

in the following set of equations for frictionless, elastic, spherical indentation (see also [19, 20]): 
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where ind  and ind  are the indentation stress and the indentation strain, a is the radius of the 

contact boundary at the indentation load P, he is the elastic indentation depth, S is the elastic 

stiffness described earlier, Reff and Eeff are the effective radius and the effective stiffness of the 

indenter and the specimen system,   and E are the Poisson’s ratio and the Young’s modulus, 

and the subscripts s and i refer to the specimen and the indenter, respectively. Expressing Hertz’s 

theory in this form allows us to extract reliable and more meaningful indentation stress-strain 

curves, compared to any of the other analysis procedures being used in current literature. Note 

also that, in general, the data analyses methods of extracting indentation stress-strain curves have 

been more successful with spherical indenters compared to sharper indenters [25], which might 

be attributed to their relatively smoother stress fields. Figure 1(c) shows the indentation stress-

strain curve derived from the load-displacement data in Figure 1(b) using the protocol outlined 

above and compares it to the plot using the machine generated zero point (C1). Note that the 

initial elastic and yield sections are much better resolved when the zero point is determined using 

the procedure described above (instead of using the default procedure in the MTS software). 

It should be noted here that the indentation strain definition used in Eq. (2) is 

substantially different from the effRa definition used in many prior studies [8, 9, 11, 26].  Our 

recent study provides the rationale for this new definition of indentation strain [19]. Briefly, it is 

pointed out here that effRa , or the more commonly used iRa because of the difficulties in 



 Publication C - 86 - 

measuring effR , lacks any reasonable physical interpretation as a strain measure (traditionally 

defined as the ratio of change in length over the initial length of a selected line segment in a 

region of interest in the sample). The new definition of indentation strain presented in Eq. (2) is 

tantamount to idealizing the primary zone of indentation deformation as being equivalent (in an 

average sense) to compressing by he (same as the total indentation depth, ht, for elastic 

indentation) a cylindrical region of radius a and height 2.4a (see Figure 1(d)). For the more 

general case of elastic-plastic indentations [19, 20], we suggest the use of 
a

ht

4.2
 as the definition 

of indentation strain.  

It is also pointed out that we are able to analyze the relatively small initial elastic loading 

segments with high accuracy, because the use of Eq. (1) to establish the effective zero-point does 

not warrant prior knowledge of the values of Reff and Eeff. This is especially beneficial in 

establishing a reliable value of indenter radius Ri (note that in the initial elastic loading segment 

Reff  = Ri ). The radii of the two spherical tips, 1 and 13.5 µm, were thus established using 

measurements on samples of known Young’s moduli (e.g. Si standards). Both these estimates 

were subsequently confirmed from images of the indenter tips taken in the scanning and 

transmission electron microscopes. 

3. Surface Preparation  

One of the most important factors for producing reliable results in nanoindentation 

experiments is the careful and reproducible preparation of the specimen surfaces to be analyzed. 

Metallographic preparation of surfaces usually involves a specific sequence of operations that 

generally progress through grinding (working with fixed abrasive particles) and then finish with 

polishing (working with loose particles) steps with decreasing abrasive particle size, with each 

step ensuring that the surface deformation introduced in the previous step is removed in the next. 

However even a fine mechanical polish, using diamond particles of sizes ranging from 0.5-1 m, 

leaves the metal with a sizable disturbed surface layer [27] of the order of the particle size. Since 

the initial elastic segment in a nanoindentation experiment typically covers the initial 10-20 nm 

of indentation, surface preparation can significantly affect the indentation stress-strain curve 

extracted from this segment of the raw dataset. Removal of this disturbed surface layer, by 
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electro-polishing or mechanical means, then becomes the key to obtaining reliable indentation 

stress-strain curves. 
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Figure 2. Comparison between load-displacement and indentation stress-strain response in mechanically 
polished and electro-polished samples of (a) annealed Al and (b) annealed W, measured using a 13.5 μm 
spherical indenter. The indentation yield strengths of the mechanically polished surfaces are consistently 
higher than that of the electro-polished surfaces. 

 

The effect of surface finish on nanoindentation results is illustrated in Figure 2. Figure 

2(a) shows the load-displacement and indentation stress-strain curves measured on an annealed 

sample of Al prepared with two different surface finishes: (i) mechanically polished surface 

(final polishing step 1 μm diamond polish), and (ii) an electro-polished surface (using a mixture 

of 100 ml Perchloric acid and 900 ml methanol at 4-5oC with a voltage of 11.8-12V for 1-5 min 

[28]). Figure 2(b) shows the corresponding measurements on mechanically polished and electro-

polished (using a sodium hydroxide solution at -20oC  with a graphite cathode at 10V for 10-15 

min [27, 28]) sample of annealed tungsten. These metals were chosen for this study because they 

cover the range of material behavior of interest in metals (Al exhibits a low modulus and a low 

yield strength while W exhibits a high modulus and a high yield strength). A 13.5 μm radius 
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spherical indenter was used in these tests. It is clearly seen from Figure 2 that the indentation 

stress-strain curves for both Al and W samples prepared by rough mechanical polishing are 

consistently higher than that of the electro-polished surfaces. These observations are consistent 

with measurements reported previously using the sharp Berkovich [29, 30] and Knoop [31] 

indenters.  
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Figure 3. Comparison of the measured indentation stress-strain curves on vibro-polished and electro-
polished samples of annealed W. The indentation responses on the vibro-polished and electro-polished 
surfaces are in good agreement with each other. 

 

Figure 3 presents a comparison of the measured indentation stress-strain curves on the 

annealed W samples with electro-polished and vibro-polished (final polishing step 0.02 μm 

colloidal silica for ~48 hours) surfaces. It is seen that the measured indentation stress-strain 

curves on the electro-polished and the vibro-polished surfaces are in excellent agreement with 

each other.   

Rough mechanical polishing generally leaves a disturbed surface layer with a higher 

dislocation content than in the original annealed material. Since the indentation modulus of the 

material is not altered appreciably by the presence of these dislocations, the main effect of this 

disturbed surface layer is seen in the form of an increase in the indentation yield strength (see 

Figure 2). Furthermore, the indentation yield strengths measured on the mechanically polished 

samples were found to result in a large scatter in the measured indentation yield strengths 

because of the inherent variability in the surface layer produced by this method of surface 

preparation. Note that in an electro-polished surface, this disturbed surface layer has been 
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removed. Therefore, the indentation measurements on the electro-polished surface are expected 

to reflect more closely the properties of the pristine material (without the artifacts from surface 

preparation). 

The above discussion underlines the importance of a high quality surface finish in 

obtaining reliable data from nanoindentation experiments, especially in the initial elastic loading 

segments. For metals, having a strain free surface is highly critical in order to get repeatable and 

reliable results from nanoindentation, which correspond to the properties of the pristine metal 

and not to the effects of the sample preparation techniques themselves. Both electro-polishing, 

where a certain thickness of the metal is removed to generate a strain-free flat surface, and vibro-

polishing using fine sized colloidal silica for a significant length of time (~ 24-48 hours), seem to 

fulfill these requirements.  

4. Effect of Surface Oxide Film on Indentation Stress-Strain Curves  

Most metal surfaces develop a thermodynamically stable oxide film on their surface that 

serves to protect them from further oxidation and corrosion. The elastic properties of such films 

are generally significantly different than that of the underlying metal. For example, tungsten 

oxide (modulus 250 GPa [30]) has a much lower modulus than that of tungsten metal (410 GPa 

[5, 32]), whereas the indentation modulus of Fe2O3 (~275 GPa [33]) is higher than that for Fe-

3%Si (208 GPa [21, 34]). Since the oxide layer is the first point of contact between the indenter 

tip and the sample, its effect on the indentation stress-strain curves must be examined carefully. 

Samples of tungsten and silver, with electro-polished surfaces, were chosen for this part 

of the study. For electro-polishing silver, a solution of sodium cyanide and potassium 

ferricyanide was used at -20oC with a graphite cathode at 2.5V for 1-2 min [28]. Tungsten is 

known to exhibit a 5-10 nm oxide layer on its surface [33, 35], while for the silver surface the 

oxide layer thickness is expected to be negligible, due to its significantly lower rate of oxide 

formation (free energy of formation of silver oxide at room temperature is very low ~10.7 kJ, 

compared to that of tungsten oxide ~480.6 kJ [36]). Note that the silver sample was indented 

immediately after electro-polishing to decrease the likelihood of any substantial oxide formation 

on its surface. Both samples were indented with a 13.5 μm spherical indenter and the results are 

shown in Figure 4 (a-d). Figure 4(a) shows the zero-point determination for each of the samples 

following the procedure described earlier in Section 2. As seen from Figures 4(b) and 4(c), the 

load and displacement signals had to be moved by 0.3 mN and 9.3 nm respectively for tungsten, 
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and by 0.04 mN and 7.5 nm respectively for silver to arrive at C2 – the point of effective initial 

contact dictated by Eq. (1). After these small shifts, the resulting load-displacement and 

indentation stress-strain curves (see Figure 4(d)) in the initial elastic loading segments were 

consistent with the trends predicted by Hertz’s theory for tungsten and silver. The Young’s 

moduli of tungsten and silver in the initial elastic segment were estimated to be 405 GPa and 97 

GPa, respectively. These values are in very good agreement with reported values in the literature 

from other testing methods [5, 32].     
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Figure 4. Effect of surface oxide film on indentation stress-strain curves. (a) Effective zero-point 
determination for electro-polished  samples of annealed W and annealed Ag. (b) The measured load-
displacement curves for W and (c) Ag showing the two different estimates of the zero-point: C1- zero 
point given by the machine and C2- effective zero point determined using our procedures [19]. The P* and 
h* values denote the shifts needed in the load and displacement signals with respect to C1 to arrive at C2. 
(d) The calculated indentation stress-strain plots after zero-point correction (using C2). 

 

The indentation measurements described above indicate that the influence of small 

surface oxide layers is largely reflected in the very early parts of the measured load-displacement 
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data. In particular, it is seen that deleting a slightly larger portion of the initial loading segment 

(see Figure 4a) brings the measured load-displacement data in excellent agreement with the 

predictions of the Hertz’s theory. This can be explained by the fact that the oxide layer in these 

experiments is significantly smaller than the elastic indentation depth. For example, in the 

indentation experiment on the tungsten sample, the elastic indentation depth (corresponding to 

the point representing indentation yield point) is 18.5nm.  The corresponding contact radius and 

the height of the idealized indentation zone (see Figure 1(d)) are 633 nm and 1520 nm, 

respectively.  These dimensions are significantly larger than the 5-10 nm oxide layer expected on 

this sample. Therefore, the data analysis methodologies described above are able to identify the 

regime in the initial loading segment that is consistent with Hertz’s theory (i.e. the regime in 

which the contribution from the oxide layer is negligibly small because the oxide layer 

constitutes a very small volume of the indentation zone). However, care should be exercised in 

measurements on surfaces with a larger oxide layer. The analysis procedures described here will 

help us assess, at least qualitatively, the role of the oxide layer. For any given thickness of the 

oxide layer, its effect on the indentation modulus is steadily decreasing with increasing 

indentation depth. Therefore, for small oxide layers it is still possible to extract the linear portion 

of the indentation stress-strain curve, as shown in Figure 4. However, if the thickness of the 

oxide layer is significant compared to the elastic indentation depth in the initial loading segment, 

then it would become very difficult to extract the linear portion of the indentation stress-strain 

curve using the analyses methods described here. In such situations, we need to either find a way 

to remove or reduce the surface layer or use an indenter with a bigger tip radius.        

5. Pop-ins in Nanoindentation  

When analyzing surface properties by nanoindentation, several researchers have reported 

the occurrence of the so called ‘pop-in’ events – when the indenter suddenly experiences an 

increase in penetration depth without any major increase in the applied indentation load (in a 

load controlled experiment). Observed initially by Gane and Bowden [37] during in-situ 

indentation inside the Scanning Electron Microscope (SEM) on electro-polished surfaces of Au, 

and by Pethica and Tabor [38] using electrical resistance measurements on Ni, the effect has 

since then been documented on several other metals and alloys [29, 30, 33, 39-51], intermetallics 

[52-54], and ceramics [55-59]. These pop-ins have been generally associated with the onset of 

plastic deformation [2] in the indentation experiment. That is, the short loading segment before 
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the pop-in is typically elastic in that any unloading prior to the pop-in does not leave any 

noticeable residual plastic deformation on the sample surface [58]. The magnitude of the stresses 

that produce this incipient plasticity in nano-scale contacts has been estimated to be close to the 

theoretical limit (G/2π [60], where G is the shear modulus) of the material [37, 40-43, 49, 61, 

62]. Note that elastic stresses of this magnitude are seldom achieved under macroscale testing 

conditions; only special cases such as single crystal metal whiskers, free of intrinsic defects, are 

known to demonstrate similar strengths under homogenous mechanical loading [63]. As such 

these pop-in events suggest that the stresses needed to initiate plasticity are very different from 

the orders of magnitude lower values suggested by Tresca or von Mises yield criteria. Note that 

the aforementioned pop-in events, which are traditionally associated with the elastic-plastic 

transition, have very different physical origins compared to the pop-ins reported for other 

mechanisms (e.g. cracks in brittle ceramics [25], shear bands in metallic glasses [64, 65], 

interactions between moving dislocation and solute atoms [66], phase transformations [67], or 

‘pop-outs’ during unloading Si [68]). 

It should also be noted that, these pop-ins and the associated elastic-plastic transitions 

have largely been investigated using sharp pyramidal indenters (e.g. Berkovich or cube corner 

indenters) [29, 30, 33, 37-44, 46, 48-51, 69]. It is well known that almost every sharp indenter 

has a blunt spherical region at its tip. However, the spherical radius of the tip influences the 

elastic response only up to a certain depth, after which the response is dominated by the trend 

expected from a sharp indenter [49, 70]. For example, a Berkovich tip radius of 50 nm influences 

elastic deformation only up to penetration depths of ~5 nm, after which the trend is that of a 

sharp Berkovich indenter [49]. This transition from spherical to sharp indentation makes it 

difficult to analyze these tests in terms of indentation stress-strain curves. In order to circumvent 

this problem, in this work, we have studied these phenomena using indenters of spherical 

geometry (of 1 and 13.5 μm radii) that facilitate easier interpretation in terms of indentation 

stress and indentation strain. 
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Figure 5. Nanoindentation of annealed and electro-polished Al: (a) load-displacement and (b) indentation 
stress-strain curves with 1 μm spherical indenter. Test #1 shows the staircase yielding phenomena with 
multiple pop-ins in annealed Al while Test #2 shows an elastic response when the test is stopped before 
the pop-in. (c) Load-displacement and (d) indentation stress-strain curves with a larger 13.5 μm spherical 
indenter. Note the stochastic occurrence of pop-ins with the larger indenter where Test #3 shows a typical 
measurement with a clearly discernable pop-in, while Test #4 shows a measurement where the pop-in 
event is not clearly identifiable. (e) Comparison of the indentation stress-strain curves measured with 1 
μm and 13.5 μm indenters. 
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Figure 6. Nanoindentation of annealed and electro-polished W: (a) load-displacement and (b) indentation 
stress-strain curves with a 1 μm spherical indenter. Test #1 shows the pop-in phenomena which occurs 
consistently with the smaller 1 μm indenter in annealed W while Test #2 shows an elastic response of the 
material when the test is stopped before the pop-in. (c) Load-displacement and (d) indentation stress-
strain curves with a larger 13.5 μm spherical indenter. As in Figure IV-5, the pop-ins are stochastic in 
their occurrence when the larger indenter is used. (e) Comparison of the indentation stress-strain curves 
measured with 1 μm and 13.5 μm indenters. 
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Figures 5 and 6 show the measured load-displacement and indentation stress-strain 

curves on electro-polished samples of annealed Al and annealed W, respectively. For each set of 

samples, data from four tests are shown in these figures. Tests #1 and #2 (corresponding to 

Figures 5(a), 5(b), 6(a) and 6(b)) were performed with a 1 μm radius spherical indenter. In Test 

#2, the sample was subjected to repeated multiple loading-unloading sequences while ensuring 

that the applied load was smaller than the load needed to produce a pop-in. The measurements 

from Test #2 for both samples clearly indicate that the indentation response was essentially 

elastic before the occurrence of the pop-in event. Tests #3 and #4 (corresponding to Figures 5(c), 

5(d), 6(c), and 6(d)) were conducted with a 13.5 μm radius spherical indenter.  As evident from 

these figures, the occurrence of the pop-in events with the larger 13.5 μm spherical indenter was 

more stochastic. For both samples, Test #3 depicts a typical measurement with a clearly 

discernable pop-in, while Test #4 depicts a measurement where the pop-in event is not clearly 

identifiable. The indentation stress-strain curves for the two different indenter radii are compared 

in Figures 5(e) and 6(e) for Al and W samples, respectively. It is generally seen that the 

indentation stress-strain curves obtained from the two different indenters are in very good 

agreement with each other. The main differences are that the smaller indenter consistently 

produces a pop-in and attains larger values of indentation strain, whereas the larger indenter 

produces a much smaller indentation strain but resolves more clearly the elastic-plastic transition 

experienced by the sample. The good agreement between indentation stress-strain curves 

measured by these two very different indenter sizes provides additional validation for the data 

analyses procedures used in this work. 

The following observations can be made from Figures 5 and 6. Pop-ins can be observed 

during indentation of both Al and W samples with both spherical indenters used in this study. In 

the indentation stress-strain curves these pop-ins are generally seen as strain bursts at a constant 

stress which is then followed by an unloading segment. Interestingly enough, several of the 

unloading segments caused by the pop-in events indicate an unloading modulus quite close to the 

initial loading modulus. This may imply that the sample is essentially experiencing elastic 

unloading during the pop-in event (see Figures 5(d), 6(b), and 6(d)). The big pop-in that is seen 

in Figure 5(b) appears to be the exception, and shows a strongly nonlinear unloading segment. 

However, one needs to carefully consider the machine dynamics and the data acquisition rates in 

arriving at any conclusions regarding the unloading slopes associated with pop-ins. Here, we 
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merely point out the fact that the unloading segments obtained in the measurements reported here 

generally appear to show a slope that is highly consistent with the loading modulus. This aspect 

deserves more focused attention in future work.    

An important feature of the unloading segments caused by the pop-ins in Figures 5(d) and 

6(d) is that the indentation stress-strain curves after the pop-in approach the indentation stress-

strain curves obtained on the sample without the pop-in event. This suggests that the pop-ins 

observed in the tests described here are caused by delayed activation of sources for plastic 

deformation, where the delayed initiation of plasticity extends the initial elastic regime. 

However, as soon as a good number of sources for plastic deformation get activated, the 

response is no different than the response obtained in the tests without the pop-in event. In other 

words, further loading after the pop-in event appears to completely wipe out the memory of the 

pop-in event; there is no effect on the indentation stress-strain curves at larger indentation 

strains. 

It should be noted here that the pop-ins were found to occur quite regularly with the 1 μm 

spherical indenter, but were much more stochastic with the larger indenter. This observation 

suggests that the delayed activation of plasticity described earlier has its origins in the lower 

length scales. It is also quite interesting to note that the indentation stress values before pop-in 

are as high as 1.85 GPa for Al (Figure 5b) and 16 GPa for W (Figure 6b) – values that are close 

to the theoretical shear strength for these metals.    

There is a significant body of literature available today that is dedicated towards better 

understanding of the physical origin of these pop-in events, and how they affect the elastic-

plastic transition. One of the explanations offered was that the breakup of the oxide layer on the 

sample surface results in the pop-in events [33, 57, 69]. However, this model is unable to explain 

the displacement bursts in noble metals such as Au, Pt and Ir [39, 43, 48] which do not have any 

oxide layer on the surface. Similarly our results on Ag samples (shown in Figure 7), which are 

not expected to have a significant oxide layer, also show pop-in events for both indenter sizes 

used in this study. The corresponding indentation stress-strain curves (Figure 7 (c)) are also quite 

similar to the curves presented earlier for Al and W samples. Moreover, the results presented 

later in this paper (Figures 8, 9 and 10), which show that the pop-ins in Al, W and Fe-3%Si 

samples disappear when the sample is subjected to some degree of cold-work, are also difficult 

to explain with the oxide breakup hypothesis. These observations are again consistent with those 
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of Gouldstone et al. [43] who show that the onset of pop-ins is essentially independent of the 

film thickness, and by Mann and Pethica [71, 72] who have reported pop-ins in W while the 

sample is kept immersed in acid (which would have dissolved the oxide layer).   
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Figure 7. Nanoindentation load-displacement curves measured in annealed and electro-polished Ag with 
(a) a 1 μm indenter and (b) a larger 13.5 μm indenter. Note that Ag, which is not expected to have a 
thermodynamically stable oxide layer on its surface, shows pop-ins for both these indenter sizes, as 
shown in the insets in (a) and (b). The corresponding comparison of the indentation stress-strain curves in 
(c) also shows a very good agreement. 

 

A second possible explanation for the pop-ins is that they are caused by delayed 

nucleation of dislocations in the sample under the indenter. From continuous stiffness 

measurements (CSM), Asif and Pethica [29] inferred that mobile dislocations do not exist in the 

indentation zone prior to the pop-in event. The activation of a dislocation source requires that a 

reasonable sized region of the sample is stressed to a high enough stress level (for example, to set 

up a Frank-Reed source, a region of approximately the size of dislocation spacing needs to be 

subjected to a high enough stress needed for continuous nucleation of dislocations) [29, 39]. 

When an annealed sample is indented with a small indenter, it is highly probable that the 

conditions needed for establishing a dislocation source [40, 43, 48, 49, 58, 73] are not met until a 
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critical combination of indentation load and indentation depth is attained (note that the size of the 

indentation zone scales with the indentation depth; see Figure 1(d)). With the larger indenter, the 

indentation zone is substantially bigger and therefore there is a much higher likelihood that the 

conditions for setting up dislocation sources are more easily attained at lower indentation depths 

and indentation loads. Consequently, the occurrence of pop-ins during indentation with the larger 

indenter can be expected to be much more stochastic compared to the indentation with the 

smaller indenter, as observed in this study. With an even larger indenter radius, the pop-ins 

should disappear completely. Indeed, it should be noted that pop-ins described here have never 

been reported with very large indenters. 
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Figure 8. Nanoindentation of 30% deformed W samples: multiple (a) load-displacement and (b) 
indentation stress-strain curves measured in deformed and electro-polished W using a 1 μm indenter. 
Note that the pop-ins, which occur regularly during indentation of an annealed sample with the smaller 1 
μm indenter (see Figure 6(b)), are no longer present once the sample is deformed. 

 

If the pop-ins are indeed caused by delayed activation of dislocation sources, then 

indentation measurements on cold-worked samples should show a lower propensity for the 

occurrence of pop-ins. This was verified in this study by conducting spherical indentation on 

samples of electro-polished W, previously deformed 30% in simple compression. The results 

from three typical measurements on this sample are presented in Figure 8.  A comparison of 

Figures 6(b) and 8(b) reveals that the indentation of the cold-worked sample using the 1 μm 

indenter does not produce the pop-ins, thereby supporting the notion that the pop-ins are indeed 

caused by delayed activation of  dislocation sources in the samples. In an effort to further 

validate this concept, we have also conducted indentations using the 13.5 μm spherical indenter 

on annealed and 30% deformed samples of Fe-3%Si.  The results from these investigations are 
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summarized in Figure 9. It is seen that the occurrence of pop-ins is stochastic in the indentations 

on the annealed sample (with the larger indenter), but are completely absent in the indentations 

on the 30% deformed sample.  

 

0

5

10

15

20

0 50 100 150
Displacement, nm

L
o

a
d

, 
m

N

0

5

10

15

20

0 50 100 150
Displacement, nm

L
o

a
d

, 
m

N

0

0.5

1

1.5

2

2.5

3

3.5

0 0.01 0.02 0.03 0.04
Indentation Strain

In
d

en
ta

ti
o

n
 S

tr
es

s,
 G

P
a

0

0.5

1

1.5

2

2.5

3

3.5

0 0.01 0.02 0.03 0.04
Indentation Strain

In
d

en
ta

ti
o

n
 S

tr
es

s,
 G

P
a

Test 1 (pop-in)
Test 2 
Test 3

Test 1 (pop-in)
Test 2 
Test 3

Test 4 
Test 5 
Test 6

Test 4 
Test 5 
Test 6

0

1

2

3

0 10 20 30

Pop-in Eeff=190GPa

Eeff=205 GPa

(a) (b)

(c) (d)
 

Figure 9. Nanoindentation of vibro-polished Fe-3%Si samples using the 13.5 μm indenter: multiple (a) 
load-displacement and (b) indentation stress-strain curves measured in annealed Fe-3%Si steel showing 
the stochastic occurrence of pop-ins with the larger 13.5 μm indenter where only Test #1 shows a pop-in 
event occurring in the annealed sample. When the Fe-3%Si sample is deformed to 30%, no pop-ins are 
visible in the (c) load-displacement or the (d) indentation stress-strain curves.   
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Figure 10.  Comparison between nanoindentation load-displacement and indentation stress-strain 
response in mechanically polished and electro-polished samples of (a) annealed Al and (b) annealed W, 
measured using a 1 μm spherical indenter. Rough mechanical polishing introduces a layer of high 
dislocation density near the top surface of the metal which results in a decreased propensity of pop-ins on 
this surface. In an electro-polished surface, where this disturbed surface layer has been removed, pop-ins 
occur regularly with the smaller 1 μm indenter. 
 

In Section 2, we had emphasized the importance of surface preparation in obtaining 

reliable measurements from nanoindentation. In particular, we noted that rough mechanical 

polishing disturbs the surface layer substantially and increases the dislocation density content in 

the top surface layer in the sample. Based on the discussion above, it stands to reason that the 

propensity for pop-ins should be reduced even in the indentation of annealed mechanically 

polished samples with the 1 m spherical indenter. Figure 10 summarizes the results of 

indentation measurements on mechanically polished and electro-polished samples of Al and W 

using the 1 m spherical indenter.  As hypothesized, the pop-ins are not present in the 

indentation stress-strain curves obtained on the (rough) mechanically polished samples. 

Furthermore, these results demonstrate once again the importance of surface preparation on 

obtaining reliable indentation stress-strain curves using the methods described in this work. Of 
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particular significance is the observation that the effect of rough mechanical polishing can be 

seen in the indentation stress-strain curves even up to large indentation strains (see Figures 10(a) 

and 10(b)). 

6. Conclusions  

In this work, we have critically examined the role of surface preparation on the indenton 

stress-strain curves extracted using our newly developed data analyses procedures on raw data 

obtained in spherical nanoindentation experiments. Rough mechanical polishing of a metal 

sample was found to leave a disturbed layer of higher dislocation density on the surface which 

resulted in higher and inconsistent indentation yield strengths. On the other hand, the indentation 

stress-strain curves for both electropolished and vibro-polished metal surfaces were found to be 

excellent agreement with each other, and representative of the pristine material free of any 

sample preparation artifacts. Thus we recommend electropolishing or vibro-polishing of metal 

surfaces, especially when extracting material properties from the initial loading segment in 

nanoindentation. Most metals also contain a 5-10 nm oxide layer on its surface. In most cases, 

our data analysis procedures make it possible to identify an effective zero point that corresponds 

to the metal underneath, thus neglecting the effects of this thin oxide layer on nanoindentation 

stress-strain curves. We have also investigated the origin of the ‘pop-in’ or the displacement 

burst phenomena in metallic samples with the help of the indentation stress-strain curves. In a 

series of experiments on different annealed and cold-worked samples with two different indenter 

sizes, we confirmed that these pop-in events are caused by a delayed nucleation of dislocations in 

the sample under the indenter. Our observations regarding the stochastic nature of the pop-ins for 

larger indenter sizes on annealed metal surfaces and the absence of pop-ins in samples that have 

been cold-worked (and hence have higher dislocation density than annealed samples) support 

this hypothesis. These results emphasize once again the tremendous utility of the indentation 

stress-strain curves in the analysis of spherical nanoindentation experiments.   

Acknowledgements  

This work was supported by the National Science Foundation through grant number 

DMR-0303395. The MTS XP® System used in this study is maintained and operated by the 

Centralized Research Facilities in the College of Engineering at Drexel University. S. P. also 



 Publication C - 102 - 

wishes to acknowledge the support from the Sigma Xi Grants-in-Aid of Research (GIAR) 

program for this work. 

References  

[1] Tabor D. The Hardness of Metals: Oxford University Press, 1951. 
[2] Schuh CA. Nanoindentation studies of materials. Materials Today 2006;9:32. 
[3] Fischer-Cripps AC. Review of analysis methods for sub-micron indentation testing. Vacuum 
2000;58:569. 
[4] Fischer-Cripps AC. Nanoindentation: Springer, 2004. 
[5] Oliver WC, Pharr GM. Improved technique for determining hardness and elastic modulus 
using load and displacement sensing indentation experiments. Journal of Materials Research 
1992;7:1564. 
[6] Oliver WC, Pharr GM. Measurement of hardness and elastic modulus by instrumented 
indentation: Advances in understanding and refinements to methodology. Journal of Materials 
Research 2004;19:3. 
[7] Pharr GM, Bolshakov A. Understanding nanoindentation unloading curves. Journal of 
Materials Research Oct 2002;17:2260. 
[8] Basu S, Moseson A, Barsoum MW. On the determination of spherical nanoindentation 
stress–strain curves. Journal of Materials Research 2006;21:2628. 
[9] Field JS, Swain MV. A simple predictive model for spherical indentation. Journal of 
Materials Research 1993;8:297. 
[10] Field JS, Swain MV. Determining the mechanical properties of small volumes of material 
from submicrometer spherical indentations. Journal of Materials Research 1995;10:101. 
[11] Swain MV. Mechanical property characterization of small volumes of brittle materials with 
spherical tipped indenters. Materials Science & Engineering A: Structural Materials: Properties, 
Microstructure and Processing 1998;253:160. 
[12] Murugaiah A, Barsoum MW, Kalidindi SR, Zhen T. Spherical Nanoindentations and Kink 
Bands in Ti3SiC2. Journal of Materials Research 2004;19:1139. 
[13] He LH, Fujisawa N, Swain MV. Elastic modulus and stress-strain response of human 
enamel by nano-indentation. Biomaterials 2006;27:4388. 
[14] Taljat B, Zacharia T, Kosel F. New analytical procedure to determine stress-strain curve 
from spherical indentation data. International Journal of Solids and Structures 1998;35:4411. 
[15] Beghini M, Bertini L, Fontanari V. Evaluation of the stress-strain curve of metallic 
materials by spherical indentation. International Journal of Solids and Structures 2006;43:2441. 
[16] Michler J, Stauss S, Schwaller P, Bucaille J-L, Felder E. Determining the stress-strain 
behavior at micro- and nanometer scales by coupling nanoindentation to numerical simulation. 
EMPA (Swiss Federal Laboratories for Materials Testing and Research) Publication 2002:6. 
[17] Stauss S, Schwaller P, Bucaille JL, Rabe R, Rohr L, Michler J, Blank E. Determining the 
stress-strain behaviour of small devices by nanoindentation in combination with inverse 
methods. Proceedings of the 28th International Conference on MNE, vol. 67-68. Lugano, 
Switzerland: Elsevier, 2003. p.818. 
[18] Pelletier H. Predictive model to estimate the stress-strain curves of bulk metals using 
nanoindentation. Tribology International 2006;39:593. 
[19] Kalidindi SR, Pathak S. Determination of the effective zero-point and the extraction of 
spherical nanoindentation stress–strain curves. Acta Materialia 2008;56:3523. 



 Publication C - 103 - 

[20] Pathak S, Kalidindi SR, Klemenz C, Orlovskaya N. Analyzing indentation stress-strain 
response of LaGaO3 single crystals using spherical indenters. Journal of the European Ceramic 
Society 2008;28:2213. 
[21] Pathak S, Stojakovic D, Doherty R, Kalidindi SR. Importance of Surface Preparation on the 
Nano-Indentation Stress-Strain Curves Measured in Metals. Journal of Materials Research - 
Focus Issue on Indentation Methods in Advanced Materials Research 2009;24:1142. 
[22] Hertz H. Miscellaneous Papers. New York: MacMillan and Co. Ltd., 1896. 
[23] Love AEH. Boussinesq's problem for a rigid cone. J. Math 1939;10:161. 
[24] Mencik J, Swain MV. Errors associated with depth-sensing microindentation tests. Journal 
of Materials Research 1995;10:1491. 
[25] Pathak S, Kalidindi SR, Moser B, Klemenz C, Orlovskaya N. Analyzing indentation 
behavior of LaGaO3 single crystals using sharp indenters. Journal of the European Ceramic 
Society 2008;28:2039. 
[26] Barsoum MW, Zhen T, Kalidindi SR, Radovic M, Murugaiah A. Fully reversible, 
dislocation-based compressive deformation of Ti 3SiC2 to 1 GPa. Nature Materials 2003;2:107. 
[27] Petzow G. Metallographic Etching: Techniques for Metallotraphy, Ceramography, 
Plastography ASM International, 1999. 
[28] ASM Handbook: Volume 9: Metallography And Microstructures: ASM International 2004. 
[29] Syed Asif SA, Pethica JB. Nanoindentation creep of single-crystal tungsten and gallium 
arsenide. Philosophical Magazine A (Physics of Condensed Matter: Structure, Defects and 
Mechanical Properties) 1997;76:1105. 
[30] Bahr DF, Kramer DE, Gerberich WW. Non-linear deformation mechanisms during 
nanoindentation. Acta Materialia 1998;46:3605. 
[31] Hill NA, Jones JWS. The crystallographic dependence of low load indentation hardness in 
beryllium. Journal of Nuclear Materials 1961;3:137. 
[32] Simmons G, Wang H. Single Crystal Elastic Constants and Calculated Aggregate 
Properties. Boston, MA: The MIT Press, 1971. 
[33] Venkataraman SK, Kohlstedt DL, Gerberich WW. Continuous microindentation of 
passivating surfaces. Journal of Materials Research 1993;8:685. 
[34] Vlassak JJ, Nix WD. Indentation modulus of elastically anisotropic half spaces. 
Philosophical Magazine A (Physics of Condensed Matter, Defects and Mechanical Properties) 
1993;67:1045. 
[35] Timoshenko SP, Goodier JN. Theory of Elasticity: McGraw Hill Higher Education, 1970. 
[36] Smithells Metals Reference Book: Butterworth-Heinemann, 2004. 
[37] Gane N, Bowden FP. Microdeformation of solids. Journal of Applied Physics 
1968;39:1432. 
[38] Pethica JB, Tabor D. Contact of characterised metal surfaces at very low loads: deformation 
and adhesion. Surface Science 1979;89:182. 
[39] Corcoran SG, Colton RJ, Lilleodden ET, Gerberich WW. Anomalous plastic deformation at 
surfaces: nanoindentation of gold single crystals. Physical Review B (Condensed Matter) 
1997;55:16057. 
[40] Gerberich WW, Nelson JC, Lilleodden ET, Anderson P, Wyrobek JT. Indentation induced 
dislocation nucleation: the initial yield point. Acta Materialia 1996;44:3585. 
[41] Gerberich WW, Venkataraman S, Nelson J, Huang H, Lilleodden E, Bonin W. Yield point 
phenomena and dislocation velocities underneath indentations into BCC crystals. Boston, MA, 
USA: Mater. Res. Soc, 1995. p.629. 



 Publication C - 104 - 

[42] Gerberich WW, Venkataraman SK, Huang H, Harvey SE, Kohlstedt DL. Injection of 
plasticity by millinewton contacts. Acta Metallurgica et Materialia 1995;43:1569. 
[43] Gouldstone A, Koh HJ, Zeng KY, Giannakopoulos AE, Suresh S. Discrete and continuous 
deformation during nanoindentation of thin films. Acta Materialia 2000;48:2277. 
[44] Harvey S, Huang H, Venkataraman S, Gerberich WW. Microscopy and microindentation 
mechanics of single crystal Fe-3 wt.%Si: Part I. Atomic force microscopy of a small indentation. 
Journal of Materials Research 1993;8:1291. 
[45] Lilleodden ET, Bonin W, Nelson J, Wyrobek JT, Gerberich WW. In situ imaging of μN 
load indents into GaAs. Journal of Materials Research 1995;10:2162. 
[46] Mann AB, Pethica JB, Nix WD, Tomiya S. Nanoindentation of epitaxial films: a study of 
pop-in events. Proceedings of the 1994 Fall Meeting of MRS, vol. 356. Boston, MA, USA: 
Mater. Res. Soc., 1994. p.271. 
[47] Maugis D, Desalos-Andarelli G, Heurtel A, Courtel R. Adhesion and Friction on Al Thin 
Foils Related to Observed Dislocation Density. ASLE Transactions 1978;21:1. 
[48] Michalske TA, Houston JE. Dislocation nucleation at nano-scale mechanical contacts. Acta 
Materialia 1998;46:391. 
[49] Suresh S, Nieh TG, Choi BW. Nano-indentation of copper thin films on silicon substrates. 
Scripta Materialia 1999;41:951. 
[50] Tangyunyong P, Thomas RC, Houston JE, Michalske TA, Crooks RM, Howard AJ. 
Nanometer-scale mechanics of gold films. Physical Review Letters 1993;71:3319. 
[51] Wu TW, Hwang C, Lo J, Alexopoulos P. Microhardness and microstructure of ion-beam-
sputtered, nitrogen-doped NiFe films. Thin Solid Films 1988;166:299. 
[52] Chiu YL, Ngan AHW. Time-dependent characteristics of incipient plasticity in 
nanoindentation of a Ni3Al single crystal. Acta Materialia 2002;50:1599. 
[53] Chiu YL, Ngan AHW. A TEM investigation on indentation plastic zones in Ni3Al(Cr,B) 
single crystals. Acta Materialia 2002;50:2677. 
[54] Wang W, Jiang CB, Lu K. Deformation behavior of Ni3Al single crystals during 
nanoindentation. Acta Materialia 2003;51:6169. 
[55] Gaillard Y, Tromas C, Woirgard J. Study of the dislocation structure involved in a 
nanoindentation test by atomic force microscopy and controlled chemical etching. Acta 
Materialia 2003;51:1059. 
[56] Page TF, Oliver WC, McHargue CJ. The deformation behavior of ceramic crystals 
subjected to very low load (nano)indentations. Journal of Materials Research 1992;7:450. 
[57] Pethica JB, Oliver WC. Tip surface interactions in STM and AFM. 7th General Conference 
of the Condensed Matter Division of the European Physical Society, vol. T19A. Pisa, Italy: Phys. 
Scr. Vol. T (Sweden), 1987. p.61. 
[58] Schuh CA, Lund AC. Application of nucleation theory to the rate dependence of incipient 
plasticity during nanoindentation. Journal of Materials Research 2004;19:2152. 
[59] Xiaotong W, Padture NP. Shear strength of ceramics. Journal of Materials Science 
2004;39:1891. 
[60] Courtney TH. Mechanical Behavior of Materials McGraw-Hill Science / Engineering / 
Math, 1999. 
[61] Giannakopoulos AE, Suresh S. Determination of elastoplastic properties by instrumented 
sharp indentation. Scripta Materialia 1999;40:1191. 
[62] Thomas RC, Houston JE, Michalske TA, Crooks RM. Mechanical response of gold 
substrates passivated by self-assembling monolayer films. Science 1993;259:1883. 



 Publication C - 105 - 

[63] Kelly A, Macmillan NH. Strong solids. Third edition: Clarendon Press, 1986. 
[64] Schuh CA, Nieh TG. A nanoindentation study of serrated flow in bulk metallic glasses. Acta 
Materialia 2003;51:87. 
[65] Moser B, Kuebler J, Meinhard H, Muster W, Michler J. Observation of instabilities during 
plastic deformation by in-situ SEM indentation experiments. Advanced Engineering Materials 
2005;7:388. 
[66] Berces G, Chinh NQ, Juhasz A, Lendvai J. Occurrence of plastic instabilities in dynamic 
microhardness testing. Journal of Materials Research 1998;13:1411. 
[67] Chrobak D, Nordlund K, Nowak R. Nondislocation origin of GaAs nanoindentation pop-in 
event. Physical Review Letters 2007;98:045502. 
[68] Domnich V, Gogotsi Y, Dub S. Effect of phase transformations on the shape of the 
unloading curve in the nanoindentation of silicon. Applied Physics Letters 2000;76:2214. 
[69] Bahr DF, Nelson JC, Tymiak NI, Gerberich WW. The mechanical behaviour of a 
passivating surface under potentiostatic control. Journal of Materials Research 1997;12:3345. 
[70] Larsson PL, Giannakopoulos AE, Soderlund E, Rowcliffe DJ, Vestergaard R. Analysis of 
Berkovich indentation. International Journal of Solids and Structures 1996;33:221. 
[71] Mann AB, Pethica JB. Role of atomic size asperities in the mechanical deformation of 
nanocontacts. Applied Physics Letters 1996;69:907. 
[72] Mann AB, Pethica JB. Proceedings of the 1996 MRS Spring Meeting. Thin Films: Stresses 
and Mechanical Properties VI, vol. 436. San Francisco, CA, USA: Mater. Res. Soc., 1996. p.534. 
[73] Bahr DF, Watkins CM, Kramer DE, Gerberich WW. Yield point phenomena during 
indentation. Proceedings of the 1998 MRS Spring Symposium, vol. 522. San Francisco, CA, 
USA: Mater. Res. Soc., 1998. p.83. 
 
  
 



 Publication D - 106 - 

Publication D. Measurement of the Local Mechanical 

Properties in Polycrystalline Samples Using Spherical Nano-

Indentation and Orientation Imaging Microscopy 

Siddhartha Pathak, Dejan Stojakovic, and Surya R. Kalidindi 

Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19104 

 

Acta Materialia. v 57, n 10, June 2009, pg 3020-3028. 

 

Abstract 

This paper describes the development of novel experimental protocols and data analysis 

procedures for extracting meaningful indentation stress-strain curves from spherical nano-

indentation on polycrystalline samples, and correlating these measurements to the local crystal 

lattice orientation measured by orientation imaging microscopy (OIM) at the indentation site. In 

particular, we demonstrate that it is possible to estimate the percentage increases in the local slip 

resistance in deformed samples of polycrystalline cubic metals from their fully annealed 

condition. These novel procedures are demonstrated on Fe-3%Si samples in the as-cast, 30% 

deformed, and 80% deformed conditions. 
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1. Introduction 

Nanoindentation [1, 2], with its high resolution load and depth sensing capabilities, is 

being used increasingly to characterize the local mechanical behavior at ever-decreasing scales 

of interest in a broad range of materials systems with heterogeneous microstructures. This 

technique has been traditionally used for characterizing the local hardness [3] using sharp 

indenters [4, 5]. However, our recent work [6, 7] has demonstrated the tremendous potential to 

transform the raw load-displacement data obtained using spherical indenters into meaningful 

indentation stress-strain curves. These newly developed indentation data analyses methods have 

captured successfully the local loading and unloading elastic moduli, the local indentation yield 

strengths, and certain aspects of post-yield strain hardening behavior in polycrystalline aluminum 

and tungsten samples [6, 8]. They have also been found to be very useful in identifying and 

explaining several of the surface preparation artifacts typically encountered in the 

nanoindentation measurements [9]. Because the length scales in nanoindentation are smaller than 

the typical crystallite (also called grain) sizes in polycrystalline samples, this technique is an 

ideal tool for detailed characterization of the microscale heterogeneities present in these 

materials and their evolution during various metal shaping/working operations. 

In this paper, we report on the development and validation of the nanoindentation data 

analyses procedures with the specific aim of characterizing the local indentation yield strengths 

in individual grains of deformed polycrystalline metallic samples and relating them to increases 

in the local slip resistances. Our focus in this paper will be on cubic metals. It is well known that 

metals harden significantly with the imposition of plastic strain (especially when deformed at 

low homologous temperatures; also called cold-working). However, as a result of the grain-scale 

heterogeneity in their microstructures, the individual grains do not harden equally. In spite of 

some reported experimental and modeling studies to understand the development of deformed 

microstructures in polycrystalline cubic metals [10-13], there remains a critical need for the 

development of novel methods to characterize the local changes in the yield strength in the 

individual grains of a polycrystalline metallic sample as a function of the macroscale plastic 

deformation imposed on the sample. Nanoindentation offers tremendous promise for addressing 

this critical need. However, it requires development and validation of the data analyses methods 

that account rigorously for the inherent dependence of the indentation yield strength on the local 

crystal lattice orientation. For example, it is fully expected that the indentation yield strength will 
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vary significantly from one crystal orientation to another, even in fully annealed samples where 

there are no major differences in the dislocation content of the differently oriented grains. This is 

because the plastic deformation imposed by the indenter needs to be accommodated locally at the 

indentation site by slip activity on the available slip systems, whose orientation and activation 

are strongly dependent on the local crystal lattice orientation with respect to the indentation 

direction. Therefore, a rigorous methodology is needed to account for the effect of the crystal 

lattice orientation on the indentation yield strength so that we can reliably establish the 

contribution to the indentation yield strength from the dislocation content at the indentation site. 

If we can successfully decouple the effects of orientation from the effects of the increased 

dislocation density on the local measurements of indentation yield strength, it should be possible 

to estimate the local percentage increase in the average slip resistance at the indentation site.  

One of the challenges arises from the fact that the mechanical response of individual 

grains is inherently anisotropic, whereas almost all nanoindentation data analyses methods are 

built on Hertz’s theory [14] that assumes an isotropic elastic material behavior. As shown in this 

paper, the indentation response of Fe-3%Si steel can be adequately captured by using a modified 

form of Hertz’s analyses for elastically anisotropic cubic materials, originally proposed by 

Vlassak and Nix [15, 16]. It is also important to recognize that it is necessary to extract the local 

indentation yield strength from an analysis of the initial loading segment in the indentation 

experiment, because the indentation itself will alter the local microstructure and its properties 

once it imposes additional local plastic deformation. 

It will be shown in this paper that the average increase in the local slip resistance at the 

indentation site in the deformed polycrystalline microstructures can be characterized by 

combining the capabilities of spherical nanoindentation and Orientation Imaging Microscopy 

(OIM) (this basic idea was briefly introduced in a prior study from our research group [17]). 

OIM is based on automated indexing of back-scattered electron diffraction patterns (obtained 

using a scanning electron microscope) and has a spatial resolution of less than a micron.  

2. Materials and Methods 

Polycrystalline samples of Fe-3%Si steel, which is known to exhibit substantial elastic 

anisotropy (A = 2.84) and plastic anisotropy at the scale of individual grains, were used in this 

study. The samples were sectioned by electric discharge machining (EDM) from the chill zone of 

a directionally solidified electrical steel ingot. These samples were chosen because they 
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exhibited extremely large grains (of the order of few millimeters in effective grain size). The 

large grains significantly reduce the chances for the existence of a grain boundary just below the 

surface at the indentation site, especially when the indentations are performed in the central parts 

of large grains. It should be noted that the OIM technique probes essentially the top surface of 

the samples, and is therefore unable to detect sub-surface details of the microstructure. Some of 

the samples were given a 30% reduction in simple compression to produce a moderately 

deformed microstructure. Some other samples were subjected to 80% reduction in plane strain 

compression to produce a heavily deformed microstructure. Both of these deformations were 

applied at room temperature using an Instron (Frame 1127R) screw driven testing machine. 

During these deformations, all contact surfaces between the sample and the dies were lubricated 

with the graphite based grease and a 0.1 mm thick layer of Teflon sheet.  

The samples (as-cast as well as deformed) were first prepared for OIM using a Buehler 

grinding and polishing machine. After grinding by Si-C papers, 3 and 1 micron diamond 

suspensions were used for polishing the samples in conjunction with several intermediate etches 

by Nital (5% volume mixture of nitric acid in ethanol). The samples were subsequently polished 

using 0.05 micron colloidal silica. The final step included vibratory polishing with 0.02 micron 

colloidal silica on a Buehler vibratory polisher for several (2-4) days. Note that a high-quality 

final surface finish is absolutely essential for both the OIM measurements and the subsequent 

indentation experiments. Whenever this detailed sample preparation protocol was not followed 

carefully, we often observed that the measurements were prone to large errors. This problem has 

been discussed in detail in our recent publication [9]. It is reiterated here that the final surface 

preparation step with the vibratory polisher for a few days is of utmost importance, as it 

produced a smooth surface, comparable to electropolishing, that appears to be free of any 

additional strain due to the sample preparation techniques themselves [18].  

Nanoindentations were carried out using a nanoindenter (MTS XP® System equipped 

with the Continuous Stiffness Measurement (CSM) attachment) with a 13.5 µm radius spherical 

diamond tip. The tests were carried out under load control to peak displacements of 150 nm in all 

samples. The nanoindentation test points were chosen at the middle of the individual grains, well 

away from the grain boundaries, in order to mitigate any influence of the grain boundaries on the 

test results.  



 Publication D - 110 - 

3. Data Analyses Methods for Spherical Indentation  

Transforming the measured load-displacement data in spherical nanoindentation into 

indentation stress-strain curves allows a more transparent and efficient way of analyzing the 

local material behavior. These indentation stress-strain curves allow a better identification of the 

different stages of material behavior under contact loading, particularly during the loading 

segment of the indentation process. Our recent reports illustrate how the indentation stress-strain 

curves can be used to capture a wealth of information about the material including the elastic 

moduli measured in loading and unloading segments [6-8], the elastic limit (which can be 

identified as yielding in metallic samples [6, 8, 9] or buckling in a high aspect ratio material like 

carbon nanotubes [19]), different aspects of the post-elastic behavior [6, 8], as well as identifying 

and explaining several of the surface preparation artifacts typically encountered in 

nanoindentation measurements [9].  

Our analyses procedures are detailed in Ref. [6] and can be briefly summarized as a two-

step procedure. The first step in the analysis process is an accurate estimation of the point of 

effective initial contact in the given data set, i.e. a clear identification of a zero-point that makes 

the measurements in the initial elastic loading segment consistent with the predictions of Hertz’s 

theory [2, 14, 20]. As shown in Ref. [6], the zero point can be conveniently determined using the 

following equation for the initial elastic segment in a frictionless, spherical indentation:  
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, and S are the measured load signal, the measured displacement signal, and the 

continuous stiffness measurement (CSM) signal in the initial elastic loading segment from the 

machine, respectively, and *P  and *h  denote the values of the load and displacement values at 

the point of effective initial contact. Rearrangement of Eq. (1) reveals that a plot of ehSP
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against S will produce a linear relationship whose slope is equal to *
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h and the y-intercept is 

equal to *P . A linear regression analysis can then be performed to identify the point of the 

effective initial contact ( *P and 
*h ) very accurately.   
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Figure 1. (a) Schematic of a spherical indentation showing the primary zone of indentation. (b) The 
identification of the effective zero-point following the linear regression analysis method described in [6]. 
The measured (c) load-displacement curve and the extracted (d) indentation stress-strain curves for Fe-
3%Si steel are shown here using two different estimates of the zero-point. The use of the zero-point 
established by the machine (C1) results in an unexplainable spike in the initial elastic loading portion of 
the curve. When the effective zero point (C2) is determined using [6], much better indentation stress-strain 
curves are obtained. (d) also shows the back-extrapolation method used to estimate the indentation yield 
strength. 

 

Next, the values of indentation stress and strain can be calculated by recasting Hertz 

theory for frictionless, elastic, spherical indentation as  
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where ind  and ind  are the indentation stress and indentation strain, a is the radius of the contact 

boundary at the indentation load P, he is the elastic indentation depth, S (= dP/dhe) is the elastic 

stiffness described earlier, Reff and Eeff are the effective radius and the effective stiffness of the 



 Publication D - 112 - 

indenter and the specimen system,   and E are the Poisson’s ratio and the Young’s modulus, 

and the subscripts s and i refer to the specimen and the indenter, respectively (see also Fig. 1(a)). 

Hertz’s theory (expressed here as Eqs. (1) and (2)) addressed only the elastic indentation 

of an isotropic sample. However, in practice, the elastic response of the sample at the typical 

length scale of nanoindentation is often inherently anisotropic, especially in polycrystalline 

metals where the indents are much smaller than the typical grain sizes. Several researchers have 

employed grossly simplified treatments of anisotropy in the analyses of the nanoindentation data 

(for example, the use of effective isotropic elastic properties [21] or the use of elastic modulus in 

the direction of indentation [22]). More recently, Vlassak and Nix [15, 16, 23, 24] have provided 

a much more rigorous treatment of the theory of the elastic indentation of anisotropic samples. 

These authors suggest that Eq. (2) can be used for elastic indentation of cubic crystals, provided 

an anisotropy parameter,  , is appropriately introduced into the definition of the effective 

indentation modulus. In particular, they suggest that Eq. (2) be modified as  
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where sE  and s  denote the effective values of Young’s modulus and Poisson’s ratio, 

respectively, for a randomly textured polycrystalline aggregate of crystals with the same elastic 

properties as the single crystal being studied [15, 16]. For cubic crystals, the value of   depends 

strongly on the crystal lattice orientation and the degree of cubic elastic anisotropy. The elastic 

anisotropy of a cubic crystal is usually defined by  1211442 CCCA  , where 11C , 12C , and 44C  

denote the cubic elastic constants used to define the crystal elastic stiffness in its own reference 

frame. The values of the parameter   have been analytically computed and validated for a few 

special (symmetric) lattice orientations. Based on the values reported by Vlassak and Nix [15, 

16], the values of   should be in the range of 0.9 to 1.1 for Fe-3%Si crystals (for which A = 

2.84) of different orientations. In the present study, we have performed indentations on a broad 

range of crystal orientations in Fe-3%Si, and validated the linear relationship between the 

indentation stress and the indentation strain (defined in Eq. (1) and modified by the introduction 

of    in Eq. (3)) in the elastic loading regime, as well as the values of   predicted by Vlassak 

and Nix [15]. 

The following points need to be noted when using Eqs. (1)-(3): 
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(i) The use of Eq. (1) is made possible due to the CSM option in the MTS Nanoindenter 

XP®, which provides the S signal as an independent measurement. When using an 

indentation machine without the CSM option, a different procedure needs to be followed, 

which is detailed in Ref. [8]. 

(ii) *P and 
*h values, as obtained from the nanoindenter machine,  are not necessarily zero. 

In other words, the accuracy of the zero-point established by the software using its 

default approach is often inadequate [25-33].  This assumes special significance in the 

present work since it is necessary to extract the local indentation yield strength from an 

analysis of the initial loading segment in the indentation experiment; because the 

indentation itself will alter the local microstructure of the metal and its properties once it 

imposes additional local plastic deformation. The gravity of the problem is immediately 

evident when one considers the range of reported errors in the zero-point measurement in 

nanoindentation (anywhere from ±2 nm [33] to ±30 nm [34]) compared to the typical 

elastic loading depth in spherical nanoindentation (20-40 nm [6, 8]). This point is further 

illustrated in Figures 1 (b) and (c). The regression analysis performed on a typical dataset 

to identify the effective point of initial contact is shown in Figure 1(b). The points of 

initial contact as identified the by default procedure in the MTS software (C1) and by our 

analysis described earlier (C2) for this dataset are displayed in Figure 1(c). It was noted 

that the load signal had to be moved by about 0.09 mN and the displacement signal by 

about 4.8 nm with respect to C1 to arrive at C2. After this small shift, the corrected load-

displacement curve in the initial elastic loading segment was found to be in excellent 

agreement with Hertz’s theory (as presented in Eqs. (1) and (2)). Note that te hh   and 

ieff RR   in this relatively short initial loading segment, and it is fairly straightforward to 

estimate a value of Eeff  by fitting the corrected load-displacement curve to Eq. (2).  

(iii) Eq. (1) identifies an “effective” point of initial contact – the values of *P and 
*h  relate to 

a virtual flat surface free from any sample preparation artifact, like surface roughness. 

More importantly, it also allows us to de-emphasize the oxide layer routinely present on 

the steel samples used in this study.  

(iv) A further major advantage of the approach outlined in Eq. (1) is the fact that this method 

does not warrant any prior knowledge of the values of Reff and Eeff.. This is the main 
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reason we are able to simply extend the procedure we used previously for elastically 

isotropic materials to the elastically anisotropic materials studied here. 

(v) As a final note, it is pointed out that the indentation strain definition used in Eq. (2) is 

substantially different from the effRa definition used in many prior studies [35-39].  This 

new definition of indentation strain has been validated many recent studies [6-9, 19] 

using both numerical simulations and direct experimental measurements. Briefly, it is 

pointed out here that effRa , or the more commonly used iRa (because of the difficulties 

in measuring effR ), lacks any reasonable physical interpretation as a strain measure 

(classically defined as the ratio of change in length over the initial length of a selected 

line segment in a region of interest in the sample). The new definition of indentation 

strain presented in Eq. (1) is tantamount to idealizing the primary zone of indentation 

deformation as shown in Fig. 1(a). The indentation is idealized here as being equivalent 

(in an average sense) to compressing by he (same as the total indentation depth, ht, for a 

purely elastic indentation) a cylindrical region of radius a and height 2.4a. These 

observations have led us to propose the use of 
a

ht

4.2
 as the definition of indentation strain, 

when generalized for elastic-plastic indentations [6-9, 19].  

The indentation stress-strain curve for the selected data set, computed using the 

procedures described above, is shown in Figure 1(d). It is seen that the data analyses procedures 

described here produce a much better description of the initial loading segment (i.e. no spikes in 

the initial loading segment). In particular, for the data set shown, the value of effE  was estimated 

to be 203 GPa. This is in excellent agreement with the theory presented by Vlassak and Nix [15], 

which predicts that this value should be in the range of 170-204 GPa for Fe-3%Si (A = 2.84) 

depending on the crystal lattice orientation at the indentation site. Results for specific crystal 

orientations will be presented and discussed in the next section. The value of the indentation 

yield strength, indY , is established in this work using a back-extrapolation method, as shown in 

Figure 1(d).  
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Figure 2. a) OIM scan and (b) inversed pole figure map obtained on a sample of annealed and polished 
Fe-3%Si showing a wide range of grain orientations. The measured stress strain curves on Grain #1 and 
Grain #2, shown in (c) and (d) respectively, demonstrate the consistency of the nanoindentation 
measurements. 

 

Note that the calculation of indY  using the above back-extrapolation method is crucial in 

determining the onset of plastic deformation in a bulk region of the sample – a region in which 

the indentation zone size (see Figure 1(a)) is larger than the dislocation length scales in the 

sample (e.g. spacing of dislocations, dislocation cell size). If this condition is not met, as it 

happens when indenting an annealed metallic sample with a small indenter – displacement bursts 

or ‘pop-ins’ are observed. These pop-ins can be attributed to the difficulty of activation of a 

dislocation source in the material in the primary indentation zone. This issue has been discussed 

in detail in our recent report [9]. Note that the extremely high stresses at pop-in are an artifact of 

the interplay between the indentation zone and the average defect density of the sample, and as 

such are not representative of the yield strength of the bulk material. Pop-ins can be avoided by 

the use of indenters with large radii, where the indentation zones are substantially larger than the 

average dislocation spacing. The use of the 13.5 µm radius spherical indenter in this work thus 
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helps to minimize the propensity of pop-ins in the Fe-3%Si samples studied here. In some tests 

that still show pop-ins (as seen in Figures 2 (a) and (b)), the back extrapolation method helps to 

estimate a global indY  value, instead of the pop-in stress.   

4. Results and Discussion 

As described earlier, an as-cast polycrystalline sample of Fe-3%Si steel with very large 

grains was used in this study.  The OIM scan obtained on this sample is shown in Figure 2(a). 

The grain orientations are color-coded to reflect their positions in the inverse pole figure map 

provided in Figure 2(b). For example, the grains that have a (001) crystallographic plane parallel 

to the sample surface are colored red. Because we are studying cubic crystals, this also means 

that the grains colored red have a [001] crystallographic direction parallel to the sample normal 

direction (ND; also the indentation direction). In a similar manner, grains with a (101) plane 

parallel to the surface are colored green, while the grains with a (111) plane parallel to the 

surface are colored blue. It is seen that the selected region of the sample has a range of grain 

orientations that provide a good coverage of the corners of the fundamental triangle in the 

inverse pole figure for cubic crystals. Because of the very large grain sizes in the sample, we can 

assume that the indentation measurements in any one grain are unlikely to be influenced by the 

neighboring grain orientations or grain boundaries. 

The indentation measurements conducted in this study showed the largest difference in 

the indentation stress-strain curves of the near-(111) oriented grains and the near-(001) oriented 

grains, with the response of the near-(101) oriented grains being fairly close to the response of 

the near-(111) oriented grains. Figures 2 (c) and (d) show representative indentation stress-strain 

curves obtained from multiple indentations in two of the grains studied. It is observed that the 

measurements in each grain are highly consistent with each other, except for the occurrence of 

pop-ins that result in an extended initial linear elastic segment. Interestingly, it is also observed 

that the indentation stress-strain curve after the pop-in event is very much consistent with the 

measurements obtained without the pop-in events. The physical origin of the pop-in events will 

be discussed later. 

The table in Figure 3(a) summarizes the measured values of the effective indentation 

stiffness, the anisotropic elasticity parameter,  , and the back-extrapolated indentation yield 

strengths, indY , in the eleven different grain orientations studied. In computing the values of  , 
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the values of sE  and s  have been taken as 207.9 GPa and 0.3 following the approach described 

in [15, 40]. The orientations of the grains studied are provided here using Bunge-Euler angles 

[41]. It is observed that the near-(001) oriented grains exhibit the lowest indentation moduli and 

the lowest indentation yield strengths, while the near-(111) oriented grains exhibit the highest 

indentation moduli and indentation yield strengths. The measured differences in the indentation 

moduli range from a minimum of  0.92 (grain #1) to a maximum of  1.12 (grain #2). 

These measurements are highly consistent with the values predicted by Vlassak and Nix [15]. 

These authors have predicted a value of 0.9 for (001) oriented grains, 1.10 for (101) oriented 

grains, and 1.1 for (111) oriented grains based on an anisotropy factor of A=2.84 for Fe-3%Si.  
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Figure 3. The table in (a) shows the different orientations of the 11 grains studied in this work in terms of 
their Bunge-Euler angles and the measured values of the effective indentation modulus Eeff, the 
anisotropic elasticity parameter β, and the back-extrapolated indentation yield strengths Yind in these 
grains. (b) and (c) show the surface contour plots of β and Yind obtained by interpolating the values 
reported in (a). 
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An important observation from the table in Fig. 3(a) is that the differences in the 

measured indentation yield strengths of different grain orientations are as high as 30%. Since 

there are no expected differences in the dislocation content of the differently oriented large 

grains in the as-cast sample studied here, all of the observed differences in the indentation yield 

strengths are attributable to differences in the activities of the different slip systems in the 

different grains and their orientation with the indentation direction. It is also pointed out that the 

scatter in the measurements in each grain is fairly low. 

The grain orientation is in general described by a set of three angles called Bunge-Euler 

angles [41]. These are usually denoted as  21 ,,  .  Since the rotation of the sample about the 

normal to the indentation surface (i.e. the ND direction) does not influence the measurements 

presented here, the indentation modulus and the indentation yield strengths measured here using 

a spherical indenter are functions of only two of the Bunge-Euler angles, namely  2, .  

Figures 3 (b) and (c) show the contoured surface plots of the dependence of the   and the 

indentation yield strength, respectively, on the grain orientation that are obtained by interpolating 

the values reported in Figure 3(a). The value of these plots (especially the plot for indentation 

yield strength) will become clear as we discuss the data analysis methods for deformed samples. 

As described earlier, a major goal of our study is to develop and validate methods for 

characterizing the increases in the indentation yield strengths in individual crystals of deformed 

polycrystalline samples from their corresponding values in the as-cast condition. When the 

sample is plastically deformed, grains undergo significant lattice rotations and typically break 

down into smaller grains. In this study, we subjected one of the as-cast samples to 30% reduction 

in simple compression, and another as-cast sample to 80% reduction in plane strain compression. 

These reduction levels were selected to produce one moderately deformed sample and one 

heavily deformed sample. Orientation maps were obtained for both deformed microstructures 

using the OIM technique and are shown in Figure 4 (a-d). Indentations were performed in 

selected regions within individual grains in each of the deformed samples. In both samples, we 

found several regions in the near-(001) orientations and the near-(111) orientations, but not 

regions with the near-(101) orientations. Indentation stress-strain curves from representative 

regions in these deformed samples are shown in Figures 4 (e) and (f). It is once again observed 

that the multiple measurements from the same grain produce highly consistent indentation stress-
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strain curves. It was also noticed that none of the measurements on the deformed samples 

produced the pop-ins that appeared in some of the measurements on the undeformed sample (see 

Figure 2(d)). As discussed earlier, the fact that the pop-ins did not appear in any of the deformed 

samples indicates that the origin of the pop-ins observed in the present study can be attributed to 

scarcity of dislocations in the as-cast sample. This observation has been discussed in detail in our 

recent report [9]. 
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Figure 4. (a) and (c) show the inverse pole figure map and the OIM scan for a 30% deformed Fe-3%Si 
sample due to compression while (b) and (d) show the same for a 80% deformed sample. Indentations 
were performed in the regions marked by the dotted circles in each of these samples. (e) shows the 
measured multiple indentation stress strain curves for Region #2 in the 30% deformed sample while (f) 
shows the same for Region #3 in the 80% deformed sample. Note the consistency of the indentation 
stress-strain curves in (e) and (f). 

 

The indentation measurements on the deformed samples are summarized in Table 1. For 

each of the grains studied in the deformed sample, we estimated the indentation yield point in the 
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fully annealed condition using the grain orientation and the contoured plot presented in Figure 

3(c). In other words, this would have been the indentation yield point if the same grain was in the 

as-cast sample. As discussed earlier, it is important to establish this value because it can vary by 

as much as 30% from the near-(001) “soft” orientations to the near-(111) “hard” orientations. 

The difference between the measured indentation yield point and the estimated indentation point 

in the as-cast condition then provides a reliable estimate of the increment in the indentation yield 

point at the indentation site. This increment can be attributed to the changes in the dislocation 

content at the indentation site from its initial state in the as-cast sample. 

Table 1. Summary of the results for the indentation measurements performed on the 30 and 80% 
deformed samples. The estimated Yind in the annealed condition for these grains was calculated from the 
contoured plot presented in Figure 3(b). The difference between the measured and the estimated 
indentation yield strengths provides a reliable estimate of the percentage increment in the critical resolved 
shear strength ( CRSS ) of the slip system. 

30% deformed Fe-3%Si

49.4%1.27±0.080.850.93174.3±0.1910o from (001)259, 3.9, 84.43

48.9%1.37±0.070.921.00185.9±0.7525o from (001)263, 16.2, 73.74

46.0%1.46±0.071.001.04191.1±1.4230o from (001)326.3, 23.2, 582

50.9%1.69±0.061.121.09198.1±1.2620o from (111)111.6, 49.4, 54.21

80% deformed Fe-3%Si

18.9%1.07±0.050.900.93174.2±1.5914o from (001)294.2, 13.5, 83.82

16.9%1.31±0.131.121.09198.0±3.97o from (111)148.3, 49.8, 50.71

% change 
in τCRSS

Measured Yind
in the deformed 
condition, GPa

Estimated Yind in 
the annealed 

condition, GPa
βEeff, GPaMisorientation

Orientation 
(1, , 2 )

Region #
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Region #

 

The simplest relationship one can establish between the increment in the indentation yield 

point and the local dislocation content is through the increment in the critical resolved shear 

strength of the slip system. In a highly simplified approach, one could express this relationship as 

  CRSSind MY  2, ,   CRSS    (6) 

where 1/M is a Schmid-like factor that depends only on the grain orientation (in the present case 

only on the two of the three Bunge-Euler angles describing the crystal orientation), CRSS  is the 

averaged critical resolved shear stress in the crystal,  CRSS  is the increment in the local 

averaged critical resolved shear strength between the as-cast and cold-worked conditions, and   

is the local dislocation density. Since the factor M is the only orientation dependent variable, it is 

easy to see that percentage increase in the indentation yield point can be assumed to be equal to 

the percentage increase in CRSS . These are reported in Table 1 for all the measurements in the 

deformed sample obtained in this study. The percentage increases in CRSS  provide an indirect 
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measure of the local dislocation content or the local stored energy in the deformed sample. It is 

seen from the limited number of measurements obtained in this study that the changes in CRSS  

vary significantly from one deformation step to another and also from one region to another in 

the same deformed sample resulting in a highly heterogeneous microstructure in the deformed 

polycrystalline samples. It is also clear from Table 1 that any conclusions drawn regarding the 

local slip resistance or the local dislocation content directly from the measured indentation yield 

points without accounting for the effect of the crystal lattice orientation at the indentation site 

would be highly erroneous in the examples shown here. 

5. Conclusions 

In summary, we have demonstrated a novel approach to extract meaningful correlations 

between local crystal lattice orientation measurements obtained from OIM and the estimates of 

local elastic and yield properties from nanoindentation measurements. This has been made 

possible by the use of our newly developed data analysis procedures for the conversion of load-

displacement data obtained in spherical nanoindentation of polycrystalline cubic metals into 

indentation stress-strain curves that includes our new procedure for establishing the effective 

zero-load and zero-displacement point in the raw dataset.  In this work, conducted on 

polycrystalline Fe-3%Si samples but easily extendable to other material systems, our analysis 

procedures are able to account for the effect of crystal lattice orientation on the indentation 

modulus and the indentation yield strength of the as cast samples. Using this information we are 

then able to correlate the increment in indentation yield strength to the changes in the slip 

resistance at the indentation site of the 30 and 80% plastically deformed samples.  
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Abstract 

We report on the mechanical behavior of a dense brush of small-diameter (1-3 nm) non-

catalytic multiwall (2-4 walls) carbon nanotubes (CNTs), with ~10 times higher density than 

CNT brushes produced by other methods. Under compression with spherical indenters of 

different radii, these highly dense CNT brushes exhibit a higher modulus (~17-20 GPa) and 

orders of magnitude higher resistance to buckling than vapor phase deposited CNT brushes or 

carbon walls. We also demonstrate the viscoelastic behavior, caused by the increased influence 

of the van der Waals’ forces in these highly dense CNT brushes, showing their promise for 

energy-absorbing coatings.  

 



 

 

 

 

 Publication E - 126 - 

1. Introduction 

Layers of vertically aligned carbon nanotubes (CNTs), known as CNT brushes, forests or 

arrays, have been suggested for applications in superhydrophobic, compliant and energy-

absorbing coatings[1, 2]. While individual CNTs have been announced as the strongest material 

known [3] and have shown extremely high strength and Young’s modulus in tensile tests on 

individual tubes [4], much less is known about the CNT brushes in terms of their mechanical 

behavior. Moreover, the low density of the reported CNT brushes[1, 5, 6] also poses a serious 

obstacle in obtaining significant compression strength/modulus needed for their energy-

absorbing applications.  

Instrumented indentation has been the most common method for studying mechanical 

properties of films and coatings, however, only a handful of studies have been conducted on 

CNT brushes. The extremely high aspect ratio of the CNTs makes them highly susceptible to 

buckling under compression [6], which is generally believed to be the reason for the significantly 

lower values of stiffness, ranging anywhere from 0.25 [7] to 50 [1] to 800 [8] MPa, reported 

during nanoindentation compression experiments on CNTs, as compared to exceptionally high 

values computed from theory [9] and tensile tests (~1-5 TPa [3]). At the same time, the ability to 

elastically sustain loads at large deflection angles has earmarked the CNTs as uniquely tough 

materials for energy-absorbing applications [10]. Buckling and post-buckling analysis of CNTs 

under a variety of loading conditions such as axial compression, bending, torsion and external 

pressure have been studied by simulation [9, 11-14]. Experimentally, large diameter (~100 nm) 

CNTs produced in alumina templates with no catalyst added were tested using a sharp 

(Berkovich) and a spherical indenter [5], as well as a flat punch [6] and a low buckling load 

(~2.0-2.5 μN) was measured. Very low buckling loads and high compliance of nanotubes were 

also observed for long CVD tubes in compression tests [8]. The modulus measured in 

compression was well below 1 GPa, in contrast to the tens to hundreds GPa in tension, with even 

lower values reported for CNT turf [15]. A compressive modulus of 0.25 MPa was measured for 

20-30 nm diameter CNT brushes and was found to be independent on the array height [7]. 

Deformation during compression for CVD CNT films has been shown to be reversible in both, 

normal [1] and radial [16] directions. Sidewall chemical modification has been shown to affect 

interaction of the CNTs with the indenter (friction) [17]. Indentation studies have also been done 
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on CNT-polymer composites [18], but those provide little information about properties of 

nanotubes inside the composite.  

Indentations with an atomic force microscope (AFM) tip have also been used to study 50-

100 nm diameter tubes vertically aligned in CNT films grown by catalytic chemical vapor 

deposition (CVD) and a very high bending modulus was reported [19]. Low buckling loads (~ 30 

nN) and mechanical instabilities, including viscoelasticity and negative stiffness regimes (where 

the axial force decreases with increasing compression), have been reported in individual 

multiwalled CNTs (MWCNTs) for a wide range of aspect ratios. The negative stiffness behavior 

of the CNTs is highly promising as a possible route to designing composite systems with 

enhanced overall stiffness and damping [20, 21]. Similar negative stiffness regimes have also 

been demonstrated for single-walled CNTs (SWCNTs) using molecular dynamic simulations [9, 

14].    

It is important to note that, while small-diameter SWCNTs show much higher tensile 

strength and modulus compared to large-diameter MWCNTs [22], no indentation studies have 

been performed on double-wall CNTs or brushes of SWCNTs. One of the reasons may be the 

extremely low density of SWCNT brush (>90% porosity). Super-compressible MWCNTs 

reported by Cao et al. [1] had porosity of about 87%.  It is very difficult to expect any significant 

compression strength/modulus from such a porous body. In addition, since tubes in CVD arrays 

are located at distances of at least a tube diameter (often as much as 100-200 nm [6, 8]) from 

each other, the interactions between the tubes in an array are weak and a low energy dissipation 

is expected [13]. Similarly the negative stiffness of CNTs has only been demonstrated for 

individual MWCNTs [20, 21], whereas any practical application of these materials in composite 

systems is likely to involve a large number (~ thousands to millions) of CNTs in close proximity 

to each other.   

Although lower density and wider spaced CNT brushes have been indented with flat 

punch [6, 7] and sharper Berkovich [5] indenters, each of these indenters have their own 

disadvantages. While maintaining parallel contact between the indenter and the sample is a major 

concern for the flat punch indenter [5], the sharper contact in Berkovich indentation can cause 

the CNTs to bend away from the indenter [19]. On the other hand, the smoother stress fields in 

spherical indentation, as compared to sharper indenters [23], allows indentation stress-strain 

curves to be extracted from the raw load-displacement data [24-26], which in turn enables one to 
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follow the entire evolution of the mechanical response in the CNT array, from initial elasticity to 

the initiation of buckling to post-buckling behavior at finite plastic strains. Because of these 

advantages, spherical nanoindentation with 3 different indenter tip sizes (1, 5 and 13.5 μm radii) 

was chosen to analyze the buckling response of the CNT brushes in this work. The higher 

density of these brushes, which makes them ideal for indentation testing, is evident in the 

scanning electron micrograph (SEM) image in Fig. 1a of the CNT brush grown at 1700 oC, 

where no apparent porosity is visible.   
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Figure 1. Indentation scheme used to analyze the mechanical properties of the CNT brushes. (a) SEM 
micrograph showing the CNT brush – graphite interface. The SiC wafers were treated at 1700oC. (b) and 
(c) show a comparison of spherical indentation (indenter radius, Ri = 1 µm) load-displacement responses 
between the CNT brush and the graphite coating up to an indentation depth of 300 nm.  
 

The lower density of the CVD CNT brushes [1, 6, 8] also makes them unsuitable for 

measuring their viscoelastic properties. Although nanoindentation studies have often been used 

in characterizing the viscoelastic behavior in solids [27, 28], their utility in measuring the 

viscoelasticity of CNTs has been limited to studies of CNT-polymer composites [29-31]. The 
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dense CNT brushes produced in this work thus provide a unique opportunity to address the time 

dependent mechanical behavior of the CNT brush assembly. 

In this paper, we report on the mechanical behavior under contact loading of dense CNT 

brushes (~10 times higher density than CNT brushes produced by other methods) produced by 

vacuum decomposition of SiC. Our results demonstrate a significantly higher loading modulus 

and buckling resistance in these dense CNT brushes. The CNT brushes are shown to exhibit 

negative stiffness in their post-buckled regime – a behavior previously noted only in individual 

CNTs. The close proximity of the CNTs in these highly dense brushes also results in an 

increased influence of van der Waals’ forces between the tubes, which is evident in their 

viscoelastic behavior during indentation. 

2. Experimental 

2.1. Sample preparation 

In this work, highly dense CNT brushes were produced by high temperature vacuum 

decomposition of 6H SiC single crystals. The 6H-SiC single crystal wafers, 0.37 mm in 

thickness with epi-ready polished (0001) Si face and optical polished  1000  C face on axis 

without any dopants (resistivity > 105 Ohm·cm), were obtained from Intrinsic Semiconductor 

Corporation. It has been shown [32] that high temperature decomposition of SiC by the reactions 

SiC → Si(g) + C          (1) 

SiC + 1/2O2 (g) → SiO (g) + C        (2) 

leads to the formation of CNTs growing normal to the carbon terminated  1000  C-face of 

hexagonal SiC with primarily zigzag chirality [33] and graphite growth on the Si terminated 

 0001  Si-face. These carbide-derived carbon (CDC) nanotube brushes have been shown to have 

a density close to 0.95 g/cm3 [34], which is significantly (10 times or more) higher than in 

catalytic CVD growth of any kind of nanotubes (see also Fig. 1a). This higher density is 

generally thought be due to a conformal transformation of SiC into carbon. These dense CDC 

CNT brushes consist of small-diameter (1-3 nm outer diameter, 1-4 walled) non-catalytic CNTs 

with double walled CNTs being the most common, as determined from transmission electron 

microscopy (TEM), and a strong RBM mode in Raman spectra [34]. Assuming an average outer 

diameter of 3 nm and 0.35 nm as the inter-tube distance, this would correspond to an aerial 
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density of ~100,000 tubes per µm-2 for a hexagonal arrangement of CNTs, and ~89,000 tubes per 

µm-2 for a square arrangement. The actual aerial density of the CNTs packed randomly in a 

dense brush is likely to be somewhere in between.   

Three different sets of samples were used in this study. Graphite or CNT structure, and 

thickness of carbon coating on SiC were controlled by changing the synthesis temperature as 

described by Cambaz et al. [34]. The first set of samples (Figs. 1 and 2) were produced by 

heating the SiC wafers to 1700 oC for 4 hrs in a Solar Atmospheres (US) vacuum furnace with an 

electric resistance carbon heater. The heating rate was 5C min-1. For these samples the SiC 

wafers were patterned by sputtering carbon on the C-face. Sputtering of carbon formed a 

diffusion barrier and largely suppressed the growth of CNT on the C-face, allowing tubes to 

grow only on the coating-free area. ~200 nm thick CNT brush patterns were grown by this 

technique. Significantly thicker (1.2 – 1.4 µm thickness) CNT brushes were grown in the second 

set of samples (shown in Figs. 3 and 4) by heating the SiC wafers to 1800 oC for 4 hrs. The final 

set of samples (Fig. 4, Test C) consisted of a dense ~3 µm thick CNT/carbon wall layer grown by 

heating the SiC wafers to 1900 oC for 4 hrs. All samples were investigated by using field-

emission SEM (Supra 50VP, Zeiss, Germany). For these investigations, samples were fractured 

after vacuum decomposition to study both the cross-section and the surface of the coatings. 

2.2. Indentation Stress-Strain Curves 

The MTS NanoIndenter XP® (Nano Instruments, MTS Systems Corporation, USA) was 

used for the spherical nanoindentation studies. Standard protocols prescribed in the MTS 

machine manual were used to determine the machine frame stiffness, the harmonic frame 

stiffness and other calibrations. In order to probe different material volumes in the CNT brushes, 

three diamond indenter tips of increasing tip radii (1, 5 and 13.5 µm) were used in this work. The 

choice of these three indenter tip sizes results in varying indentation zone sizes at buckling, 

ranging from values much smaller than the film thickness to the values larger than the film 

thickness.  

The tests were carried out under closed loop displacement control using the continuous 

stiffness measurement (CSM) attachment. Several (15-20) tests were conducted to ascertain 

repeatability. Similar tests, using the same indenter tips, were carried out in aluminum, fused 

silica and tungsten with known values of Young’s moduli, and these were used to validate the 
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procedures described below. Note that the CSM applies a very small sinusoidally varying signal 

(~ 2 nm oscillations) on top of the DC force signal driving the motion of the indenter. For a 

material with a low modulus-to-hardness ratio such as the CNT brushes (modulus-to-hardness 

ratio ~ 45) the amplitude of these essentially elastic oscillations is unlikely to affect the 

deformation process [35]. Further, since the CSM signal was used in this work to calculate the 

contact radius during indentation (see Eq. (4) below), these values are also not expected to be 

affected by concerns of edge or substrate effects raised in a few recent reports [36]. Note also 

that the contact stiffness of the CNT brushes is significantly smaller than the CSM machine 

stiffness – for example, the elastic stiffness (as measured by the CSM) at buckling for the 1.2-1.4 

µm thick CNT brush using the larger 13.5 µm indenter is ~ 70,000 N/m while the machine 

stiffness of the CSM is around 8 ×106 N/m, and as such, it is unlikely to affect the measurements 

for the indenter sizes used in this study. 

Indentation stress-strain curves were extracted from the raw load-displacement-CSM data 

following the technique described in our recent papers [24, 25]. In brief, the extraction of reliable 

indentation stress-strain curves from the measured load displacement data is essentially a two-

step process. The first step in this process is an accurate estimation of the point of effective initial 

contact in the given data set, i.e. a clear identification of a zero-point that makes the 

measurements in the initial elastic loading segment consistent with the predictions of Hertz’s 

theory [37, 38]. For spherical nanoindentation this relationship was expressed as [24, 25] 
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, eh
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, and S are the measured load signal, the measured displacement signal, and the 

CSM signal in the initial elastic loading segment from the machine, and P* and h* denote the 

values of the load and displacement signals at the point of effective initial contact. A linear 

regression analysis was used to establish the point of effective initial contact (P* and h*) in the 

indentation experiment. 

In the second step of the data analysis method for the extraction of the indentation stress-

strain curves, Hertz’s theory [37, 38] was recast in the following set of equations for frictionless, 

elastic, spherical indentation (see also [24, 25]): 



 

 

 

 

 Publication E - 132 - 

a4.2

h

a

h

3

4
,

a

P
,E ee

ind2indindeffind 





 ,     

effE

S
a

2
 ,            

i

i

s

s

eff EEE

22 111  



 ,             

sieff RRR

111
 ,   (4)  

where ind  and ind  are the indentation stress and the indentation strain, a is the radius of the 

contact boundary at the indentation load P, he is the elastic indentation depth, S is the elastic 

stiffness described earlier, Reff and Eeff are the effective radius and the effective stiffness of the 

indenter and the specimen system,   and E are the Poisson’s ratio and the Young’s modulus, 

and the subscripts s and i refer to the specimen and the indenter, respectively. When compared to 

other currently used data analysis methods [39, 40], these indentation stress-strain curves have 

been demonstrated to provide much more reliable estimates for the elastic moduli measured in 

loading and unloading segments [24-26], and the changes in the indentation yield points [41]. 

These methods have also been used for identifying and explaining several of the surface 

preparation artifacts typically encountered in nanoindentation measurements [42]. 

2.3. Visco-elastic Nanoindentation 

The micro-scale dynamics properties of the CNT brushes were analyzed using the nano-

DMA (Dynamic Mechanical Analysis) mode of the Hysitron Triboscope® (Hysitron Inc., 

Minneapolis, MN, USA) with a 1 μm radius spherical fluid tip. The nano-DMA technique takes 

into account the elastic as well as the viscous contribution of the test material, which allows the 

calculation of tan . In the frequency mode of the nano-DMA software the applied load is 

specified, which fixes the indentation depth, and the probe is oscillated across a range of 

frequencies. The frequency dependent dynamic response of the material can be ascertained using 

the following equation 

tan
S

S

k

C

E

E 



"

          (5) 

where E   and E   denote the storage and loss moduli,   is the frequency of the applied force 

and Sk  and SC  are the sample stiffness and damping coefficients respectively. Details of the 

model can be found in Ref. [27]. The indenter was held for 2 mins at the applied load in order to 

dissipate any creep effects before starting the probe oscillations. Standard protocols prescribed in 

the machine manual for the Triboscope® and the nano-DMA were used to determine the machine 
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frame stiffness and other calibrations. Similar tests were done on polycarbonate with known 

values of tan  to validate the accuracy of the method. The noise level in the machine, 

determined by conducting frequency sweeps in non-viscoelastic materials such as aluminum and 

tungsten, was found to be around 0.03 tan .    

3. Results and discussion 

3.1. Buckling of CNTs 

The SEM micrograph of the CNT brush – graphite interface, produced by heating the SiC 

wafers to 1700 oC for 4 hrs, is shown in Fig. 1a. Figs. 1b and 1c show a comparison of the 

indentation load-displacement responses, measured with a 1 μm spherical indenter, between a 

thin CNT brush (thickness ~ 200 nm) and a thinner (thickness ~ 5 nm) graphite coating on a 

patterned single-crystal SiC substrate. As seen from Fig. 1b, after about 200 nm of penetration 

into the CNT brush, the indenter experiences the SiC substrate, which is marked by a sharp rise 

in the load-displacement response. On the other hand, the corresponding curve for indentation on 

the thinner graphite coating (Fig. 1c) shows an almost immediate influence of the SiC substrate. 

These two distinctly different indentation behaviors allow one to determine the location of the 

CNT brushes using only the mechanical response. The lower hardness of the CNT brush 

compared to the graphite film on the SiC substrate is also evident from these figures.  

It is interesting to note that the indentation response of the CNT brush with the spherical 

indenter (see the expanded view of the CNT indentation curve in Fig. 2a) is qualitatively similar 

to the one recorded with a flat punch indenter for 25-nm MWCNTs partially released from an 

alumina membrane [6], as well as to the axial compression of MWCNT (diameter 30 nm, aspect 

ratio 80-220) attached to an AFM tip [20]. As in both these cases, three distinct stages are visible 

during indentation of the CNT brushes: there is an initial linear portion where the indenter 

elastically compresses the CNT array (see the schematic in Fig. 2b), followed by the initiation of 

buckling at a critical load (see Fig. 2a inset), and finally a sharp increase in the slope of the curve 

signaling the influence of the SiC substrate. The associated indentation stress-strain curve, shown 

in Fig. 2b, depicts these three stages even more clearly while at the same time also allowing one 

to calculate the elastic modulus and the stress at buckling in the indentation experiment. From 

this figure, the modulus of these 200 nm thick CNT brushes was estimated to be ~17 GPa (using 

Eqs. (3) and (4)) and the critical buckling stress was estimated as ~0.3 GPa at a load of 0.02 mN.  
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Figure 2. (a) Enlarged view of Fig. 1b showing the loading of a 1 µm spherical indenter on the ~200 nm 
thick CNT brush. Three distinct responses are visible during indentation. (a inset) Enlarged view of the 
initiation of buckling at a critical load. (b) The corresponding indentation stress-strain curve allows a 
better representation of these three stages of CNT indentation. (b inset) Schematic illustration of buckling 
of the CNTs in a dense CNT brush in the indentation zone. 
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Figure 3. Indentation loading response as a function of indenter radius. The initial elastic behavior 
followed by the buckling instability is evident from both (a), the load-displacement and (b), the 
corresponding indentation stress-strain response. Note the lower bucking stress for the larger 13.5 µm 
indenter. (b inset) SEM micrograph of the 1.3 µm thick CNT brush grown by decomposition of SiC at 
1800oC for 4 hours.  
 

Fig. 3 shows the indentation response on a much thicker CNT brush grown at 1800 oC 

(thickness 1.2-1.4 μm, see Fig. 3 inset) for 3 different indenter radii. As seen from this figure, the 

indentation stress-strain response of the CNT brush shows an initial elastic behavior (modulus 

~18 GPa), followed by a sharp drop at a critical stress – a trend that is highly repeatable in 
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several experiments conducted across the range of indenter sizes. The good agreement between 

the indentation stress-strain curves in the initial elastic segments provides additional validation 

for the data analyses procedures used in this work. The buckling behavior is also discernable as a 

slight shift in the slope from the associated load-displacement data (Fig. 3a): this transition point 

is interpreted as the onset of buckling instability in the CNT brush. After buckling, the stress 

drops significantly for the remainder of the indenter loading. The CSM contact stiffness values 

after buckling (not shown) indicate these regions of stress drop have negative stiffness values 

during contact loading of the CNT brushes. Such incremental negative stiffness, where the stress 

decreases with increasing strain, has been noted before for individual CNTs in modeling [9, 14] 

and in axial compression experiments [20, 21], but not for CNT brushes. The fact that this 

phenomenon is exhibited even in dense CNT brushes can have significant design implications in 

devices containing CNTs that take advantage of this behavior. 

Table 1. Summarized average and standard deviation (of ≥5 tests) values of indentation buckling stress, 
contact radius and indentation zone size at buckling for the 3 different indenters used in this work. 
Indentations were performed on the 1.2-1.4 µm thick CNT brush sample shown in Fig. 3. 

1 µm radius 
indenter

5 µm radius 
indenter

13.5 µm radius 
indenter

Indentation buckling 
stress 0.59±0.41 GPa 0.40±0.11 GPa 0.09±0.02 GPa

Contact radius at 
buckling 0.16 µm 0.36 µm 1.49 µm

Indentation zone size 
at buckling 0.39 µm 1.01 µm 3.58 µm

1 µm radius 
indenter

5 µm radius 
indenter

13.5 µm radius 
indenter

Indentation buckling 
stress 0.59±0.41 GPa 0.40±0.11 GPa 0.09±0.02 GPa

Contact radius at 
buckling 0.16 µm 0.36 µm 1.49 µm

Indentation zone size 
at buckling 0.39 µm 1.01 µm 3.58 µm

)(a

)4.2( a  

Another interesting point to note from Fig. 3 is that the values of buckling stresses vary 

significantly between the three different indenters, where indentation with the smaller 1 µm 

indenter shows the highest buckling stress, followed by the 5 µm indenter, while buckling with 

the largest 13.5 µm indenter occurs at a significantly lower indentation stress. This point is 

further illustrated in Table 1, where the average and standard deviation values (of ≥5 tests) of the 

indentation buckling stress, and the average values of contact radius (a) and indentation zone 

size (~2.4a; see Eq. (4)) at buckling from these tests for the 3 different indenters are presented. 

The indentation zone for spherical indentation, as described in detail in Refs. [24, 25], is 

generally approximated as a cylinder of radius a and height 2.4a, where the majority of the 

indentation stresses are confined. Note the significant variation in size of the indentation zone at 
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buckling in between the 3 indenters. While the indentation zone for the larger 13.5 µm indenter 

at buckling (~3.58 µm) is well beyond the CNT brush thickness (1.2-1.4 µm), only a limited 

thickness of the CNT brush (~0.39 µm) is affected by the smaller 1 µm indenter at buckling. 

Unlike uniaxial loading, the stress field during indentation is highly heterogeneous.  In fact, 

beyond a certain depth, the material hardly experiences any significant stress. Thus, with a 

smaller indenter, there is a much smaller effective buckling length (shorter than the overall CNT 

film thickness) and hence the material is able to withstand a much higher stress level with the 

smaller indenter. Note also that for a dense material with low defect density (as in these dense 

CNT brushes), increase in the indenter probe size also increases the likelihood of encountering a 

defect in the indentation zone. This is evidenced by large variations observed in the buckling 

stress values (0.59±0.41 GPa) for the smaller 1 μm indenter. This larger spread stems from the 

higher sensitivity of the smaller indentation zone to variations in defect density, when different 

regions of the sample are probed. 

 These numbers suggest that these CNT brushes have a respectable level of the 

mechanical properties with the modulus of elasticity 1-2 orders of magnitude higher compared to 

a CVD CNT turf [15]. The critical buckling loads for the CDC CNT brushes in this work for the 

larger 13.5 μm indenter, which is closest in approximation to flat punch indentation, are found to 

be in the range of 0.5-0.7 mN. The critical buckling loads for CVD CNT brushes under flat 

punch indentation have been reported to significantly lower, 2.2-2.6 μN [5, 6], in spite of the 

higher wall thickness (50 nm outer diameter, 40 nm inner diameter) of the CNTs used in those 

studies. This difference in orders of magnitude between the two values can be explained by a 

much higher density of the tubes per unit area which results in considerably higher mechanical 

properties. Molecular dynamics simulation have shown that a much higher buckling load results 

from CNT clusters [43] because of van der Waals’ interactions between CNTs. Van der Waals’ 

forces act over a range of < 5 nm, so low density CNT turf does not have a cluster strengthening 

effect. Assuming no carbon loss (as suggested by the conformal coating, Fig. 1b) or addition of 

carbon from environment, the density [34] of the CNT brush is close to 0.95 g/cm3, which is 

significantly higher than for catalytic CVD nanotube brushes [1, 44]. This is of extreme 

importance for making selective CNT membranes for gas or liquid filtration/separation or CNT 

coatings for tribological applications. 
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The Euler beam theory has generally been used in literature for analyzing the buckling 

behavior of the CNTs [1, 8] with an aspect ratio of greater than 200. According to this theory, the 

critical buckling load for a hollow pin-ended cylinder in the fundamental mode of buckling is 

given by [45]   

,
2

2

L

EI
PCR


  44

4 iOx rrI 


       (6) 

where CRP  is the buckling load, E  is the elastic modulus, I is the moment of inertia, L is the 

length of the column, and ro and ri are the outer and inner radii of the hollow cylinder 

respectively. Using Eq. (6), the critical buckling load for a CNT forest consisting of 

approximately half a million CNTs (corresponding to the number of CNTs in contact with the 

largest 13.5 µm indenter at buckling, see Table 1) each of average outer and inner diameters of 4 

and 3 nm respectively, column length 1.2 μm, negligible inter-tube spacing (0.35 nm), and a 

modulus value of 1 TPa [4], is calculated to be in the range of 0.03 mN. This value is an order of 

magnitude lower than the values seen from Figs. 2 and 3. Obviously Eq. (6) does not represent 

buckling of a dense CNT brush.  

In a highly dense CNT brush (such as the ones reported in this work) the close proximity 

of the CNTs, where each tube is separated from its neighbor by a van der Waals’ bond length, 

makes it extremely unlikely for the CNTs to fail independently in the primary buckling mode. 

Such a dense array of CNTs would then necessitate a close interaction between the CNTs 

themselves, as well as between the indenter and the CNT – forces which have been generally 

neglected in literature for wider spaced tubes. In fact, this scenario bears more resemblance to an 

idealized structure in which a hollow cylinder is supported by an array of springs in the 

indentation zone along its length (see schematic in Fig. 2b inset), which provides it with 

additional support in withstanding large compressive stresses. Hence these CNTs could be 

expected to buckle in a more energetically favorable zigzag morphology (multimode buckling) 

leading to a higher compressive buckling threshold. A detailed quantitative analysis of these 

support systems is, however, beyond the scope of the present paper.  

3.2 Visco-elastic behavior of CNTs 

Repeated load-unload cycles on these CNT brushes result in two distinct indentation 

responses from the nanotubes depending on the maximum indentation load used, as shown in 
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Fig. 4a for the 1 μm spherical indenter. As seen from this figure, cyclic loading and unloading of 

indenter in the post buckling state (Fig. 4a, Test B) produces hysteresis loops which suggest 

energy dissipation in each cycle. On the other hand, cyclic indentation at load levels well below 

the buckling load (Fig. 4a, Test A) show an increasing displacement at every load cycle – a 

behavior that is suggestive of delayed elasticity in the material due to van der Waals’ interactions 

between the CNTs. Similar qualitative behaviors have also been noticed during axial 

compression of individual MWCNTs using AFM tips [21].    

0 100 200 300
0

0.1

0.2

0.3

0.4

0.5

0 10 20 30
0

0.05
Test B:  CNT 
post bucklingTest A: 

CNT pre 
buckling

CNT 
Buckling

Displacement (nm)

L
o

ad
 (

m
N

)

Test C:  

(a)
CNT/Carbon 
wall

CNT – before buckling
CNT – after buckling
CNT/carbon walls

0 50 100 150
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Frequency (Hz)

T
an

 δ

(b)

 

Figure 4. (a) Cyclic loading with a 1 µm radius spherical indenter in a 1.3 µm thick CNT brush grown by 
decomposition of SiC at 1800oC for 4 hours at load levels before buckling (Test A), after buckling (Test 
B) and in a CNT/carbon wall mixture, grown by heating SiC wafer to 1900oC for 4 hours (Test C). Three 
cycles are shown in each test. (b) Viscoelastic indentation measurements showing significantly higher 
values of tan δ at load levels before buckling in the CNT brush, than for CNTs after buckling or in a 
CNT/carbon wall mixture.  

 

This damping behavior of the CNTs is also evident in the viscoelastic nanoindentation 

measurements shown in Fig. 4b conducted using a 1 μm spherical indenter. In this figure, the 

values for tan , defined as the loss modulus normalized by the storage modulus, serves as a 

measure of the energy loss in the material. As seen from Fig. 4b, oscillation of the indenter probe 

at a load level that is less than the critical buckling load results in a significant viscous response 

(higher values of tan , similar to those reported for individual MWCNTs [21]) from the CNT 

brush. On the other hand, indentations on the CNT brush at load levels higher than the buckling 

load do not show any appreciable viscoelasticity (low values of tan  which are comparable to 

the noise level of the machine). This is in contrast to the observations of Yap et al. [21], who 
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noticed an increase in tan  in the initial post-buckled regime. The decrease in the tan  values 

in our case is most likely caused by the increased adhesive interactions between the individual 

CNTs in the brush when they are squeezed together after buckling. Note that the experiments in 

the work of Yap et al. were conducted on individual MWCNTs, where such adhesive interactions 

are non-existent. A similar response is seen in polymeric materials like rubber [46], where an 

increase in cross linking leads to a decrease of the viscoelastic response in the polymer.  

Samples consisting of a mixture of carbon walls (graphitic structures growing normal to 

the surface) and CNTs, where a stronger interaction (cross-linking) between the graphite sheets 

is expected, also show a lower viscoelastic response, as evident in Fig. 4b. The observed 

viscoelastic behavior of the CNT brushes is expected to have significant implications in damping 

applications that utilize these materials. Note that the hysteresis loops in the CNT brushes (Fig. 

4a, Test A) obtained at a rate of 0.01 Hz indicate energy losses on the order of 30%. This implies 

that for large allowed displacements, motions over large sections of CNTs cause breaking of van 

der Waals’ bonds, while the high frequency oscillations with small displacements show much 

lower losses (Fig. 4b). This is similar to polymer chains that have tan  peaks at different 

frequencies depending on what portion of the polymer chain is involved in the motion. Here, 

since the losses for hysteresis loop occur for displacements of ~75 nm, a relatively long portion 

of each CNT must be involved in the motion.   

Note also that the mechanical properties of the CNT brushes are far superior to those of 

other graphitic structures such as vertically aligned carbon walls, which form during 

decomposition of SiC at a higher temperature of 1900 oC [34]. The modulus values calculated 

during cyclic indentations on a mixture of CNTs and carbon walls shown in Fig. 4a (Test C) is 

around ~7 GPa, which is significantly lower compared to that of the CNT brushes. No buckling 

behavior is noted in these samples. However these specimens still show hysteresis loops upon 

cyclic loading ( Fig. 4a Test C), which indicates that van der Waals’ forces still play an 

important role in these graphitic structures.    

4. Conclusion 

In summary, this study has shown that dense CNT brushes exhibit a mechanical behavior 

which is unique for this kind of material and distinctly different from that of graphite [47]. The 

ability of these dense non-catalytic CNTs to dissipate energy, while withstanding at least an 
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order of magnitude higher loads compared to other nanotube brushes [5, 6] makes them highly 

promising for a variety of applications, especially in MEMS devices.    
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Abstract 

In this work, we demonstrate the applicability of our novel data analysis procedures 

developed for spherical nanoindentation in the measurement of local mechanical properties in 

bone. The new methods presented in this paper allow us to convert the load-displacement 

information commonly measured in spherical indentation experiments, to much more meaningful 

indentation stress-strain curves that accurately capture the loading and unloading elastic moduli, 

the indentation yield points, as well as the post-yield characteristics in the tested samples. Using 

samples of two different inbred mouse strains, A/J and B6, we also demonstrate the correlations 

between the mechanical information obtained these spherical nanoindentation experiments to the 

local composition and structure in these samples using Raman spectroscopy. Thus bone with a 

higher mineral-to-matrix ratio is shown to demonstrate a trend towards a higher local modulus 

and yield strength and the B6 mouse strain exhibits a trend towards lower modulus and yield 

values than the more mineralized A/J strain. 
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1. Introduction 

Nanoindentation [1, 2] has proven to be a powerful technique for characterizing the local 

mechanical properties from small material volumes in a broad range of materials systems, with 

recent studies suggesting its potential application for the study of micrometer and sub-

micrometer sized structures on biological materials as well [3-14]. Historically, data analysis 

methods [15-18] have focused on the unloading segments (after some amount of elastic-plastic 

loading) that are assumed? to be purely elastic. There has also been considerable interest in the 

literature in extracting indentation stress-strain curves from the measured nanoindentation load-

displacement data using both analytical [19-24] and finite element [25-29] methods. Recently, 

we have developed and validated new data analysis procedures for spherical nanoindentation that 

transform the entire load-displacement dataset, including both the loading and the unloading 

segments, into much more meaningful indentation stress-strain curves. These new data analysis 

procedures have successfully captured a wealth of information about material properties, 

including elastic moduli measured in loading and unloading segments [30-32], the elastic limit 

(which can be identified as yielding in metallic samples [30, 32, 33] or buckling in a high aspect 

ratio material like carbon nanotubes [34]), different aspects of the post-elastic behavior [30, 32], 

as well as identifying and explaining several of the surface preparation artifacts typically 

encountered in nanoindentation measurements [33]. Because of their ability to analyze the initial 

loading segments as well the unloading response in spherical indentation experiments, these 

procedures can potentially lead to improvements in the characterization of the local mechanical 

response at the indentation site for biological materials, such as bone [35-39], as well. 

In this paper we aim to utilize our new data analyses procedures to elucidate trends in 

elastic, yield and post-yield behavior at the lamellar level in bone. Using Raman spectroscopy, in 

combination with nanoindentation, we demonstrate linkages between matrix level composition in 

bone and local, tissue level mechanical properties. Improved characterization of such linkages is 

needed for understanding aging changes in bone that may lead to reduced whole bone 

mechanical properties, and increased fracture risk. 

Bone is a composite material whose mechanical performance is strongly dependent on 

the complex details of its internal hierarchical structure [7, 40-42]. The relevant components 

span several hierarchical length scales from the material level (including its basic building blocks 
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of collagen fibrils and mineral crystals, and their organization and composition), to tissue level 

organization and distribution, to the size and geometry of whole bone organs and their macro-

scale internal components [43-45]. At the micron length scale, the mechanical properties of bone 

are dominated by close interactions between its collagen fibrils and crystalline mineral 

components [46, 47]. Collagen contributes to bone’s elastic and viscoelastic behavior while the 

mineral stiffens the overall material. The degree of mineralization and collagen orientation 

highly influences the mechanical properties. However, because bone’s mineral and collagen 

components are closely intertwined and the available testing methods at the submicrostructural 

level are limited, details of bone’s matrix level organization have traditionally been difficult to 

characterize.  

The study of the mechanical behavior of bone, particularly at the sub-micron length scale, 

is also made difficult by the inherent heterogeneity in a given sample set. Genetically inbred 

mouse strains, with known intra-strain variability [48] and whole bone biomechanical properties 

[49] represent an important tool in studying the local mechanical properties of bone [50, 51]. In 

particular, the two different strains of inbred mouse were selected for this study, A/J and 

C57BL/6J (B6), have been shown to significantly differ in their matrix mineralization and whole 

bone brittleness, and exhibited the strongest differences in their composition and tissue level 

responses in preliminary studies [48, 49, 52, 53]. Aided by a detailed knowledge of the growth 

patterns in these mouse strains [52], which allow us to readily select specific areas of the bone 

cortex representing regions of older and newer bone deposition, we aim to characterize bone’s 

mechanical properties in this work, using nanoindentation techniques, and thus provide insight 

into the relationship between mineral/matrix variation and tissue-level mechanical properties in 

bone.   

In the last two decades, Raman vibrational spectroscopy has been employed by an 

increasing number of researchers in the study of bone. Raman spectroscopy has the considerable 

advantage of being sensitive to both the mineral and organic components of bone, thus allowing 

for the study of mineral-matrix interactions as well as each individual component’s properties. 

The phosphate ν1 band (~960 cm-1) is a prominent marker for mineral content in bone. Other 

phosphate and carbonate vibrations are monitors of subtle changes in mineral composition. The 

amide I, amide III, and C-H wag are typical markers for the protein or organic matrix of bone 

[54, 55]. Raman microspectroscopy also offers excellent spatial and spectral resolution. This has 
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led to the use of Raman (and infrared microspectroscopy as well) [56] to assess the degree of 

collagen mineralization, mineral crystallinity, and the presence of nonstoichiometric 

substitutions in the mineral crystals of bone. In this work we have used Raman spectroscopy to 

quantify the spatial variation of composition in the bone samples and correlated these to the local 

mechanical properties obtained from nanoindentation measurements. 

Raman spectroscopy of biological tissues often suffer from auto-fluorescence, mainly due 

to the presence of protein in the sample. Historically, bone samples were deproteinated to 

overcome this problem to allow for analysis of the mineral component of bone. However, most 

of the organic component is then lost [57]. The use of infrared lasers has been shown to eliminate 

most of bone’s fluorescence, allowing analysis of well-defined peaks. Other excitation lasers can 

also be used to reduce fluorescence such as Ultraviolet (UV) and Near-IR. The idea is to 

minimize the contribution of fluorescence by pushing it to the outer limits of the visible 

spectrum. Traditionally, deep-UV lasers have been avoided due to their tendency to burn the 

bone sample [57]. 

The paper is organized as follows. We start in Section 2 with a brief review of our 

experimental procedures for spherical nanoindentation and Raman spectroscopy as well as the 

data analyses procedures used for generating spherical nanoindentation stress-strain curves, 

which include a new procedure for establishing the effective zero-load and zero-displacement 

point in the raw dataset, and a new definition of indentation strain. We discuss the results from 

our nanoindentation analyses procedures and Raman Spectroscopy techniques in Section 3. We 

close with a discussion on the linkages of bone’s composition to its local properties at the 

lamellar level.  

2. Experimental  

a. Sample preparation 

Samples of femora were obtained from A/J and C57BL/6J (B6) strains of genetically 

inbred mice at 16 weeks of age. Following the procedure detailed in [48], A/J and B6 mice were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA) at 4–6 weeks of age. The mice were 

fed a standard mouse chow (Teklad 8664; Harlan, Indianapolis, IN, USA) ad libitum, kept on a 

12-hour light/dark cycle, and housed with 5 mice per cage at the Department of Orthopaedics in 
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Mount Sinai School of Medicine (MSSM), NY. All mice were sacrificed at 16 weeks of age at a 

time when the long bones are at peak bone mass [52]. Immediately after death, the right and left 

femora were harvested and cleaned of soft tissue. These samples were then fixed in 70% ethanol, 

dehydrated in ascending grades of ethanol and embedded in polymethylmethacrylate (PMMA). 

The mid-diaphyses for the dry dehydrated mouse femora were sectioned transversely beginning 

immediately distal to the third trochanter. The bone surface was prepared for nanoindentation 

testing by grinding with increasingly fine sandpapers up to 1200 grit, and polishing by means of 

a series of napped cloth impregnated with diamond pastes, finishing with a grain size of 0.05 μm. 

The samples were cleansed in a distilled water ultrasonic bath after each successive step. The 

above preparation procedure is summarized schematically in Figure 1. 

 
Femora from A/J 
and B6 Mice: 16 

weeks of age

Fixed in 70% 
ethanol

Dehydrated in 
ascending 

grades of alcohol 

Embedded in 
PMMA under 

vacuum

Cut distal to 
third trochanter, 
just proximal to 

midshaft

Tested

Polished 

 

Figure 1. Flow diagram for the sample preparation procedure of ‘dry’/dehydrated-embedded mouse bone 
samples for indentation and Raman testing. 
 

b. Areas of interest 

As stated before, one of the main reasons choosing the two particular strains of mice (A/J 

and B6) is that their bone growth patterns are well studied and understood [52, 58]. At 16 weeks 
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of age, these mouse femora are still in the state of being actively modeled [52, 58], with new 

bone being deposited along its inner (endosteal) and outer (periosteal) surfaces, though 

mineralization data indicates that interstrain differences have clearly been established by this 

time [52].  Specifically, these mice experience a particular pattern of cortical drift (as illustrated 

in Figure 2) in which they tend to add new bone endosteally along their antero-medial (AM) 

cortex and periosteally along their postero-lateral (PL) cortex. Previous studies have 

demonstrated that growing mice mineralize their bone quickly, though the intrinsic stiffness of 

the bone lags behind [59]. Owing to this growth pattern, the chemical composition, and hence the 

viscoelastic properties modulus, is expected to differ between regions of newly formed bone at 

the surface relative to the older bone matrix intracortically.  
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Figure 2. For indentation testing the mouse femurs were sectioned transversely distal to the third 
trochanter. During post-natal growth, bone is deposited (double arrows) and resorbed (single arrows) at 
different sites around this region of the femoral cortex resulting in a net cortical drift (large arrow). 
Spherical nanoindents (shown as blue dots in the SEM image) at the antero-medial (AM) cortex thus 
probe newer bone closer to the endosteal edge while the bone is more mature away from this surface. 
Three rows of indentation were performed on each sample. The region surrounding the indents was 
mapped by Raman Spectroscopy (shown by the red grid around the indented region). The same process 
was repeated for the PL cortex as well. 

 

This pattern of cortical drift allows us to readily select the AM and PL cortexes of the 

bone as representative regions in which areas of older and newer bone deposition can be easily 

identified. Thus new bone is present closer to the endosteal surface for the AM cortex (and the 

periosteal surface for the PL cortex), while the bone is more mature as we proceed away from 

this surface (see Figure 2). Starting at the edge of the endosteal surface and proceeding 

periosteally (of the AM cortex), three rows of indentations, with 15indents in each row, were 
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performed on each sample as shown in Figure 2. The spacing between two successive indents 

was maintained at 10 µm. The region surrounding the indents was mapped by Raman 

Spectroscopy (shown by the red grid around the indented region). The size of the Raman maps 

included a maximum area of 70 × 70 µm, which was limited by the capabilities of the mapping 

software. The same process was repeated for the PL cortex as well. 

c. Raman micro-spectroscopy  

A Renishaw 1000 Raman micro spectrometer using a semiconductor diode excitation 

laser operating at 785nm was employed in this study. The 50x objective lens (NA = 0.75) 

provided a laser spot size of approximately 2 μm. Spectra were taken point by point in extended 

mode from 750cm-1 to 1800 cm-1 using a grating of 1200 I/mm. Initial tests were conducted using 

an interrogation time of 20s where the final spectrum of each spot was an average of three scans. 

Typically, several accumulations of the same spectra will improve the relative signal to noise 

ratio and allow the signal level of a weak peak to be improved without saturating stronger peaks.  

However, a detector interrogation time for each scan of 60s for a single scan produced the same 

signal to noise ratio and required less time for overall mapping. There was no concern of 

saturation of the charged couple detectors (CCD) with a higher exposure time since the spectra 

did not feature a high background. The latter procedure was used in mapping to reduce 

experimental time. A Renishaw silicon piece was used for x-calibration of the wavenumbers of 

the Raman spectra with a sensitivity of less than 1 cm-1.  

All analyses were performed using the Wire 2.0 Software. The spectra were divided into 

different sub regions for analysis based on methods used by Timlin et al. [55]. The first region 

was from 750-1150 cm-1 which contains bands arising from vibrations of the mineral component 

of bone, and the second region from 1170-1800 cm-1 which contains mostly bands of bone 

matrix. This pre-processing step reduced background effects and focuses on the regions of the 

spectra where the signal is due to mineral or matrix. After separation into the two sub regions, 

mineral and matrix, the data was further analyzed to subtract the background fluorescence using 

a baseline curve fit. 

Traditionally, Raman spectroscopy has had one major disadvantage when studying 

biological specimens: the green lasers that are most commonly used in Raman studies cause bone 

proteins to fluoresce, giving a background several orders of magnitude higher than the Raman 
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signal. However, the recent advent of near-IR Raman spectroscopy has made the study of 

biological specimens more feasible. Using deep red excitation eliminates much of the 

fluorescence and allows even the weak organic matrix bands to be seen clearly, while still 

maintaining the spatial resolution advantage inherent to Raman spectroscopy. No deproteination 

is necessary [60]. A 785nm wavelength ‘red’ laser was used in this study.  
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Figure 3. A typical Raman spectra of mouse bone tissue embedded in PMMA (top) and a typical spectra 
of PMMA (bottom).  
 

Compositional characteristics of bone can be obtained from peak intensities of the 

recorded spectrum [61]. Peak intensity of the phosphate, carbonate, monohydrogen phosphate, 

Amide I and CH2 wag bands were analyzed (see Figure 3). Phosphate to monohydrogen 

phosphate and phosphate to carbonate peak intensity ratios were assessed to investigate 

differences in impurities between strains. The mineral to matrix ratio, which relates to bone 

mineralization [62], was determined using the phosphate to CH2 wag peak intensity ratio. Note 

that both the phosphate to CH2 wag peak intensity ratio and the phosphate to Amide I band 

intensity ratio can be used to denote the mineral to matrix ratio. The CH2 wag is generally 

considered better than the Amide I band for two reasons; (i) the CH2 wag band was more 
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distinguishable in the Raman spectra (ii) ethanol fixation methods have been known to alter the 

Amide I band intensity, while the CH2 wag intensity band is minimally affected by ethanol 

fixation [63]. However, PMMA bands do overlap the CH2 wag band (Figure 3). The PMMA 

contributions were considered minimal since the strongest peak of PMMA at ~820 cm-1 is 

minimally observed in the bone spectra; the peak intensity ratio of the peak of interest in bone to 

PMMA was about 0.05. Therefore, it is reasonable to assume that the effects of the PMMA band 

on the CH2 band peak intensity are negligible. No extra processing steps were taken to eliminate 

the effects of PMMA on the spectra. 

d. Spherical nanoindentation  

Nanoindentations were carried out using a nanoindenter (MTS XP® System equipped 

with the CSM attachment) with a 1 and 13.5 µm radius spherical diamond tip to a nominal depth 

of 300nm. Indentation stress-strain curves were produced for all the indents using the methods 

described below. 

Extraction of reliable indentation stress-strain curves from the measured load 

displacement data is essentially a two-step process [30]. The first step in this process is an 

accurate estimation of the point of effective initial contact in the given data set, i.e. a clear 

identification of a zero-point that makes the measurements in the initial elastic loading segment 

consistent with the predictions of Hertz’s theory [64, 65]. In our previous work [30], for 

spherical nanoindentation we expressed this relationship as 
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, eh
~

, and S are the measured load signal, the measured displacement signal, and the 

CSM signal in the initial elastic loading segment from the machine, respectively, and P* and h* 

denote the values of the load and displacement signals at the point of effective initial contact. A 

linear regression analysis was used to establish the point of effective initial contact (P* and h*) 

in the indentation experiment. 

This procedure is illustrated in Figure 4(a) for a sample of A/J mouse bone indented with 

a 13.5 μm radius spherical indenter. Figure 4(b) shows the point of initial contact as identified by 

the default procedure in the MTS software (C1) and by the procedure described above (C2). In 

the default procedure, C1 is generally determined as the point at which the S signal first reaches 
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or exceeds 200 N/m. Note that the value for S is generally negative before indenter is in contact 

with the specimen. Thus, to arrive at C2, the load signal in Figure 4(b) needed to be moved by 

about 0.094 mN and the displacement signal by about 13.2 nm with respect to C1. A major 

advantage of the suggested approach is the fact that this method identifies an “effective” or 

virtual point of initial contact, and not necessarily the actual point of initial contact. The concept 

of an effective point of initial contact allows us to de-emphasize any artifacts created at the 

actual initial contact by the unavoidable surface conditions (e.g. surface roughness).  

-2

0

2

4

6

8

10

12

-50 50 150 250 350
Displacement, nm

L
o

ad
, m

N

-0.05
0

0.05
0.1

0.15
0.2

-0.2

-0.15

-0.1

-0.05

0

0.05

0 0.01 0.02 0.03

P
 -

2/
3S

h
e

(m
N

) 
~

~ P
 -

2/
3S

h
e

(m
N

) 
~

~

S, CSM Signal (mN/nm)

Complete unloadComplete unload

Ri a

th

Idealized primary 
zone of indentation           
Idealized primary 
zone of indentation           

aa 4.2
4

3




he ch
hr

Max loadMax load

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.02 0.04 0.06
Indentation Strain

In
d

e
n

ta
ti

o
n

 S
tr

es
s,

 G
P

a

(d)(c)

(a) (b)

C1
C2

-5 0 5 10 15 20

Zero pt from 
machine (C1)

Corrected zero 
point (C2)

Es = 31 GPa

Yind

 

Figure 4. (a) The identification of the effective zero-point [30] in the dataset measured on a A/J mouse 
femur sample indented with a 13.5 μm radius spherical indenter. The measured (b) load-displacement 
curve and the extracted (c) indentation stress-strain curves for the A/J femur using two different estimates 
of the zero-point. The inset in (b) shows the two different estimates of the zero-point: C1 - zero point 
given by the machine and C2 - effective zero point determined using [30]. (d) Schematic of a spherical 
indentation showing the primary zone of indentation [30]. 
 

In order to generate indentation stress-strain curves, Hertz’s theory [64, 65] can be recast 

in the following set of equations for frictionless, elastic, spherical indentation (see also [30, 31]): 
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where ind  and ind  are the indentation stress and the indentation strain, a is the radius of the 

contact boundary at the indentation load P, he is the elastic indentation depth, S is the elastic 

stiffness described earlier, Reff and Eeff are the effective radius and the effective stiffness of the 

indenter and the specimen system,   and E are the Poisson’s ratio and the Young’s modulus, 

and the subscripts s and i refer to the specimen and the indenter, respectively. Expressing Hertz’s 

theory in this form allows us to extract reliable and more meaningful indentation stress-strain 

curves, compared to any of the other analysis procedures being used in current literature. Note 

also that, in general, the data analyses methods of extracting indentation stress-strain curves have 

been more successful with spherical indenters compared to sharper indenters [66], which might 

be attributed to their relatively smoother stress fields. Figure 4(c) shows the indentation stress-

strain curve derived from the load-displacement data in Figure 4(b) using the protocol outlined 

above and compares it to the plot using the machine generated zero point (C1). Note that the 

initial elastic and yield sections are much better resolved when the zero point is determined using 

the procedure described above (instead of using the default procedure in the MTS software). The 

value of the indentation yield strength, indY , is established in this work using a back-

extrapolation method, as shown in Figure 4(d). 

It should be noted here that the indentation strain definition used in Eq. (2) is 

substantially different from the effRa definition used in many prior studies [19, 20, 22, 67].  Our 

recent study provides the rationale for this new definition of indentation strain [30]. Briefly, it is 

pointed out here that effRa , or the more commonly used iRa because of the difficulties in 

measuring effR , lacks any reasonable physical interpretation as a strain measure (traditionally 

defined as the ratio of change in length over the initial length of a selected line segment in a 

region of interest in the sample). The new definition of indentation strain presented in Eq. (2) is 

tantamount to idealizing the primary zone of indentation deformation as being equivalent (in an 

average sense) to compressing by he (same as the total indentation depth, ht, for elastic 

indentation) a cylindrical region of radius a and height 2.4a (see Figure 4(d)). For the more 



 

 

 

 

 Publication F - 154 - 

general case of elastic-plastic indentations [30, 31], we suggest the use of 
a

ht

4.2
 as the definition 

of indentation strain. 

3. Results and Discussion  

a. Modulus values from loading vs. unloading 
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Figure 5. A comparison of modulus values measured from the loading portion of the indentation stress-
strain curves vs. the values measured from the unloading segment of the nanoindentation experiment 
using the Oliver-Pharr method [16]. 
 

Figure 5 shows the modulus values calculated from the loading portions of the 

indentation stress strain curves (following the procedure shown in Figure 4) and compares them 

to the values obtained from analyzing the unloading segments of the nanoindentation 

experiments (using the Oliver-Pharr method [16]). The average and standard deviation values 

from 3 rows of indents are shown here. As seen from this figure, obtaining the modulus values 

from the loading segment helps us to distinguish between newer and older bone regions, where 

the bone is seen to mature progressively as the indenter probes away from the endosteal surface 

of the AM cortex. The sensitivity of modulus values from the unloading segment is inadequate to 

capture a similar trend; the values themselves tend to be somewhat lower than the values from 

the loading segments.  

The above observation signifies the importance of obtaining the modulus values from the 

loading segments for biological materials such as bone, instead of from the unloading portion as 

commonly done in literature. This is due to the fact the loading segments reflects the properties 

of the pristine material, whereas the material has typically experienced a significant amount of 
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inelastic strain before unloading. Thus values for both newer and older bone regions show a 

similar trend when the unloading segment is used for their calculation – both represent bone 

deformed by prior indentation stresses.  

The lower modulus values, as calculated from the unloading segment, could be caused by 

the approximations inherent in the methods prescribed in [16] (see [30] for a detailed review of 

the analysis process), such as the errors in calculating the area calibration function. Note also that 

due to the viscoelastic nature of bone, a difference in the loading and unloading rates would also 

result in a difference in the absolute values calculated from these segments, which can be another 

reason for the decreased modulus values in the unloading segment.   

The above discussion also allows us to test an interesting hypothesis proposed by Zysset 

et al. [68]; that of a possible pressure-induced structural transformation occurring in the bone 

mineral within the indented area of a flat punch nanoindentation. According to their theory, bone 

spectra are altered, in both the organic and inorganic regions, in response to mechanical 

loading/deformation. In their calculation of bone’s elastic modulus, where they use the unloading 

segment of the load-displacement response following the Oliver-Pharr analysis [16], the modulus 

values were found to increase with increasing indentation depths (and hence increasing in 

indentation pressure). Zysset et al. [68] had proposed a possible pressure-induced structural 

transformation as a cause of this increase arguing that if the amount of transformation is 

proportional to the applied indentation pressure, then this would result in a higher modulus with 

increasing indentation pressures (assuming that the transformed phase has a higher modulus that 

the virgin phase).    

In order to test this hypothesis, a series of nanoindentation and Raman measurements 

were performed on the bone sample as described below. The nanoindentation experiments 

involved performing a smaller indentation inside a larger indent. In this case the region of bone 

(a C3H mouse femur was used for this purpose) under examination was first indented with the 1 

μm tip (up to a max depth of 250 nm) to evaluate the properties of the undeformed surface. Then 

the same region was indented with the larger diameter (13.5 μm) indenter up to a maximum 

depth of 5000 nm. Finally, further indentations with the 1 μm spherical indenter (up to a max 

depth of 250 nm) were performed inside these larger indents. The objective of this exercise was 

to ascertain the properties of bone before and after indentation and check if indentation has any 

significant effect on changing the mineralization and/or porosity within the mouse bone sample. 
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Raman spectra were also taken by focusing the laser beam both before and after making the 

larger indents. In order to ensure that the entire laser beam in Raman was focused only inside the 

indent (so as to remove any possible contributions from the un-indented portions of the bone), 

some additional larger Vickers indents were made using a Vickers micro-hardness tester (LECO 

M-400) at a load of 0.5 kg for a period of 10 seconds. The Raman signals obtained from inside 

this large Vickers indent is assumed to be generated only by the material deformed by 

indentation pressure. 
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Figure 6. (a) Optical micrograph showing the places where the smaller 1 μm indentations (not visible in 
the micrograph) were made inside larger 13.5 μm indents. The micrograph also shows the locations of the 
points from where the Raman spectra, shown in (b) were taken. (b) Comparison of Raman spectra taken 
from the center of the Vickers  indent, at the edge of Vickers indent, and away from the indent. Inset - the 
magnified view of (b) from 1200 to 1800 cm-1 wave-numbers for comparison with the data reported in 
[68]. (c) Load displacement and (d) indentation stress strain curves showing comparison between 
indentations performed on the virgin surface and inside another larger indent. 
 

Performing an indentation inside another (larger) indentation (Fig 6a) allows the 2nd 

indentation to probe an area on the already transformed material (assuming the hypothesis stated 

in [68] to be true). Thus, the modulus value measured from the loading portion of the indentation 

stress-strain curve is expected to be higher than that for the virgin material (since this would now 

correspond to the transformed material). The results for these tests are shown in Figure 6. As 
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seen for Figures 6 (c) and (d), even for the case of indentation inside another (larger) indentation, 

the modulus values are the same (~27 GPa) as those for a virgin surface of bone. The slopes of 

the indentation stress-strain curves are very similar in both loading sections; which negate any 

suggestions of a structural change due to indentation pressure. 

Our Raman results from inside and outside the indents also fail to support the hypothesis. 

As shown in Fig 6 (b), the Raman spectra collected from inside the indent is very similar to the 

ones from outside the indent. They do not show any shifts in position or changes in intensity. 

Phase transformation due to indentation pressure is known to produce changes in new peak (or 

peak shifts) in the Raman spectra and has been extensively reported in literature [69-72]. Such a 

phenomenon is not observed in this case. Also the appearance of additional mineral factors in the 

indented region as reported by [68] were not observed in the present study. Results from FTIR 

study (not shown in this report) also show the same trend. These results lead to the conclusion 

that phase transformation under the indenter is not happening in the current study. 

Possible explanations for the increasing modulus values with increasing indentation 

pressures as observed by [68] could be the use of approximations inherent in the Oliver-Pharr 

analysis as well as the viscoelastic nature of bone. The primary components of bone are stiff, 

hydroxyapatite-like mineral and collagen. Because of the viscoelastic nature of collagen fibers in 

the bone matrix, bone itself has remarkable viscoelasticity [73]. An additional support for this 

idea stems from compression tests, where bone has been found to be stiffer and stronger at 

higher strain rates [74]. 

 b. Raman mapping 

Figures 7-8 show the representative results from the Raman mapping experiments. These 

figures are generated by analysis of each Raman spectrum that yields four parameters for each 

curve: band position, band intensity (height), band area, and band width at half-height. No 

significant shifts in any band positions were observed throughout the data set. Band intensities 

obtained from the fitted curves were used to calculate several useful ratios of bone components. 

Three bands were investigated: phosphate band (PO4
3- symmetric stretch at 960 cm-1), amide I 

band vibrations of the collagen (peptide carbonyl, i.e., CO, stretch at 1663 cm-1) and the C-H 

band vibration (1450 cm-1) [54, 55]. The intensity of the phosphate symmetric stretch band was 

divided with the intensity of the amide I band to calculate the degree of mineralization (mineral-
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to-matrix ratio) of the collagen matrix (Figure 7). An increasing PO4
3-/amide I intensity ratio 

indicates a more mineralized collagen matrix. Note that using the C-H band vibration can also be 

used as a marker of matrix instead of the amide I vibration (Figure 8).  
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Figure 7. 2D surface maps of the mineral-to-matrix ratios (defined as the PO4
3- / amide I intensity ratio) 

values across a 35 × 70 µm region close to the endosteal edge of the AM cortex in two A/J samples and 2 
B6 mouse femur samples. Spherical nanoindents were performed within the same area of the samples. 
 

Figures 7 and 8 show the variation in the mineral-to-matrix ratio, defined as the 

phosphate to Amide I band intensity ratio and the phosphate to CH2 wag intensity ratio 

respectively, in the AM cortex of the A/J and B6 mouse femurs. As evident from these two 

figures, the CH2 wag seems to better represent the matrix than the Amide I band. The CH2 wag 

was also found to perform better while correlating the bone’s mechanical properties with its 

mineral-to-matrix ratio (shown later in Figures 10 and 11). The mineral-to-matrix variations 

(phosphate to CH2 wag band intensity ratio) close to the periosteal edge of the PL cortex in the 

mouse femurs is shown in Figure 9. 
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Figure 8. 2D surface maps (of the same region as shown in Figure 7) showing the mineral-to-matrix ratios 
(defined as the PO4

3- / CH2 wag intensity ratio) values across a 35 × 70 µm region close to the endosteal 
edge of the AM cortex in two A/J samples and two B6 mouse femur samples. Spherical nano-indents 
were performed within the same area of the samples. 
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Figure 9. 2D surface maps showing the mineral-to-matrix ratios (defined as the PO4
3- / CH2 wag intensity 

ratio) values across a 60 × 60 µm region close to the periosteal edge of the PL cortex in two A/J samples 
and two B6 mouse femur samples. Spherical nano-indents were performed within the same area of the 
samples. 
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As seen from these two maps (Figures 7 and 8), at a similar distance from the endosteal 

edge, the B6 mice shows a lower mineral/matrix ratio than the A/J mice, suggesting a higher 

degree of mineralization at a similar distance into the cortex for the A/J mice strain (the same 

trend is seen close to the periosteal edge of the PL cortex as well). These contour plots seem to 

indicate that the A/J strain is mineralizing at a much faster rate than the B6 strain. For example, 

within 15 microns from the depositional edge peak mineralization (PO4
3-/CH2 intensity ratio 

~12-15, Figure 8) is reached in the A/J strain. However, even at distances of 65 microns into the 

bone, the peak mineralization in the B6 strain is only at a PO4
3-/CH2 intensity ratio of 9-12. 

The biological origins of the trends demonstrated above can be traced to the growth 

processes that regulate bone quality at the tissue level in these mouse strains. It is known that 

while the A/J femora have a smaller diameter and correspondingly a smaller moment of inertia 

compared to B6, they do not differ significantly in their cortical areas [48, 49]. Thus, the same 

amount of tissue is distributed differently in these two strains. However in spite of a less 

structurally efficient structure the A/J femora are instead found to posses similar overall stiffness 

and strength values as compared to B6 [48] (one would not expect this if the bone compositions 

were identical across the two mouse strains). This apparent contraction can be reconciled by 

noting the higher degree of mineralization in the A/J mouse bone, as shown in Figures 7-9, – 

indicating that these animals (A/J) have biologically coupled a change in bone quality to their 

bone morphology in order to satisfy the imposed mechanical demands. This notion is also 

supported by the fact that A/J femora have been found to have a significantly larger mineral (ash) 

content (68.51.0%, n=10) compared to B6 femora (65.11.1%, n=10) [48], as well as by other 

reports in literature using FTIR (Fourier transform infra-red) imaging [75]. It is interesting to 

note here that this trade-off between the reduced diameter and an increased mineral content in 

the A/J mice is not without consequences – at the whole bone level the A/J femora were found to 

have significantly reduced toughness and they fracture in a more brittle manner than the B6 as 

seen in whole bone bending tests [48, 49]. 

c. Relating bone’s local composition to its local properties  

As mentioned before, one of the primary objectives of this task was to study the linkages 

of bone’s composition to its local properties at the lamellar level. The correlations between 

bone’s local structural and mechanical information is aptly captured in Figure 10. This figure 
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shows the trends in the values of the elastic modulus and the indentation yield strength (Yind), and 

the mineral-to-matrix ratios in the AM cortex for the A/J and B6 mouse strains. Note that the 

local indentation modulus and Yind are calculated from an analysis of the initial loading segment 

of the indentation stress-strain curves (Equation (2)) as shown before in Figure 5; values 

measured from the unloading segment, as is the common practice in literature [16], is inadequate 

for this purpose.  
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Figure 10. A comparison of the mineral-to-matrix ratio, the elastic modulus, and the indentation yield 
strengths (calculated from the loading segment of the indentation stress-strain curves) close to the 
endosteal edge of the AM cortex in A/J (left) and B6 (right) mouse femur samples. 
 

As seen from Figure 10, the B6 sample exhibits a lower mineral/matrix ratio than the A/J 

sample at a similar distance from the endosteal edge, suggesting a higher degree of 

mineralization at a similar distance into the cortex for the A/J mice strain. The associated 

modulus and Yind values follow a similar pattern. In general the modulus values for the A/J mice 

are seen to be higher than the B6; the same is observed for the Yind values as well. These results 

are in line with other reports in literature which also demonstrate a higher modulus for the B6 
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mice than A/J [56]. These trends need to be explored more fully on a larger sample of each of the 

two strains in order to demonstrate their significance. 
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Figure 11. A comparison of the mineral-to-matrix ratio, and the elastic modulus values (calculated from 
the loading segment of the indentation stress-strain curves) close to (a) the periosteal edge of the PL 
cortex and (b) the endosteal edge of the AM cortex in an A/J mouse femur sample. 
 

A similar trend is also observed in the PL cortex as shown in Figure 11. In this figure the 

mineral-to-matrix ratios from Raman spectroscopy are compared to the modulus values in both 

the AM and PL cortex of an A/J mouse femur. As evident from this figure, the modulus values at 

both these locations appear to closely mirror the degree of mineralization in the same region of 

the bone. 

4. Conclusions  

In summary, this work demonstrates the applicability of our new spherical 

nanoindentation data analysis techniques for biological materials, which are able to correlate the 

local structure information in bone to its mechanical properties at the micron length scale. 

Analyzing the spherical nanoindentation stress-strain response, along with the structural 

information from Raman spectroscopy, we show that bone with a higher mineral-to-matrix ratio 

demonstrates a trend towards a higher modulus and indentation yield strength. Thus regions of 

newer bone are found to have lower local modulus and local indentation yield strength values 

than regions of older bone. Our initial tests also demonstrate that the B6 mouse strain exhibits a 
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trend towards lower modulus values than the more mineralized A/J strain. As such this study 

constitutes a crucial first step in the formulation of a rigorous framework for establishing structure-

property linkages in bone. 
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Abstract 

This paper describes a novel procedure for generating viscoelastic nanoindentation maps 

at the submicron length scale in ‘wet’ hydrated bone specimens. Using the nano-DMA® 

(Dynamic Mechanical Analysis) mode of dynamic indentation, where a small oscillatory force is 

imposed on the indenter, here we characterize the viscoelastic response in two different inbred 

mouse strains, A/J and B6. At a similar distance from the endosteal edge of the antero-medial 

(AM) cortex, the B6 mouse is shown to exhibit a trend towards a higher viscoelastic response 

than the A/J, due to its lower mineral-to-matrix ratio. The higher collagen content of the newer 

bone regions closer to the endosteal edge of the AM cortex also results in their higher 

viscoelastic behavior. The viscoelastic mapping technique is also shown to be sensitive to 

surface defects, such as porosity, on hydrated biological specimens.   
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1. Introduction  

Bone is a composite material whose mechanical performance is strongly dependent on 

the complex details of its internal hierarchical structure [1-4]. At the micron length scale, the 

mechanical properties of bone are dominated by close interactions between its collagen fibrils 

and crystalline mineral components [5, 6]. The hydroxyapatite mineral phase in bone is stiff and 

hard, while the organic collagen network is complaint and soft. Thus bone, especially in a 

hydrated condition, often exhibits both an elastic response (where it stores elastic energy) and a 

time-dependent response (where it dissipates energy primarily by the inelastic deformation of the 

organic components)[7].  

The study of the viscoelastic behavior of bone, particularly at the sub-micron length 

scale, is made difficult by the structural complexity of bone combined with its inherent 

heterogeneity in a given sample set. Genetically inbred mouse strains, with known intra-strain 

variability [8] and whole bone biomechanical properties [9] represent an important tool in 

studying the local mechanical properties of bone [10, 11]. In particular, the two different strains 

of inbred mouse selected for this study, A/J and C57BL/6J (B6), have been shown to 

significantly differ in their matrix mineralization and whole bone brittleness, and exhibited the 

strongest differences in their composition and tissue level responses in preliminary studies [8, 9, 

12, 13]. Aided by a detailed knowledge of the growth patterns in these mouse strains [12], which 

allow us to readily select specific areas of the bone cortex representing regions of older and 

newer bone deposition, we aim to characterize bone’s dynamic mechanical properties in this work, 

using nanoindentation techniques, and thus provide insight into the relationship between 

mineral/matrix variation and tissue-level mechanical properties in bone.   

Nanoindentation, with its ability to probe small material volumes in the micrometer 

length scale [14], is finding increasing application in the mechanical characterization of 

hierarchical structures such as bone [15-19] and other biomaterials [3, 20-30]. However despite 

the fact that most biological materials including bone are naturally hydrated in their in-vivo 

environment, the majority of the published literature on bone indentation has been performed on 

dehydrated specimens embedded in epoxy or resin, mainly to facilitate sample preparation [15, 

16, 31, 32]. Preservation and processing are known to affect the physical and mechanical 

properties of mineralized tissues [33-40], and studies of indentation on different biomaterials 
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have also reported significant increases in indentation moduli after dehydration [18, 37, 41-47], 

with further increases after embedding [48-50]. Moreover, the quasi-static indentation methods 

followed in these reports are better suited for measuring the equilibrium modulus and hardness 

values [51, 52], as well as some aspects of the post elastic behavior [53, 54], instead of the time-

dependent properties of these materials.   

Most nanoindentation data analyses methods have been predominantly associated with 

the calculation of the material elastic modulus and hardness values from the unloading data [51, 

52, 55] using elastic contact mechanics [56, 57]. A major impediment to the use of similar 

analyses on bone, especially under hydrated conditions, is its time-dependent behavior [2], which 

can lead to ambiguity in the analysis of load-displacement response. For example, persistent 

creep during the initial unloading in bone can give rise to the appearance of a negative stiffness 

[58-61], which has led several researchers to suggest various experimental approaches [16, 32, 

34, 45, 61-69] to eliminate the problem. However, as opposed to ‘removing’ this time 

dependence and measuring just an equilibrium modulus and hardness, in this report we focus on 

measuring the viscoelastic parameters of the material (bone) using dynamic nanoindentation 

measurements.   

Various analysis techniques using instrumented indentation methods have been 

developed for direct analysis of material viscoelasticity [14, 60, 70-77] (see Ref [78] for a 

detailed review). In the method used in this work, a small oscillatory force is imposed on the 

indenter, and the resulting load, displacement and phase signals are monitored to calculate the 

elastic and viscous components of the specimen [79]. Commonly referred to as dynamic 

nanoindentation, such an approach allows the measurement of the loss tangent, which is 

considered a reliable measure of a material’s viscous damping [80], over a wide range of 

frequencies. Details of this method, along with the sample preparation techniques used for the 

mouse femora, are elaborated in the next section. Using the above techniques, the viscoelastic 

responses obtained on the two mice strains, A/J and B6, are then compared with each other, and 

discussed along with other advantages of the technique. 
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2. Materials and Methods 

2.1. Sample preparation.  

Samples of femora were obtained from A/J and C57BL/6J (B6) strains of genetically 

inbred mice at 16 weeks of age. Following the procedure detailed in [8], A/J and B6 mice were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA) at 4–6 weeks of age. The mice were 

fed a standard mouse chow (Teklad 8664; Harlan, Indianapolis, IN, USA) ad libitum, kept on a 

12-hour light/dark cycle, and housed with 5 mice per cage at the Department of Orthopaedics in 

Mount Sinai School of Medicine (MSSM), NY. All mice were sacrificed at 16 weeks of age at a 

time when the long bones are at peak bone mass [12]. Immediately after death, the right and left 

femora were harvested and cleaned of soft tissue. The femur samples were then kept immersed in 

a phosphate-buffered saline (PBS) solution (pH 7.4) mixed with CaCl2 (210 mg of CaCl2 per liter 

of PBS), as recommended in [33], and stored frozen at -20oC. Four samples of each strain were 

chosen for validation of the viscoelastic indentation testing method described below. Since the 

small sample size used in this study (n = 4) is provides limited statistical power , the results are 

not definitive and have been discussed as trends across the two mouse strains.         

As discussed above, the mechanical response of bone is significantly altered by 

manipulating the tissue hydration state [18, 33, 36-39, 44, 45, 48, 62], thus emphasizing the need 

of not only testing hydrated samples that reflect bone’s natural hydrated state, but also avoiding 

prolonged dehydration during sample preparation. The surface layer of biological materials like 

bone (the first few nanometers at the surface which includes the depth probed by 

nanoindentation) is also highly susceptive to changes in the composition and pH of the storage 

media [33, 34]. Although dehydration and subsequent rehydration is known not to significantly 

affect the whole bone mechanical properties [38, 39, 81, 82], the effect of such procedures on the 

accuracy of sensitive surface-probing techniques such as nanoindentation has yet to be analyzed 

in detail [50, 83]. It is thus prudent not to allow the samples selected for testing in the hydrated 

conditions to dehydrate significantly during the sample preparation process. Another important 

factor in obtaining reliable results from nanoindentation experiments is the careful and 

reproducible preparation of the specimen surfaces to be analyzed [84], especially for the softer 

biological materials such as bone [43, 85-90]. An adequate surface finish is especially difficult to 

obtain in the case of wet mouse bone samples, because of the small size of the specimens (see 
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Figure 1) and the need to keep the samples hydrated during the entire sample preparation 

process. This is indeed the most demanding step of the sample preparation procedure. The 

surface roughness of wet biological samples is known to be greater than that of dry specimens 

[34, 48].  
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Figure 1.  For viscoelastic indentation testing the mouse femurs were sectioned  transversely distal to the 
third trochanter. During post-natal growth, bone is deposited (double arrows) and resorbed (single arrows) 
at different sites around this region of the femoral cortex resulting in a net cortical drift (large arrow). 
Spherical nanoindents at the antero-medial (AM) cortex thus probe newer bone closer to the endosteal 
edge while the bone is more mature away from this surface. Three rows of indentation were performed on 
each sample. 
 

Following the discussion above, care was taken to keep the mouse femur samples moist 

with the PBS solution at all times during their preparation and testing. Samples were transported 

while frozen to the Bone Biology Laboratory at Drexel University College of Medicine 

(DUCOM). The samples were thawed and potted using an acrylic adhesive (Scotchweld DP810, 

McMaster Carr, Los Angeles, CA) and then sectioned transversely distal to the third trochanter 

using a Buehler Isomet 1000 saw (Lake Bluff, IL). Grinding and polishing procedures followed 

immediately. Grinding to increasingly fine sandpaper number up to 1200 grit was followed by 

polishing (using a Buehler Ecomet 3000, Lake Bluff, IL) with a series of napped cloths 

impregnated with diamond pastes, finishing with a grain size of 0.25 μm. The samples were 

cleaned ultrasonically after each preparation step and they were also checked by optical 

microscopy after the final polishing to ensure their surface finish. The samples were then 

refrozen (soaked in PBS solution) and stored at -20oC. The pH of the PBS solutions was 

measured with a pH meter. Four samples of each strain were prepared using this procedure. The 



 

 

 

 

 Publication G - 172 - 

above preparation procedure is summarized schematically in Figure 2. Since various stages of 

the sample preparation and testing were conducted in three different facilities – the mice were 

harvested at MSSM, the femora were potted, cut and polished at DUCOM, and the 

nanoindentation was conducted at the Center for Integrated Nanotechnologies (CINT) facility at 

Los Alamos National Laboratory (LANL), Los Alamos, NM – it required several storage (by 

freezing), thawing and refreezing cycles of the bones. Although storage by freezing, and 

thawing, testing and refreezing sequences are not expected to affect the mechanical properties of 

bone [36], care was taken so ensure that all of the samples tested underwent the same number of 

freeze-thaw cycles, in order to ensure better homogeneity of results. Viscoelastic indentation 

testing was performed after thawing and conditioning the samples in PBS solution at room 

temperature for ~1 hour. The samples were kept submerged in PBS in a fluid cell during the 

entire test duration in order to maintain hydration.  
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Figure 2. Flow diagram for the procedure for preparation of ‘dry’ and ‘wet’ mouse bone samples for 
viscoelastic indentation testing. 
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For comparison, another set of samples were prepared for testing in the dry condition (see 

schematic in Figure 2). These samples were fixed in 70% ethanol, dehydrated in ascending 

grades of ethanol and embedded in polymethylmethacrylate (PMMA). As in the case of the wet 

samples, the mid-diaphyses for the dry dehydrated mouse femora were sectioned transversely 

beginning immediately distal to the third trochanter. The bone surface was prepared for 

nanoindentation testing by grinding with increasingly fine sandpapers up to 1200 grit, and 

polishing by means of a series of napped cloth impregnated with diamond pastes, finishing with 

a grain size of 0.05 μm. The samples were cleansed in a distilled water ultrasonic bath after each 

successive step.    

2.2. Areas of interest 

As stated before, one of the main reasons choosing the two particular strains of mice (A/J 

and B6) is that their bone growth patterns are well studied and understood [12, 91]. At 16 weeks 

of age, these mouse femora are still in the state of being actively modeled [12, 91], with new 

bone being deposited along its inner (endosteal) and outer (periosteal) surfaces, though 

mineralization data indicates that interstrain differences have clearly been established by this 

time [12].  Specifically, these mice experience a particular pattern of cortical drift (as illustrated 

in Figure 1) in which they tend to add new bone endosteally along their antero-medial (AM) 

cortex and periosteally along their postero-lateral cortex. Previous studies have demonstrated that 

growing mice mineralize their bone quickly, though the intrinsic stiffness of the bone lags behind 

[92]. Owing to this growth pattern, the chemical composition, and hence the viscoelastic 

properties modulus, is expected to differ between regions of newly formed bone at the surface 

relative to the older bone matrix intracortically.  

This pattern of cortical drift allows us to readily select the AM cortex of the bone for our 

viscoelastic nanoindentation experiments as a representative region where we can readily 

identify areas of older and newer bone deposition, where new bone is present closer to the 

endosteal surface while the bone is more mature as we proceed away from this surface (see 

Figure 1). Starting at 5 µm from the endosteal surface and proceeding periosteally, three rows of 

indentations, with 10 indents in each row, were performed on each sample as shown in Figure 1. 

The spacing between two successive indents was maintained at 10 µm, as was the spacing 
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between two successive rows. This enabled us to generate viscoelastic indentation maps over a 

large portion of the sample (a 20 µm x 90 µm area).  

2.3. Dynamic Nanoindentation.  

The micro-scale dynamic nanoindentation dynamic tests on the mouse femora were 

performed using the nano-DMA® (Dynamic Mechanical Analysis) mode of the Hysitron 

Triboscope® (Hysitron Inc., Minneapolis, MN, USA) located at the CINT facility in LANL. By 

measuring the load amplitude, displacement amplitude and the phase lag during the test, the 

nano-DMA technique takes into account the elastic as well as the viscous contribution of the test 

material, which allows the calculation of the loss modulus, storage modulus and tan . Assuming 

linear viscoelasticity, the frequency dependent dynamic response of the material can be 

ascertained using the following equations 
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where E   and E   denote the storage and loss moduli,   is the frequency of the applied force 

and Sk  and SC  are the sample stiffness and damping coefficients respectively and CA  is the 

projected contact area of the indent on the surface of the specimen. Details of the model can be 

found in Ref. [79].  

Note however, that the estimation of CA  in Eq. (1) is not straightforward. The most 

common approach has been to calibrate CA  using measurements on samples with known moduli 

[51, 93, 94] or results from finite element simulations [95-97]. This approach implicitly assumes 

that the calibration function developed for CA  is independent of the material being indented. 

This is unlikely because the inherent response of the material should play an important role in 

determining the contact geometry. Moreover, most commercial nanoindentation instruments 

perform poorly when trying to detect the surface of soft materials [53, 54] (the accuracy can vary 

anywhere from ±2 nm [52] to ±30 nm [85]), and the problem is especially exacerbated in 

hydrated specimens [41, 98]. Since the accuracy in the calculation of CA  is directly related to the 

accuracy of finding the surface, this causes significant uncertainty in the calculation of the values 

of loss and storage moduli from Eq. (1). On the other hand, calculation of tan  is independent of 

CA , and as a ratio of the loss to storage moduli it is ideally suited as a measure of the 
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viscoelasticity of the indented material. Thus in this work, we have focused on the measurement 

of tan  as a suitable measure of the viscoelastic response in the hydrated bone samples.  

The choice of the indenter tip plays an important role in the measurement of viscoelastic 

properties of a hydrated specimen. Although biological materials have been indented with sharp 

diamond indenter tips [60], such as Berkovich [25, 41, 47, 48, 77, 99-101] or cube-corner tips 

[34, 102], as well as with flat punch [98, 103-106], each of these indenters have their own 

disadvantages. While high stress concentrations and lack of a detectable elastic regime is a 

concern for sharper indenters, cylindrical flat punch indenters suffer from alignment issues 

between the indenter and the sample. A spherical indenter tip, on the other hand, is less sensitive 

to alignment, and their relatively smoother stress fields (compared to sharper indenters) have led 

to their widespread use for indenting soft polymers and tissues [7, 22, 26, 28, 37, 48, 62, 71, 74, 

78, 79, 107-110]. Data acquisition and analysis for testing on hydrated specimens submerged in 

liquid is also made complicated by meniscus forces acting on the shaft of the indenter [45, 111], 

and specialized tips with long shafts (commonly known as fluid tips [25, 28, 79]) are required to 

alleviate the problem. Thus for this work specialized fluid tips with spherical probes of 1 and 20 

µm radii were used.  
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Figure 3. Comparison of the viscoelastic response of wet (hydrated) and dry (dehydrated/embedded) A/J 
mouse bone.  

The ‘frequency-sweep’ mode of the nano-DMA software in the Hysitron Triboscope® 

was used in this work [28, 79, 107]. In this mode the applied load is specified, which fixes the 

indentation depth, and the probe is oscillated across a range of frequencies. This provides the 

frequency dependent variation of tan  in the indented material. The indenter was held for 2 
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minutes at the applied load in order to dissipate any creep effects before starting the probe 

oscillations. A frequency range from 20-180 Hz was chosen for this work; above this range the 

machine noise was seen to be substantially increased and hence the results at higher frequencies 

were ignored. The applied AC load for each test was adjusted to ensure a displacement amplitude 

of ~2 nm, at a nominal depth of ~200 nm inside the material. Similar tests were done on 

polycarbonate with known values of tan  to validate the accuracy of the method. The noise 

level in the machine, determined by conducting frequency sweeps in non-viscoelastic materials 

such as aluminum and tungsten, was found to be around 0.03 (in terms of the values of tan ). 

The ‘imaging’ mode of the Hysitron Triboscope® , in which the indenter tip is used as an AFM 

and scanned over the sample surface while simultaneously recording the amplitude and phase lag 

signals, was also employed in this work. This enables the topography of the sample to be readily 

visualized and also facilitates the exact placement of the indent on the region of interest [28, 79, 

107], especially when the sample surface is submerged in liquid.   

3. Results 
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Figure 4. Variation of tan δ values from the endosteal edge of the AM cortex as a function of the 
frequency imposed on the 1 µm radius spherical indenter tip. Two representative rows of (a) the B6 
mouse strain and (b) the A/J mouse strain are shown as examples.  
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Bone specimens in both wet (hydrated) and dry (dehydrated and embedded) conditions 

were tested using viscoelastic nanoindentation over a range of frequencies. A comparison of the 

viscoelastic nanoindentation response of one set of bone samples in both conditions is shown in 

Figure 3. As seen from these results, hydrated mouse bone displays a clear viscous response 

(higher values of tan ) whereas dry bone samples do not show any appreciable viscoelasticity 

(low values of tan  which are comparable to the noise level of the machine). These results 

underline the need of testing these materials in their (wet) hydrated state when the viscoelastic 

behavior of the material is of interest. The remaining specimens for this study were tested in the 

hydrated condition.  
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Figure 5. 2D surface maps of tan δ values across a 20 × 70 µm region close to the endosteal edge of the 
AM cortex in (a) four B6 samples and (b) three A/J mouse samples. Note the lower map size of the 
second B6 sample.   
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Figure 4 shows the variation in the tan  values as a function of frequency across a row 

of indents starting from 5 µm of the endosteal edge in the AM cortex; two samples of each strain 

(A/J and B6) are shown as examples. The surface plot is color coded to reflect the values 

for tan , where a deeper shade of blue represents a higher tan  value. Two trends are evident 

from these plots. Firstly, in both mouse strains higher values of tan  were recorded close to the 

endosteal edge, and the values decrease progressively as the indenter moves away from the edge. 

No particular frequency dependence for the values of tan  can be detected from these plots. 

Secondly, at a similar distance from the endosteal edge, the B6 mice show higher values of tan  

than the A/J mice, a trend that suggests a higher degree of viscoelastic response at a similar 

distance into the cortex for the B6 mice strain.  

Similar trends can be also seen in Figure 5, which shows 2D surface maps of tan  over a 

region of 20 × 70 µm close to the endosteal edge of the AM cortex at a representative frequency 

of 172 Hz. Four samples of the B6 strain and 3 of the A/J are shown in this figure (the 4th A/J 

sample is excluded from this figure due to the presence of a large pore in the scanned area). Note 

that the second B6 sample shows an area of only 10 × 70 µm (two rows of indents, instead of 

three). As in the previous figure, the 2D surface plots also reveal a trend towards higher 

viscoelasticity (higher values of tan ) in the B6 mice, as well as in increase in the viscoelastic 

response closer to the endosteal edge of both mouse strains.  
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Figure 6. Average and standard deviations of the tan delta values shown in Figure 5 as measured from the 
endosteal edge of both A/J and B6 femora.  
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Both these trends can be summarized in Figure 6, which shows the average and standard 

deviations of the tan values from Figure 5 over all of the measured indentation locations in A/J 

and B6 at a frequency of 172 Hz. From this figure the B6 sample is seen to demonstrate a higher 

average value of tan  than the A/J. The tan  values across both the strains can also be seen to 

decrease as the indenter moves away from the endosteal edge. Note however that these values 

are taken over a small sample size of four B6 and three A/J mouse samples, and thus the results 

are not definitive, but do show statistically significant differences (p < 0.025) between the two 

strains.  

4. Discussion 

The biological origins of the trends demonstrated above in the values of tan  can be 

traced to the growth processes that regulate bone quality, or more specifically the mineral to 

matrix variation at the tissue level in these mouse strains. Also called the degree of 

mineralization of the collagen matrix, this is generally calculated as the intensity (or area) ratios 

of the phosphate to the amide I bands using spectroscopic methods [112, 113] such as Raman 

spectroscopy [114-118] or Fourier transform infra-red imaging (FTIR) [119]. Such analyses 

[117, 119], along with other dynamic labeling techniques [12, 92], have shown that at 16 weeks 

of age, these mouse femora are characterized by a growth pattern (as illustrated in Figure 1), 

where instead of a uniform expansion of the cortex around the periosteal or endosteal surfaces, 

growth is superimposed upon a cortical drift phenomenon. At the AM cortex (our area under 

investigation) this translates into a region of newer bone with a lower degree of mineralization 

close to the endosteal surface, while the bone is more mature (older) as the indenter probes away 

from this surface. Since bone owes its remarkable viscoelasticity to the viscoelastic nature of the 

collagen fibrils in the bone matrix [100], it stands to reason that an increase in the mineral-to-

matrix ratio in the older bone would lead to a decrease in the viscoelastic response of the bone. 

Thus the decrease in the values of tan  away from the endosteal edge is indicative of the higher 

degree of maturity of the bone in this region.  

In addition to the variation in the degree of viscoelasticity along the bone cortex, the 

inter-strain differences in the values of tan  in these mice are also closely linked to their tissue 

level differences in mineral content. As noted before, the growth patterns and the intra-strain 

variability of the two mouse strains, A/J and B6, is well studied in literature [12, 91]. It is known 
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that while the A/J femora have a smaller diameter and correspondingly a smaller moment of 

inertia compared to B6 (see Figure 5), they do not differ in their cortical areas [8, 9]. Thus, the 

same amount of tissue is distributed differently in these two strains. However instead of a less 

structurally efficient structure as one would expect (if the bone compositions were identical 

across the two mouse strains), the A/J femora are instead found to posses similar overall stiffness 

and strength values as compared to B6 [8]. This observation suggests that these animals (A/J) 

have biologically coupled a change in bone quality to their bone morphology in order to satisfy 

the imposed mechanical demands. This notion is also supported by the fact that A/J femora have 

been found to have a significantly larger mineral (ash) content (68.51.0%, n=10) compared to 

B6 femora (65.11.1%, n=10), suggesting a higher degree of mineralization in the A/J mouse 

bone. Our recent work involving Raman spectroscopy and spherical nanoindentation on dry 

mouse femora at the same AM cortex [117], as well as other reports in literature using FTIR 

imaging [119], also show a higher mineral-to-matrix ratio and a corresponding higher modulus 

for the A/J mice at the tissue level, compared to B6, in order to compensate for the reduced 

cross-sectional geometry. It is interesting to note here that this trade-off between the reduced 

diameter and an increased mineral content in the A/J mice is not without consequences – at the 

whole bone level the A/J femora were found to have significantly reduced toughness and they 

fracture in a more brittle manner than the B6 in whole bone bending tests [8, 9]. 
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Figure 7. A 2D map of tan δ values across a 20 × 70 µm region in an A/J mouse femora. The higher 
values of tan δ towards the middle of the mapped region was identified as a pore in the bone. 
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In light of the above discussion, the reduced values of tan  for the A/J mouse femora 

can be inferred to relate to the higher mineral (and less collagen) content in these mice, as 

compared to the B6 mice. The B6 mouse femora, having a higher comparative collagen content, 

demonstrates a trend towards higher viscoelastic response. When the tan values are averaged 

over 4 samples of B6 and 3 of A/J, this trend shows up even more clearly, as shown in Figure 6. 

As such these tissue level results satisfactorily complement the differences in femoral ash 

content and bone mineral density seen at the whole-bone level in these mouse strains. Although 

similar trends have been observed before in dry (dehydrated) dog and human bone [120, 121], 

the present study is unique in its ability to demonstrate the same effect quantitatively in hydrated 

bone at the micron length scale.  

A further utility of viscoelastic mapping of the surface is illustrated in Figure 7. In this 

figure the values of tan  were used to map out a pore in the A/J femur bone sample, where a 

pore in a wet hydrated sample is characterized by a higher viscous response under the indenter. 

As pores of this length scale are very difficult to identify in wet bone, the ability to locate pores 

using tan  values could be an important tool for studying pore features and distributions in wet 

bone samples. For instance, it would be possible to readily correlate details of local porosity (e.g. 

osteocyte lacunae, primary vascular canals, Haversian canals) and local tissue behavior in order 

to study the effects of aging and disease on non-dehydrated specimens.  

5. Conclusions 

 In summary, we have demonstrated a novel approach to characterize bone’s dynamic 

mechanical behavior under contact loading at the lamellar length scales. Using values of tan  as 

a measure of the energy loss in the material, we show that bone having a higher collagen content 

or a lower mineral-to-matrix ratio demonstrate a trend towards a higher viscoelastic response. 

Thus regions of newer bone are found to have higher tan values than regions of older bone, and 

the B6 mouse strain exhibits a stronger dynamic response than the more mineralized A/J strain. 

This technique of viscoelastic nanoindentation mapping of the bone surface at the submicron 

length scales is also shown to be highly advantageous in studying surface features of wet 

hydrated biological specimens.    
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“Mechanical behavior of La0.8Sr0.2Ga0.8Mg0.2O3 perovskites”, Ceramics International, 35 (2009), 
pp. 1235-1241 

9) Nina Orlovskaya, Mykola Lugovy, Cassandra Carpenter, Siddhartha Pathak, David Steinmetz, 
Edgar Lara-Curzio, Christine Klemenz, Miladin Radovic. “On Thermal and Vibrational Properties 
of LaGaO3 Single Crystals”, Acta Materialia, 2009 in print.  

10) Nina Orlovskaya, Mykola Lugovy, Siddhartha Pathak, David Steinmetz, John Lloyd, Laura 
Fegely, Miladin Radovic, Andrew Payzant, Edgar Lara-Curzio, Larry Allard, Jakob Kuebler. 
“Thermal and mechanical properties of LaCoO3 and La0.8Ca0.2CoO3 perovskites”, Journal of 
Power Sources, v 182, n 1, Jul 15, 2008, p 230-239. 

11) Miaofang Chi, Siddhartha Pathak, Nigel Browning, Nina Orlovskaya. A TEM study on the doping 
behavior of calcium in LaCoO3. Microscopy and Microanalysis 2006;12:728. 
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12) Siddhartha Pathak, Dejan Stojakovic, Surya R. Kalidindi. Establishing Local Structure-Property 
Relationships at Lower Length Scales in Polycrystalline Materials. Physics Review Letters. 2009 
– submitted. 

13) Siddhartha Pathak, J. Gregory Swadener, Surya R. Kalidindi , Karl J. Jepsen and Haviva M. 
Goldman. “Characterization of local dynamic properties of wet cortical bone using 
nanoindentation” – Journal of Biomedical Materials Research A. 2009 – submitted. 

14) Roger Doherty, Dejan Stojakovic, Siddhartha Pathak, and Surya R. Kalidindi. “Microstructure 
Evolution in Deformed and Recrystallized Electrical Steel” – in preparation 

15) Siddhartha Pathak, Melanie Patel, Surya R. Kalidindi, Haviva M. Goldman. “Improved analysis 
of bone nano-mechanical properties using a novel nanoindentation technique” – in preparation 

16) Haviva M. Goldman, Karl Jepsen, Siddhartha Pathak, Surya R. Kalidindi. “Structure property 
relationship in mice bone using nanoindentation and Raman spectroscopy” – in preparation 

17) Siddhartha Pathak, David Steinmetz, Jakob Kuebler, E. Andrew Payzant, Nina Orlovskaya. 
“Mechanical behavior of La1-xCaxCoO3 perovskites as a function of Ca doping” – in preparation 

18) Ulrike G.K. Wegst, Oliver Betz, Thomas Schöberl, JohannPeter Cloetens, Siddhartha Pathak, 
Surya R. Kalidindi. “Design of a polymeric cutting tool: Wear resistance and edge holding in 
desert locust (Schistocerca gregaria) mandibles” – in preparation 

 
Research Experience 
Since Oct 
2008 

EMPA (Swiss Federal Inst for Materials Testing & Research), Thun, Switzerland 
 Characterizing the mechanical behavior of grain boundaries in metals – current post-

doctoral appointment  
2006 - 
present 
 

DREXEL UNIVERSITY, Philadelphia, PA, user at Center for Integrated 
Nanotechnologies, LOS ALAMOS NATIONAL LAB, NM 
 Developed and validated a novel analysis technique for spherical nanoindentation to 

translate the load-displacement curves into indentation stress-strain (ISS) curves. The 
ISS curves provide a unique way to follow the stress-strain response of a material at 
the sub micron level from initial elasticity through yield behavior, to plasticity – 3 journal 
publications. 

 Conducted experiments to investigate the anisotropy in the mechanical behavior of 
grains of different orientations in as-cast as well as deformed steel (Fe-3%Si) – 3 
journal publications 

 Investigated the mechanical response to spherical indentation across grain boundaries 
in a metallic solid using the nanoindentation stress-strain curves –also topic of post 
doctoral research at EMPA – 1 journal publication, 2 more in preparation 

 Demonstrated differences in elastic and post elastic behavior of bone at the lamellar 
level for two different strains of inbred mice using nanoindentation and Raman 
spectroscopy – 2 publications (in preparation) 

 Examined the dynamic properties of bone at the lamellar level using nanoDMA 
techniques on fresh (wet) mice bone samples – 1 publication (in prep) 

 Analyzed the buckling of dense carbon nanotube forests under contact loading using 
nanoindentation experiments – 1 journal  publication  

 Characterized the wear resistance of locust mandibles (Schistocerca gregaria) using 
nanoindentation  - 1 publication (in preparation) 

2003-2005 OAK RIDGE NATIONAL LAB, Oak Ridge, TN.  
EMPA(Swiss Federal Inst for Materials Testing & Research) Dübendorf, Switzerland
DREXEL UNIVERSITY, Philadelphia, PA 
 Studied the mechanical properties of mixed conducting perovskites for use as 

components of intermediate temperature Solid Oxide Fuel Cells using bending and 
compression tests, room and high temperature fracture toughness measurements and 
scanning electron microscopy (SEM) – 5 journal publications 

2002 VISHAKHAPATNAM STEEL PLANT, India 
 Analyzed non-destructive testing methods for quality control - senior design. 
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Summer 
2002 and 
2001 

SREE CHITRA TIRUNAL INSTITUTE OF MEDICAL SCIENCES AND TECHNOLOGY, 
Thiruvananthapuram , India 
 Designed high-performance low-cost ECG electrodes (patent applied). 
 Conducted a comparative study of Stainless Steel, Haynes Alloy and Titanium  for their 

suitability as biomaterials  

 
Research Fellowships and Scholarships 

 Two time (2007 and 2006) recipient of the Sigma Xi Grants-in-Aid of Research (GIAR) grant. The 
GIAR program provides funding directly to the student for his research.  

 Recipient of the 2007 Center for Integrated Nanotechnologies (CINT) user proposal grant at Los 
Alamos National Lab (LANL). This grant allows free access to the state-of-the-art facilities at 
LANL in order to conduct research on the structure-property relationship in bone at the micron 
level.  

 Recipient of the 2005 SURA-ORNL (The Southeastern Universities Research Association  - 
Oak Ridge National Lab) Summer Cooperative Research Program scholarship to conduct study 
on the dynamic mechanical properties of solid oxide fuel cell components at ORNL, TN. 

 Awarded the 2004 EMPA (Swiss Federal Institute for Materials Testing and Research) thesis grant 
which allowed a 6 month stay at the Ceramics Lab, EMPA Dübendorf, Switzerland working on the 
room and high temperature mechanical properties of the components for intermediate temperature 
solid oxide fuel cells. 
 

Awards and Honors 
 Recipient of the 2009 Drexel University Research Award - in recognition of the outstanding 

research conducted in 2008-09 by a graduate student in the university. 
 Winner of the 2009 image competition for the Centralized Research Facilities, Drexel University  
 Nominated for Who's Who in America, 2009 
 Invited by Discovery Channel (www.discovery-news.com) to showcase my work on their 

website, 2008. 
 Invited to present my work at the 2nd International Festival for NanoArt organized by 

NanoArt21 in Stuttgart, Germany, Oct 2008 http://nanoartfestival-stuttgart.blogspot.com  
 Highly commended in the 2008 Drexel University Research Award. 
 Work cited in “A Material World” Chemical and Engineering News, Volume 85, Number 52, 

December 24, 2007 http://pubs.acs.org/cen/science/85/8552sci2web.html 
http://blog.wired.com/wiredscience/2007/12/beautiful-micro.html  

 3rd place winner (out of 40 teams) for the 2008 Drexel University Baiada Center Business 
Plan contest (Phase III)  

 Two time winner (2007, 2008) of the Drexel University Baiada Center Business Plan contest 
(Phase II)  

 Two time winner (2007, 2008) of the Drexel University Baiada Center Business Plan contest 
(Phase I)  

 Finalist for the 2007 Drexel University Baiada Center Business Plan contest (Phase III) – only 6 
teams out of 40 make it to the final competition stage. 

 Two time (2007 and 2006) recipient of the Sigma Xi Grants-in-Aid of Research (GIAR) award   
 Second place winner at the international "Science as Art" competition of the 2007 MRS Fall 

Meeting, Boston MA. 
 Recipient of the Drexel University Office of Graduate Studies travel subsidy to attend the 

Materials Research Society Meeting in Boston, MA November, 2007 
 Recipient of the 2007 American Society for Bone and Mineral Research (ASBMR) Young 

Investigator Travel Grant  
 Recipient of the 2007 CINT user proposal grant at Los Alamos National Lab, Los Alamos, NM 
 Grand prize winner in the 2006 EIPBN Micrograph contest (out of 30 worldwide contestants) 
 3rd place in the 2006 International Metallographic Contest, Chicago, IL (out of 20 contestants 

from around the globe) 
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 Recipient of the 2006 Arthur E. Focke LeaderShape Award  
 Finalist for the 2005 international cover competition for Materials Today. 
 Recipient of the 2005 SURA-ORNL Summer Cooperative Research scholarship for research at 

Oak Ridge National Lab, TN 
 Dean Award in Drexel University Research Day poster competition, April 2004  
 1st Prize in the international student poster competition at the First International Conference 

on Fuel Cell Development and Deployment, Connecticut Global Fuel Center, University of 
Connecticut. Mar, 2004 

 Awarded the Best Outgoing Student 2003 on basis of all-round performance. It is the highest 
award given by my undergraduate university to any student. 
 

Invited Presentations 
 Surya R. Kalidindi (presenter) and Siddhartha Pathak. “A Spherical Nano-indentation Approach 

to Characterize the Mechanical Behavior of Constituents in a Material System”; October 16, 2008, 
Knolls Atomic Power Laboratory, Schenectady, NY 

 Siddhartha Pathak (presenter) and Surya Kalidindi. “Establishing Local Structure-Property 
Relationships at Lower Length Scales in Polycrystalline Materials”, Apr 23, 2009, Massachusetts 
Institute of Technology, Cambridge, MA  

 Siddhartha Pathak (presenter) and Surya Kalidindi. “Development and Validation of a Novel 
Data Analysis Procedure for Spherical Nanoindentation”; August 19, 2009, Max-Planck Institut für 
Eisenforschung GmbH (MPIE), Dusseldorf, Germany.  

 Siddhartha Pathak (presenter), Surya Kalidindi, Roger Doherty, Shraddha Vachhani, Johann 
Michler, Killian Wasmer. Investigations of Local Structure-Property Relations at Grain Boundaries 
Using Spherical Nanoidentation and Orientation Imaging Microscopy. Materials Science & 
Technology, Pittsburgh, Oct 25-29 2009 

 
Conference Presentations 

 Siddhartha Pathak (presenter), Roger Doherty, Surya Kalidindi, Killian Wasmer, Johann Michler. 
Investigations of Local Structure-Property Relations at Grain Boundaries”; 2009 Spring MRS 
meeting, San Francisco, April 2009   

 W.M. Mook, Siddhartha Pathak (presenter), R. Ghisleni, X. Maeder, M. Bechelany, L. Philippe, 
J. Michler. “SEM In-situ Compression of Metallic Nanostructures”; 2009 Spring MRS meeting, 
San Francisco, April 2009  

 R. Ghisleni, Siddhartha Pathak (presenter), J. Liu, R. Raghavan, K. Wasmer, and J. Michler. “In-
situ Raman compression of semiconductor micropillars “;2009 Spring MRS meeting, San 
Francisco, April 2009  

 Siddhartha Pathak (presenter), Dejan Stojakovic, Roger Doherty, Surya R. Kalidindi. “On 
Obtaining Local Mechanical Properties at the Grain Scale in Metals by Spherical 
Nanoindentation”; 2008 Spring MRS meeting, San Francisco, March 2008 

 Siddhartha Pathak (presenter), Melanie Patel, Surya R. Kalidindi, Hayden Courtland, Karl 
Jepsen, Haviva M. Goldman. “Analyzing structure-property linkages in bone using spherical 
nanoindentation and Raman spectroscopy”; 2007 Fall MRS meeting, Boston, Nov 2007 

 Siddhartha Pathak (presenter), Surya R. Kalidindi, Z. Goknur Cambaz, Vadym Mochalin, Gleb 
Yushin, Yury Gogotsi. “Mechanical behavior of carbon nanotubes under contact loading”;  2007 
Fall MRS meeting, Boston, Nov 2007 

 Siddhartha Pathak (presenter), Surya R. Kalidindi, Nina Orlovskaya, Christine Klemenz. 
“Mechanical properties of LaGaO3 single crystals by indentation”, 107th Annual Meeting & 
Exposition of The American Ceramic Society, Baltimore, April 2005 

 Siddhartha Pathak (presenter), Surya R. Kalidindi, Nina Orlovskaya, Christine Klemenz. 
“Mechanical behavior of LaGaO3 single crystals”, 29th International Conference on Advanced 
Ceramics and Composites, ACers Meeting, Cocoa Beach, Jan 2005 
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 Siddhartha Pathak (presenter), Nina Orlovskaya. “Introduction to Solid Oxide Fuel Cells – 
Materials and Issues”; NATO ARW "Fuel Cell Technologies: State & Perspectives" held in Kyiv, 
Ukraine, June 06-10, 2004 

 Siddhartha Pathak (presenter), Niranjan D. Khambete  “A Study on Factors Affecting Alternating 
Current Impedance of Silver – Silver Chloride Pregelled Bioelectrodes”; 1st Prize, COMPOSIT, 
IIT Kharagpur, India Congress of Metallurgical Professionals. January 2003 
 

Poster Presentations 
 Siddhartha Pathak, Surya R. Kalidindi, Karl Jepsen, Hayden Courtland, Haviva M. Goldman. 

“Improved analysis of bone nano-mechanical properties using a novel nanoindentation 
technique”; 29th Annual Meeting of the American Society of Bone and Mineral Research 
(ASBMR), Hawaii, Sep 2007   

 Siddhartha Pathak, David Steinmetz, Jakob Kuebler, Nina Orlovskaya. “Mechanical behavior of  
La1-xCaxCoO3 perovskites as a function of Ca doping”, MRS Fall Meeting, Boston, Nov-Dec 2005 

 Siddhartha Pathak, Surya R. Kalidindi, Nina Orlovskaya, Christine Klemenz. “Mechanical 
properties of LaGaO3 single crystals by indentation”; Dean Award in Drexel University 
Research Day poster competition, April 2004  

 Anthony Coratolo, David Steinmetz, Siddhartha Pathak, Nina Orlovskaya. “Raman diagnostics 
of La-Cr-O thin films”; 1st Prize in the student poster competition at the First International 
Conference on Fuel Cell Development and Deployment, Connecticut Global Fuel Center, Univ of 
Connecticut (Mar, 2004) 
 

Leadership 
 Recipient of the 2006 Arthur E. Focke LeaderShape Award 
 leader of the student business team that won the Drexel Business Plan contest for two years in a 

row (2007 and 2008) 
 Super-user of the MTS nanoindentation machine at the Materials Characterization Facilities, 

Drexel University   `          Sep 2003-2008 
 

Affiliations 
Sigma Xi, The Scientific Research Society, nominated member 
American Society for Bone and Mineral Research (ASBMR), Materials Research Society (MRS),  

American Ceramic Society (ACers), American Association for Advancement of Science (AAAS), The 
Minerals, Metals and Materials Society (TMS), International Metallographic Society (IMS)   

 


