
 
 

Abstract—Indentation experiments have been used to determine 

hardness of materials since the turn of the twentieth century. Initial 

indentation experiments are attributed to researchers like Brinell as 

early as 1900s. These experiments are fundamentally based on 

applying a load on a sample surface using an indenter. The indenter 

is harder than the material being tested and is of a predetermined 

profile. A lot of research has followed with the aim of predicting 

material behaviour under indentation using mechanics, computation 

methods, and finite elements analysis among other methods. This 

paper investigates technological advances in the development and 

applications of nanoindentation up to the present. It also considers 

the challenges faced and how they were overcome.  
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I. INTRODUCTION 
 

ECHANICAL properties of any two  materials 

determine how they behave when in loaded contact [1]. 

Hardness of a material is one such property which is defined 

as a measure of its resistance to penetration by a sharp object 

[2]. By measuring material hardness one can determine other 

properties. Literature shows that various hardness studies 

have been done to determine mechanical properties using an 

indenter shape for linearly elastic perfectly plastic materials 

[3] [4] [5]. 

    Different indentation and impression tests have been 

developed to measure mechanical properties based on contact 

of known geometry between the sample and the indenter [1]. 

Test loads applied to the surface of a sample during hardness 

tests range from 1µN to 100 mN causing an indentation 

whose depth or area is inversely proportional to sample 

hardness. [6].    

The test load and depth of indentation are used to classify 

the different types of tests [7]. Microhardness is at loads 

below 0.2kgf while macro hardness uses loads above 2kgf. 

Nanoindentation refers to indentation test where the depth is 

below 200nm [7][10]. 

                         

 

 

 

   1Steadyman Chikumba is with Universirty of South Africa Mechanical and 

Industrial Engineering . 
   2Veeredhi Vasudeva Rao is with University of South Africa Mechanical and 

Industrial Engineering. 
 

A. Background 

    Hardness testing can ascertain whether a manufacturing 

process has imparted required mechanical properties to a 

product  [1] [2]. Tests are normally conducted at room 

temperature and results from these ambient or near-ambient 

temperatures can then be extrapolated to predict high and low 

temperature properties  [1] [2]. Extrapolation can often lead to 

unrealistic and error-prone results [1]. Therefore, there is 

increasing interest in creating real world test conditions to 

improve reliability and accuracy and mimic real service 

conditions [1]. Hardness testing can also being done on a 

nanoscale using nanoindentation techniques [8] [2].      

Nanoindentation refers to a variety of indentation tests 

applied to small volumes testing to establish mechanical 

properties  [8] [2]. These tests include imaging, comparative 

hardness and scratching, friction and wear and adhesion of 

materials. They can evaluate features less than 100nm and 

films below 5nm [1] [8] [6]. Nanoindentation can be used 

characterise various materials which include multiphase 

alloys, heat treated surfaces, thermal barrier coatings, thin 

films, polymers, composites and other soft and compliant 

material  [9] [10]. Material properties that can be evaluated 

include hardness of submicron-size features, thin film 

adhesion, coating wear durability and elastic modulus fracture 

toughness, creep and dynamic properties [1] [10] [9]. This 

paper explores some technological developments that have 

influenced nanoindentation experiments.   

II. LITERATURE REVIEW 

    Indentation experiments are generally carried out with 

either spherical or pyramidal indenters [9]. Their geometry 

depends on material being measured [9] [7]. Common 

indenters include the Berkovich, Vickers and Knoop 

indenters. Table 1 below is a summary of angle and area data 

for three commonly used indenter geometries, where α is the 

total included angle; α is the angle between the axis of the 

pyramid and its faces [7][10].  

Influence of Technological Developments on 

Nanoindentation Experiments 
 

Steadyman Chikumba
1
, and Veeredhi Vasudeva Rao

2
 

 

M 

7th International Conference on Latest Trends in Engineering & Technology (ICLTET'2015) Nov. 26-27, 2015 Irene, Pretoria (South Africa)

http://dx.doi.org/10.15242/IIE.E1115006 18



 
 

TABLE  I 

ANGLE AND AREA DATA FOR THE 3 MOST COMMONLY USED INDENTER 

GEOMETRIES 

 

    The Knoop indenter is a four sided elongated pyramid with 

different face angles. It used to measure brittle materials, very 

hard materials and thin sheets of plastic or metals [9]. Other 

indenters include conical shape with angles between 40
o
 and 

120
o
, wedge shape, conical flat top shape with angles between 

40
o
 and 90

o
 [9].  

    The indenter is mounted onto the indentation equipment 

which equipment comprises a force application system and a 

displacement measurement system  [11]  [12]. The 

arrangement is an indentation testing machine is shown below 

in Figure 1. The load is applied at a controlled rate through a 

coil magnet assembly and after unloading the indenter leaves 

an indentation whose depth depends on to the hardness [11].  

The indentation pressure on the sample surface causes elastic 

and plastic deformations on the surface  [12].  

 

 

Fig. 1 Diagram of the nanoindenter system 
 

The sample mounting must be capable of lateral movement 

to locate the indenter to the position where the hardness 

measurement is to be taken  [12]. During indentation test the 

applied load and indenter's displacement are recorded 

simultaneously during loading and unloading cycles [1] [12]. 

The measured force versus displacement is used to plot the 

force displacement curve [11]. Different types of material 

exhibit different force–indentation characteristics. The 

loading and unloading curve in Figure 2 shows the behaviour 

of perfectly elastic, perfectly plastic, and elastic plastic 

materials [12]. The graph helps in determining elastic and 

plastic properties of the material [13]. These include elastic 

modulus and yield strength.  

 
Fig. 2 Indentation loading and unloading curve representation of 

the parameters of the indentation process with various depths hr is 

the plastic depth, hc is the contact depth, hmax is the displacement 

at the unloading point [13] 
 

    Assuming the sample material is isotropic and 

homogeneous the estimated Young's modulus, bulk and shear 

moduli can be estimated  [14]. The analysis of instrumented 

indentation results from the loading and unloading curve, the 

contact stiffness of the indentation (S) can be determined from 

the slope of the tangent to the unloading curve at maximum 

depth [14]. From the loading and unloading curve 

  (
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    Ap represents projected area, P the applied load and Er is 

reduced modulus of elasticity. A correction factor β was 

introduced to account for the symmetry of t e indenter [15]. 

    
  

  
  

 

√ 
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   In case the indenter causes material to pile up around 

contact area   is assumed to be 1.07.  The value of β is 

determined by finite element analysis. 
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    Ei and Vi refer to indenter elastic modulus and Poisson’s 

ratio. For an indenter with known geometry, the projected 

contact area Ap is given as a function of contact depth hc [14]. 

                             
                                           

(4)
                                                                                 

 

         (       )        
    

 
    (5)                

   ε is usually fixed at 0.75 for Berkovich and Vickers 

indenters, hr represents the depth of indentation. It has been 

shown that the Vickers hardness correlates with the product of 

the squared Pugh's modulus ratio and shear modulus as 

[14].    ( 
  )                (6)   
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   Sneddon  [16] derived an analytical solution which defines 

relationship between force, displacement and the contact area 

of the punch for a linear elastic material. Material properties 

can be derived from loading and unloading indentation 

curves. They can also be derived using finite element based 

simulation which can be matched to experimental results 

which generates loading and unloading response curves for 

various parameter combinations [14].  

III. DISCUSSION 

    Several technologies have led to the demand for 

nanoindentation while others have facilitated the ability to 

conduct these experiments on a nanoscale. Miniaturisation, 

quasistatic indentation, depth sensing, atomic force 

microscopy and scanning technology will be discussed. 

A. Miniaturisation 

    Miniaturisation technologies have led to the demand for 

the capability to determine properties on a nano scale [17]. 

These technologies that have influenced miniaturisation 

include highly sensitive photodetectors, electrostatic and 

piezoelectric actuators, sophisticated feedback controls and 

micro fabrication techniques. These have led to the ability to 

develop micro devices used in electronics [17]. 

Nanoindentation is useful in determining the properties of 

micro components and devices  [9]. 

B. Quasistatic loading 

    There  are different types of loading; dynamic loading 

which is time dependent and static loading which is time 

independent takes into account inertial effects. During 

nanondentation it is important to control the way the 

indentation load is applied. Therefore, quasi-static loading 

which is time dependent but is slow enough such that inertial 

effects can be ignored is used in nanoindentation [18].  The 

technique involves using a transducer in the form of a three 

plate capacitor to measure indentation depth. Displacement is 

measured by running two AC currents 180 degrees out of 

phase with each other and observing them by the centre plate 

and the measured displacement is equal to the sum of the 

signals  [18]. The load is applied through a DC offset is 

applied to lower plate of transducer that electrostatically 

attracts centre plate downwards. The difference in AC signals 

results in an offset in the sum of AC signals results in an 

offset in the sum of AC signal and change in displacement 

[18]. Accuracy is improved at the same time making in situ-

measuring of the process. Quasistatic data analysis software 

package can also use a standard model to fit the initial 

unloading portion of the force versus displacement curve. 

[17]. This allows the extraction of the reduced modulus and 

hardness values  [18]. It is important to ensure that any 

variations in probe geometry are taken into accounted.  

Quausistatic nanoindentation has since now become the 

standard for nano-mechanical characterisation [17].  

C. Depth sensing and Continuous Stiffness Measurement 

One challenge in materials engineering is to characterise 

thin films, coatings and treated surfaces to determine their 

strength properties  [19]. The film can be tested for hardness 

against process parameters. Thickness of the coating can be as 

small as 0.15nm and applied indentation load and 

corresponding depth need to be measured accurately  [19]. 

Depth sensing tests are used to measure near surface 

properties. They involve determining  area of contact by 

measuring depth of penetration of the indenter into the 

specimen surface  [19]. The known geometry of the indenter 

provides indirect measurement of contact area at full load. To 

achieve a more direct measurement of the force-indentation 

behaviour the identification of a displacement reference 

point in the force-displacement data is important [19]. The 

depth-sensing system can achieve this using electromagnetic 

or electrostatic force actuation, permitting either load-

controlled or displacement-controlled indentation [17] [20] 

[10]. The system allows Young’s modulus to be determined 

from the unloading portion of the measured load–

displacement curve, while hardness can be calculated from 

measured peak loads and residual indentation areas [20]. 

Depth sensing devices assist in eliminating substrate effect 

when characterising films and coatings  [19]. However, 

accuracy is affected relatively high sensitivity of measurable 

behaviour to extraneous factors, such as physical boundary 

conditions, frictional effects, surface layers, and material 

anisotropy [20].  

Where measurement of hardness has been measured as a 

function of depth is important to improve accuracy. This can 

be achieved using a nanoindenter with continuous stiffness 

measurement (CSM) capabilities [18]. During CSM a 

harmonic force is and added to nominally increasing load, P, 

on the indenter. The displacement response of the indenter at 

the excitation frequency and the phase angle between the two 

are measured continuously as a function of depth [8] [3]. The 

CSM device allows for hardness data to be obtained as a 

continuous function of indentation depth using a three-sided 

Berkovich diamond indenter tip [8] [3]. The CSM process 

involves imposing a small, sinusoidally varying signal on top 

of a DC signal that drives the motion of the indenter. Analysis 

of the system response is amplified to get frequency specific 

amplifier data useful in measuring contact stiffness at any 

point along the loading curve. Conventional measurement 

measures stiffness at the unloading point [8]. Continuous 

stiffness indentation allows continuous calculation of a 

material stiffness, and hence hardness and elastic modulus of 

surfaces [18].. This is done during discrete loading-unloading 

cycles in a comparatively smaller time constant [18]. CSM is 

important in the measurement of the change in hardness and 
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creep rate with indentation depth and load, especially in films 

nanofatigure [8]. 

D.  Microscopy and profile analysis 

The concept of an ultra-resolution microscope was 

conceptualised in the 1920s by Edward H Singe [21]. Today a 

specimen can be investigated for grain boundary orientation 

texture and distribution [21]. 2D surface scans can be used 

with nano-indentation for characterization of the primary 

deformation field near a indentation tip via the modulation 

of the imposed secondary deformation field [21]. This 

procedure enables failure analysis to be done [15]. The 

improvement in automation and the development of Scanning 

electron microscopy (SEM) has greatly facilitated failure-

analysis [21]. By assessing the nature of dislocation 

distribution around the indentation the mechanism of 

deformation and the state of material hardening around the 

indentation can be determined  [15]. Measurement of the 

thickness of layered structures, metallised layers, oxide films, 

composite materials can be done using cross sectional 

imaging [21]. SEM provides detailed high resolution images 

of the sample by rastering a focused electron beam across the 

surface and detecting secondary or backscattered electron 

signal. Nano-manipulators can also be used to perform 

mechanical testing of nanostructures in the SEM [22]. SEM 

provides images with rapid, high resolution imaging with 

identification of elements present, spatially resolved 

quantitative analysis of user defined areas on sample surface. 

This is done through characterization of particulates and 

defects, examination of grain structure and segregation effects 

and coating thickness measurement using cross sectional 

imaging of polished sections [22]. 

Vertical optical microscopy is also being used to 

determine surface topography of indentations. The 

microscope contains an interferometer in the objective lens 

comprising a reference mirror and beam splitter. Short 

coherence length white light produces interference fringes 

over a very shallow depth on the surface. The 

interferometer produces interference fringes when light 

reflected off the reference mirror combines with light 

reflected off the sample giving high resolutions [23]. The 

precise 3D surface topography can be obtained through the 

capturing of a 3D map of residual indentations. Therefore 

depths of indentations and radius of contact can also be 

determined. The data can also be imported into a second 

surface analysis program for additional visualization and 

analysis. [23].  

 

 

E.  Atomic force microscope 

    Atomic force microscopy is useful in nanoindentation [6]. 

The AFM can operate in contact or non-contact modes and 

uses direct microscopic imaging of the topography of a 

surface of a macro object [24]. Its principle involves 

measuring deflection of a small cantilever with a small tip due 

to interatomic forces between the tip and surface atoms. The 

deflection of the cantilever is detected over the reflection of a 

laser beam on the backside of the cantilever into an array of 

photo diodes [24]. Force and indentation depth are measured 

i n directly force is a function of the deflection of the 

cantilever while indentation depth is a function of 

cantilever and cantilever base deflection [10]. 

Nanoindentation systems using AFM use a three-sided, 

pyramid-shaped diamond probe tip which is forced onto 

surface intermittently, indents or is dragged on the surface at 

controlled rate force, rate, length and angle of the scratch to 

produce a force displacement curve [6] The microscope 

locates the area for testing, imaging and scratching marks and 

the projected area of contact which is crucial for the accurate 

determination of elastic material properties. The depth of the 

indentation is measured from the AFM image to evaluate 

hardness, with the resultant force-displacement curve  [24] 

[6]. In contact mode rigid samples are covered with a soft 

substance which can be penetrated which often degrades the 

tip quickly. In non-contact mode small distances from the 

cleaned surface are required to ensure accurate results [24]. 

Two variants of the AFM are scanning capacitance 

microscopy or the scanning resistance spreading microscopy 

[24]  [11]. 

Measurements are taken in a high ultra-vacuum. 

Commercial AFMs use fine displacement control in all three 

axes is typically achieved via piezoelectric actuation which 

contributes to its high-resolution imaging capability [11]. 

In in situ systems the probe must be rigid, precisely 

machined and produce [24]. Using the probe scan a sample 

surface immediately before and after the test can allow for 

instant data to be collected [11]. This is particularly important 

when measuring ultra-thin films and nano structures the 

nanoindentation probe area function to be calculated using an 

advanced analysis taking into account probe geometry 

variations [24]. Imaging is performed in situ using the probe 

in intermittent contact (tapping mode) AFM. The depth of the 

indentation is measured from the AFM image to evaluate 

hardness [11]. 

F.  Back scattered diffraction 

Back scattered diffraction (EBSD) is based on the 

acquisition of diffraction patterns from bulk samples in the 

scanning electron microscope  [25]. It was developed by 

Dingley about forty years ago who used a low light camera 

for image acquisition. It is a metallurgical technique based on 

pattern analysis and taking of area scans [25]. Delamination 

fracture behaviour along grain boundaries can be evaluated 

using high quality electron backscattered diffraction (EBSD) 

information. EBSD allows the discrimination of material ls 

with very similar crystallographic lattice parameters, grain 

orientation, deformation, substructure analysis and grain 

boundary characterisation and phase distribution  [26]. In 

operation the diffracted electrons show a pattern consists of 

straight bright bands, called Kikuchi bands, which have a 

direct relation to the lattice planes of the diffracting crystal 

[26] .  

G.  High temperature nanoindentation 

Metal and alloys go through high temperature deformation 

during processing.  High temperature nanoindentation can be 

used to study the hardness dependence on temperature on a 
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variety of materials [27] [28]. It predicts softening 

mechanisms include dynamic recovery and dynamic 

recrystallization, the degree of strengthening and strength and 

distribution of particles within the matrix  [27]. Atomic 

mechanisms during high temperature deformation include 

cold deformation, slip by dislocations, recrystallization and 

recovery [27] The flow stress of crystalline materials at high 

temperatures is strongly dependent on temperature and strain 

rate suggesting that the glide motion of dislocations is a 

thermally activated process [28]  

Some components are exposed to extreme conditions such 

as low oxygen and temperature for satellite development, high 

temperature aerospace applications and tool coatings for high 

speed machining.  Technology is available for testing samples 

at temperatures ranging from -100 to 950
o
C without frosting 

or exfoliation and oxidation [1] These experiments allow 

other scratch, impact, wear, friction to be done [28]. Growing 

next-generation materials research focuses on the 

development and application of innovative nanomechanical 

testing techniques at these extreme conditions  [1].  

Film formation due to oxidation at high temperature in 

metals like aluminium and titanium can produce a protective 

surface  [1][28]. The mechanical properties and behaviour of 

this film can be measured on a nanoscale through 

nanoindentation. Providing facilities for heating during the 

experiment allows real life conditions of humidity and 

temperature to be perfectly mimicked [1] The test sample can 

be mounted on the furnace using temperature resistant 

cements while a thermocouple mounted on both the sample 

and indenter to equalise the temperature between sample and 

indenter  [1]  [29] During such a nanoindentation experiment 

a sustained contact between the specimen and the indenter tip, 

is required to enable the redistribution of heat  [1]. In high 

temperature nanoindentation challenges include drift, 

equilibration measurement scatter at various temperatures 

which affect load displacement data acquired in the 

experiment [29].  

Laser heaters can be used to achieve test temperatures of 

up to 500
o
C, reducing influence of cold tip, drift and achieve 

dynamic setting during testing  [29]. It can comprise a fixed 

thermocouple and the laser to heat up the substrate and 

mounting paste. Unlike conventional oven heating heats all 

components, laser heating enables a wider heating range while 

reducing stabilisation time [29]. Several phenomena 

associated with high temperature behaviour which includes 

defect nucleation and dynamics, mechanical instabilities or 

strain localization, and phase transformations can now be 

studied easily on a nanoscale  [1]. New capabilities developed 

in in situ and ex situ imaging, acoustic emission detection, 

and high-temperature testing [13]. 

IV. CONCLUSION 

    In the recent years the development of micro devices, nano 

materials and nano devices has influenced nano indentation 

practice and its development. At the same time experiments 

have improved accuracy due to improvement in atomic force 

microscopy and 3D imaging techniques. These have been key 

factors in characterising material microstructure under 

quasistatic conditions. Thus nano indentation will continue to 

evolve to meet new demands in the field in the field of 

material research.  
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